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Abstract

Object. The two-year experimental study was conducted to investigate the efficacy of

bioactive three-dimensional fabric disc (3-DF disc) for the lumbar intervertebral disc

replacement. The study utilized the bioresorbable spinal fixation rod consisting of a forged

composite of particulate unsintered hydroxyapatite/poly-L-lactide (u-HA/PLLA) for stability

augmentation. The biomechanical and histologic alterations as well as possible device

loosening were examined at two years postoperatively.

Methods. Two lumbar discs of L2/3 and L4/5 were replaced with 3-DF discs, which were

augmented by two titanium screws and a spanning bioresorbable rod (HA/PLLA). The

segmental biomechanics and interface bone ingrowth were investigated at six, fifteen, and

twenty-four months postoperatively, when comparing with other two surgical groups of

3-DF disc alone and additional stabilization with anterior instrumentation. The replaced

spinal segments with 3-DF disc augmented by bioresorbable rod procured a segmental

mobility at both 15 and 24 months, however, the range of motion (ROM) in flexion and

extension decreased to 49% and 40%, respectively despite statistically equivalent torsional

ROM preserved. The interface histology demonstrated the excellent bony fusion between

fabric surface and vertebral body. Until two-year period, no adverse tissue reaction and

aseptic loosening of the device were observed.



Conclusions. The artificial disc replacement using a polymer three-dimensional fabric (3-DF

disc) was viable and effective procedure with the use of bioresorbable spinal augmentation.

Further refinements of device design toward a stand-alone type are necessary to obviate the

need for additional spinal stabilization.

Key words: Artificial intervertebral disc, Bioresorbable spinal device, Lumbar spine,

Biomechanics



Introduction

Recent treatments for spinal disorders have rapidly progressed toward the motion
preservation technologies such as artificial intervertebral disc or flexible spinal stabilization.
345181013-21,2431.3841 The artificial intervertebral disc technology includes several different
designs and surgical concepts. To date, some devices are undergoing multicenter clinical
trials for clinical approval, *"** however, there has been a relatively paucity of information
regarding appropriate design concepts of unconstrained or constrained, interface material
and its modification, and their in vivo alterations. There have been some in vivo studies
reported using several animal models, describing short-term biomechanical and histologic
effects of devices.'®?*?%* However, when considering ultimate goals of artificial disc in
preserving a disc function with mobility and stability for a long-term period, the basic
studies investigating a long-term biological and biomechanical effects are essential.

The authors’ artificial intervertebral disc is based on the concept of a durable,
constrained, and single-component design with surface modification that enables a biologic
bonding to the vertebral body. It consists of a triaxial three-dimensional polymer fabric
(3-DF) woven by an ultra-high molecular weight polyethylene (UHMWPE) fiber, and
spray-coated bioactive ceramics on the disc surface.®®*?3! The previous studies have

demonstrated that its biocompatibility, endurance, and biomechanical property were similar

to those of the normal disc. *¥%%?*3! The in vivo study using a sheep model demonstrated the



excellent interface bonding and preservation of segmental spinal mobility at six months
period.*

To further investigate long-term biological and biomechanical effects of artificial
intervertebral disc replacement, the two-year study was conducted using a sheep lumbar
spine model. The study also focused on the utilization of bioresorbable spinal stabilization
combined with artificial disc, providing both initial spinal stabilization and late mobilization

after degradation of material.



MATERIALS AND METHODS

Design and biomechanical properties of artificial intervertebral disc (3-DF disc)

The triaxial three-dimensional fabric disc was a semi-elliptically shaped near-net woven
with an ultra-high molecular weight polyethylene (UHMWPE) fiber bundle, which was
coated by linear low density polyethylene. #2423 (Figure 1) The 3-DF disc consisted of a
number of fibers in the x-, y-, and z-axes and their respective multilayers with some
alignment ratios in three dimensions. Importantly, this prosthesis was uniform without any
nucleus portion and was composed of a single material. The bioactive ceramics granules
were spray-coated to the designed depth either by sintered hydroxyapatite (s-HA) or
apatite-wollastonite glass ceramics granules (AW). The average diameter of ceramic
granules was 2.88 and 4 micrometers, respectively.

Several human 3-DF prototypes were woven with orthogonal or off-angle fiber
alignment and received cyclic tensile-compressive and torsional tests. And finally, the
off-angle 45 degree model was selected based on a superior torsional property to the
orthogonal and off-angle 30 degree models. **?*%%3! The arrangement of layer numbers and

alignment ratio among three weaving axes resulted in balanced mechanical properties.



Animal model and artificial disc replacement procedure

Using thirty-six sheep, the intervertebral discs at L2/3 and L4/5 levels were totally
replaced with scale-downed 3-DF discs (20x17x10 mm) through a retroperitoneal approach.
After a circumferential removal of the intervertebral disc, the upper and lower endplates, and
the anterior wall of spinal canal were resected. Two types of 3-DF discs coated either with
s-HA or AW (3-DF HA or 3-DF AW) were randomly assigned. The animals were divided
into three groups; group I: no initial fixation (N=13), group Il: temporarily instrumented
with Kaneda SR one-rod system (N=13) (DePuy AcroMed, Inc., Raynham, MA), group IlI:
augmented with an ultra-high strength bioresobable rod spanning two Kaneda SR screws
(N=10) (Takiron Co., LTD., Osaka, JAPAN) (Figure 2). Bioresorbable rod was made of 40%
(Wt%) of unsintered hydroxyapatite granules and poly-L-lactide acid (HA/PLLA). *1223:29.30
Previous basic study by Furukawa et al. reported that the bending strength of the HA/PLLA
composites implanted in the subcutis of rabbit was maintained at more than 200 MPa for 25
weeks.’? At six, fifteen, and twenty-four months postoperatively, the animals were

euthanized and disc-body units (DBUs) were obtained followed by the removal of spinal

instrumentation.

Biomechanical and histologic analyses

The DBUs of L2-3 and L4-5 levels were mounted using a polyester resin with motion



allowed only at the disc space. The biomechanical tests were conducted with the pure
moment application of 0-5 Nm to the DBUs in flexion-extension, and axial rotation with
loading increments of three stages. Three-dimensional motion of the spinal segment was
analyzed with the stereophotogrammetry method.?*?% The possible error of this
stereophotogrammetry system was 0.1 degree including the digitization procedure. Ten
normal DBUs harvested from non-surgical sheep served as the control. The range of motion
(ROM) and neutral zone (NZ) were calculated from torque-angle curves.?® The neutral zone
was defined as total (positive and negative) ROM at the moment of 0 Nm application.

For the histologic analysis, undecalcified sagittal sections of 40 micrometers were
created and stained with Cole’s hematoxylin and eosin, and Toluidine blue O. The interface
histology was evaluated in terms of the surface contact between 3-DF and vertebral body and
the insertion of trabeculae into the 3-DF fiber. Additionally, a University animal study
review board previously approved the animal surgery, handling and housing protocols. The
statistical analysis of data was performed using one-way ANOVA and a post-hoc analysis of

Student-Neuman-Keuls test at a significant level of P=0.05.



RESULTS

The operative segments at six months after surgery were covered with noninfectious
tight scar and incomplete bony bridging in group I. However, in group Il, these changes
completely disappeared and spinal mobility was preserved after removal of spinal
instrumentation. There were some implant displacements without dislodgement in group I,
however, all 3-DF discs were firm in place in group Il. In group Il1, all bioresorbable rod
broke due to degradation process and spinal segments procured the segmental spinal motion
(Figure 3). The following biomechanical data at six months period were already reported in
the first part of the study.? In this report, fifteen and twenty-four months data were newly
presented.

The total ROM of the control group DBU at maximum moment of 5Nm showed 11.4,
degrees in flexion-extension (Figure 4). The ROM decreased to 28% in group | at six months
significantly. In group Il, 65% of ROM was preserved when compared to control at six
months. In group I, ROM significantly decreased to 49% and 40% of control values at
fifteen and twenty-four months, respectively.

The total ROM of the control group DBU at maximum moment of 5SNm showed
3.53 degrees in torsion (Figure 4). The statistically equivalent ROM values of 60% and 90%
were demonstrated in group | and Il at six months postoperatively. In group Il11, 151% of

ROM value was detected at fifteen months, and nearly equivalent ROM of 101% was
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demonstrated at twenty-four months postoperatively.

The neutral zone of control and all surgical groups demonstrated statistically
equivalent subsets both in flexion-extension and torsion (Figure 5). The data basically
showed a same tendency as ROM, however, they did not reach to statistical significances
due to high standard deviations.

In a histological analysis, there was no particulate debris of 3-DF fiber present in
peri-implant tissues as well as no foreign body reaction such as macrophages or giant cells.
The interface histology between the 3-DF disc and the vertebral body was classified into
three grades with the dominant grade occupying 70% of combined upper and lower surfaces
of 3-DF disc.?* Typically, in grade 1, continuous trabeculae without soft tissue membranes
inserting into the fabrics were observed (Figure 6). Grade 2 showed a gap of less than 90
microns between the 3-DF fiber and trabeculae occupied by calcified fibrocartilages. In
grade 3, a soft tissue membrane occupied the interface. According to this grading system, the
grades 1, 2, and 3 were 36%, 36%, and 28%, respectively in group I. However, in group Il at
six months, 63%, 37%, and 0% were grade 1, 2, and 3, respectively. The twenty-four month
histology of group Il further improved up to 80% of grade 1, and 20% of grade 2. The
macroscopy and SEM clearly demonstrated that 3-DF fibers were directly surrounded by

trabeculae with a direct contact.
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Discussion

This serves as the first study to experimentally evaluate the mid- to long-term
biomechanical and histologic changes of replaced spinal segments with artificial
intervertebral disc prosthesis. Although several artificial discs were developed and
experimentally evaluated in an animal model, the maximum observation periods were mostly

8.2021.2434.38 \ 1 ,0n0-Hawkins, et

within six months and only a few studies extended to a year.
al. evaluated their elastometric intervertebral disc spacer with a surface modification of
porous hydroxyapatite plate in a canine model until twelve months.® The interface was
occupied with dense fibrous tissues without bone ingrowth, and five of twelve spacers were
migrated significantly. Urbaniak, et al. evaluated their silicone-Dacron intervertebral
prosthesis in chimpanzee lumbar spines for one year.** Although only four animals, eight
spinal levels were evaluated, 50% of animals led to spinal infections. The useful
biomechanical and histologic data were not obtained. Kostuik, et al. conducted six months
sheep study using their metal hinged prosthesis in the lumbar spine.?’ The six months
histology showed a bony bridging between consecutive vertebral bodies with tendency of
anterior device subluxation. No quantitative biomechanical data was demonstrated in this
report. The largest baboon study was conducted by Cunningham, et al., evaluating anterior

lumbar intervertebral replacement with AcroFlex disc prosthesis.® Twelve-month histology

demonstrated the excellent osteointegration at the bone-metal interface, however, significant
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decreases of segmental motion compared to intact spinal segments were showed in axial
rotation, flexion-extension, and lateral bending. Our short-term results in a sheep model
demonstrated that nearly equivalent range of motion preserved in flexion-extension and axial
rotation at six months periods when using a temporary internal fixation.”> The interface
histology demonstrated an excellent osteointegration between artificial disc and vertebral
disc.

In this two-year observation, we focused on any interface loosening or subsequent
bony ankylosis happening in mid- to long-term period as well as the efficacy of
bioresorbable internal fixation in the spine. The results showed that the bioresorbable
HA/PLLA rod broke and replaced segments procured the segmental spinal mobility at fifteen
and twenty-four months. Although excellent interface bony fusion was obtained at
twenty-four months, the segmental spinal mobility tended to decrease with time especially in
flexion and extension. This was due to significant scar and bony spur formations including
fibrocartilagenous or bone tissues surrounding both end plates. However, the separate study
by Takahata et al. showed the maintenance of interface strength between fifteen and
twenty-four periods that highly exceeded the representative bioceramic interface with
bone.*! Importantly, this study provided further important information regarding the interface
histologic and biomechanical maturation. Firstly, the bony insertion to fabric and trabeculae

continuity progressed with time. Secondly, the acquisition of spinal mobility had no
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deleterious effect on interface strength and histology. Until twenty-four months period, no
interface bone resorption or loosening and no adverse biological reaction were observed
despite the decreased segmental mobility. Limitation of the present study lies in the
decreased mobility at the spinal segment, possibly eliminating the wear debris caused by
friction between vertebral body and 3-DF disc. Additional non-human primate study is in
progress under the preservation of physiological spinal motion to assess the long-term device
loosening status.

Another focus of this study was to evaluate the bioresorbable spinal instrumentation for
the artificial intervertebral disc augmentation. To date, several bioresorbable implants have
been reported in the spine field.26:922:27:33:35363940 Thase included anterior cervical plates,
cervical and lumbar interbody fusion cages, resorbable film as an adhesion barrier and bone
graft containment in a posterolateral fusion.»*#4%733353%40 Tha hioresorbable rods utilized in
this study were fabricated from a forged composite of raw particulate hydroxyapatite/poly
L-lactide (u-HA/PLLA), demonstrating a total bioresorption, osteological bioactivity, and the
highest strength achieved using this kind of composite to date.”**° This highly distinctive
and biocompatible qualities of the HA/PLLA composite are also useful for cervical and
lumbar interbody fusion cages.® In this study, bioresorbable rods broke after six months
periods and successfully procured the segmental spinal mobility. According to previous

experimental data, almost five years are required until total resorption.*
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In the present study, the replaced spinal segments with the artificial disc were
separately fixed with screws and bioresorbable rods in this animal model. Ideally, the
artificial disc should have a stand-alone design with the fixation mechanism to vertebral
endplate, obviating the need for external augmentation. It is also practically difficult to
control a degradation process and breakage period with the use of bioresorbable fixation.
Therefore, we have developed several stand-alone type discs and the in vivo investigation
using a baboon model is in progress.

Finally, in the recent concepts of artificial disc replacement, there are two major
principles of either anterior total or posterior partial disc replacement in the lumbar spine.
The former includes SB charite and Acroflex that were mainly indicated for the discogenic
pain with isolated disc resorption.”*%**?*41 Although the multicenter clinical study for
anteriorly implanted artificial disc is underway in United States, the final clinical results are
still unknown whether artificial disc replacement effectively reduces the low back pain for
patients. The anterior total artificial disc has several benefits of wide surface area occupation,
excellent mechanical endurance, and wide range of motion, however, surgical indications are
extremely limited for degenerative disc disease and post-diskectomy status without

neurological deficits.”*%**%*4! The

ideal surgical indications that are expected for future
artificial disc replacement include lumbar degenerative disease with neurologic deficits and

slight segmental instability, post-diskectomy status with instability, low-grade lumbar

14



spondylolisthesis, and cervical disc disease with neurologic disturbance. The posterior partial

disc replacement has a future possibility of solving both disc function and neural problems

by simultaneous disc replacement and neural decompression. This will effectively expand

the surgical candidates for artificial disc replacement and truly exceed the spinal fusion as

the spinal reconstruction method. We are still aiming at the ultimate goal of artificial disc

replacement utilizing unique and flexible characteristics of 3-DF disc.

Conclusions

Two-year experimental study was performed to investigate the biomechanical and histologic

changes of artificial disc replacement towards the clinical trial. Using a sheep model, two

spinal segments of L2/3 and L4/5 were replaced with 3-DF discs and the segments were

stabilized with two titanium screws and spanning bioresorbable rod. At 15 and 24 months

postoperatively, the replaced spinal segments procured the segmental mobility with

gradually decreased ROM levels, however, the excellent bony ingrowth was obtained at both

time periods. The 3-DF disc has an excellent clinical potential for artificial disc despite

further refinements necessary for device design and surgical strategy including different

surgical approaches.

15



References

1. Alexander JT, Branch CL, Subach BR, et al: Applications of a resorbable interbody

spacer in posterior lumbar interbody fusion. J Neurosurg 97:468-472, 2002.

2. Ames C, Cornwall GB, Crawford NR, et al: Feasibility of a resorbable anterior cervical

graft containment plate. J Neurosurg 97:440-446, 2002.

3. Bao QB, McCullen GM, Higham PA, et al: The artificial disc: theory, design and

materials. Biomaterials 17:1157-1167, 1996.

4. Bao QB, Yuan HA: Prosthetic disc replacement: The future? Clin Orthop 394:139-145,

2002.

5. Buttner-Janz K, Schellnack K, Zippel H: Biomechanics of the SB Charite lumbar

intervertebral disc endoprosthesis. Int Orthop 13:173-176, 1989.

6. Cahill DW, Martin GJ, Hajjar MV, et al: Suitability of bioresorbable cages for anterior

cervical fusion. J Neurosurg 98:195-201, 2003.

7. Cinotti G, David T, Postacchini F: Results of disc prosthesis after a minimum follow-up

period of 2 years. Spine 21:995-1000, 1996.

8. Cunningham BW, Lowery GL, Serhan HA, et al: Total disc replacement arthoroplasty

using the AcroFlex lumbar disc: a non-human primate model. Eur Spine J 11:5115-123

16



10.

11.

12.

13.

14.

15.

Diangelo DJ, Scifert JL, Kitchel S, et al: Bioresorbable anterior lumbar plate fixation in

conjunction with cage-assisted anterior interbody fusion. J Neurosurg 97:447-455, 2002,

Enker P, Steffee A, McMillin C, et al: Artificial disc replacement. Preliminary report

with a 3-year minimum follow-up. Spine 18:1061-1070, 1993.

Furukawa T, Matsusue Y, Yasunaga T, et al: Biodegradation behavior of
ultra-high-strength hydroxyapatite/poly(L-lactide) composite rods for internal fixation of

bone fractures. Biomaterials 21:889-898, 2000.

Furukawa T, Matsusue Y, Yasunaga T, et al: Histomorphometric study on high-strength
hydroxyapatite/poly(L-lactide) composite rods for internal fixation of bone fractures. J

Biomed Mater Res 50:410-419, 2000.

Gardner A, Pande KC: Graf ligamentoplasty: a 7-year follow-up. Eur Spine J 11:

S157-163, 2002.

Griffith SL, Shelokov AP, Butter-Janz K, et al: A multicenter retrospective study of the
clinical results of the Link SB Charite intervertebral prosthesis. Spine19:1842-1849,

1994.

Hadlow SV, Fagan AB, Hillier TM, et al: The Graf ligamentoplasty procedure.
Comparison with posterolateral fusion in the management of low back pain. Spine

23:1172-1179, 1998.

17



16.

17.

18.

19.

20.

21.

22,

23.

Hedman TP, Kostuik JP, Fernie GR, et al: Design of an intervertebral disc prosthesis.

Spine 16:5256-260, 1991.

Hochschuler SH, Ohnmeiss DD, Guyer RD, et al: Artificial disc: preliminary results of a

prospective study in the United States. Eur Spine J 11:5106-110, 2002.

Kadoya K, Kotani Y, Abumi K, et al: Biomechanical and morphologic evaluation of a
three-dimensional fabric sheep artificial intervertebral disc: In vitro and in vivo analysis.

Spine 26:1562-1569,2001.

Klara PM, Ray CD: Artificial nucleus replacement. Clinical experience. Spine

27:1374-1377, 2002.

Kostuik JP: Intervertebral disc replacement. Experimental study. Clin Orthop 337:27-41,

1997.

Kotani Y, Abumi K, Shikinami Y, et al: Artificial intervertebral disc replacement using
bioactive three-dimensional fabric: design, development, and preliminary animal study.

Spine 27:929-935, 2002.

Lowe TG, Coe JD: Resorbable polymer implants in unilateral transforaminal lumbar

interbody fusion. J Neurosurg 97:464-467, 2002.

Matsumoto M, Chosa E, Nabeshima K, et al: Influence of bioresorbable, unsintered

18



24,

25.

26.

27.

28.

29.

30.

hydroxyapatite/poly-L-lactide composite films on spinal cord, nerve roots, and epidural

space. J Biomed Mater Res 60:101-109, 2002.

McAfee PC, Cunningham BW, Orbegoso CM, et al: Analysis of porous ingrowth in

intervertebral disc prosthesis. A nonhuman primate model. Spine 28:332-340, 2003.

Oda I, Abumi K, Lu D, et al. Biomechanical role of the posterior elements,
costovertebral joints, and rib cage in the stability of the thoracic spine. Spine

21:1423-1429, 1996..

Panjabi MM: The stabilizing system of the spine. Part 1l. Neutral zone and instability

hypothesis. J Spinal Disord. 5:390-396, 1992.

Poynton AR, Zheng F, Tomin E, et al: Resorbable posterolateral graft containment in a

rabbit spinal fusion model. J Neurosurg 97:460-463, 2002.

Shikinami Y, Kawarada H. Potential application of a triaxial three-dimensional fabric

(3-DF) as an implant. Biomaterials 19:617-635, 1998.

Shikinami Y, Okuno M: Bioresorbable devices made of forged composites of
hydroxyapatite (HA) particles and poy-I-lactide (PLLA): Part I: Basic characteristics.

Biomaterials 20:859-877, 1999.

Shikinami Y, Okuno M: Bioresorbable devices made of forged composites of

hydroxyapatite (HA) particles and poy-I-lactide (PLLA): Part II: practical properties of

19



31.

32.

33.

34.

35.

36.

37.

miniscrews and miniplates. Biomaterials 22:3197-3211, 2001.

Takahata M, Kotani Y, Abumi K, et al: Bone ingrowth fixation of artificial
intervertebral disc consisting of bioceramic-coated three-dimensional fabric. Spine

28:637-644, 2003.

Takeuchi T, Abumi K, Shono Y, et al. Biomechanical role of the intervertebral disc and
costovertebral joint in stability of the thoracic spine. A canine model study. Spine.

24:1414-1420, 1999.

Toth JM, Estes BT, Wang M, et al: Evaluation of 70/30 poly (L-lactid-co-D,L-lactide)

for use as a resorbable interbody fusion cage. J Neurosurg 97:423-432, 2002.

Urbaniak JR, Bright DS, Hpkins JE: Replacement of intervertebral discs in chimpanzees
by silicone-dacron implants: A preliminary report. J Biomed Mater Res 4:165-186,

1973.

Vaccaro AR, Carrino JA, Venger BH, et al: Use of bioabsorbable anterior cervical plate
in the treatment of cervical degenerative and traumatic disc disruption. J Neurosurg

97:473-480, 2002.

Vaccaro AR, Madigan L: Spinal applications of bioabsorbable implants. J Neurosurg

97:407-412, 2002.

Vuono-Hawkins M, Langnara NA, Parsons JR, et al: Materials and design concepts for

20



an intervertebral disc spacer Il. Multidurometer composite design. J of Applied

Biomaterials 6:117-123, 1995.

38. Vuono-Hawkins M, Zimmerman MC, Lee KC, et al: Mechanical evaluation of a canine

intervertebral disc spacer: in vitro and in vivo studies. J. Orthop Res. 12:119-127, 1994,

39. Welch WC, Thomas KA, Cornwall GB, et al: Use of polylactide resorbable film as am

adhesion barrier. J Neurosurg 97: 413-422, 2002.

40. Wuisman PI, van Dijk M, Smit TH: Resorbable cages for spinal fusion: an experimental

goat model. J Neurosurg 97:433-439, 2002.

41. Zeegers WS, Bohnen LMLJ, Laaper M: Atrtificial disc replacement with the modular

type SB Charite I1l: 2-year results in 50 prospectively studied patients. Eur Spine J

8:210-217, 1999.

21



Figure Legend

Figure 1(1A, 1B)

1A: Triaxial three-dimensional fabric disc (3-DF disc) woven by ultra-high molecular weight

polyethylene (UHMWRPE) fiber. The disc surface is spray-coated with bioactive ceramic

granules.

1B: The fiber axis direction was arranged to 45 degrees on the lateral surface of 3-DF disc to

achieve the human disc anisotropy.

Figure 2: Spinal segment reconstructed with 3-DF disc and bioresorbable rod fixation.

The 3-DF disc was anteriorly inserted through left retroperitoneal approach following a total

diskectomy. The bioresorbable rod consisting of hydroxyapatite and poly-L-lactide acid

(HA/PLLA) spanned two vertebral screws.

Figure 3 (3A, 3B): Lateral radiographs of reconstructed spinal segments using 3-DF disc and

bioresorbable rod at 0 and 24 months postoperatively.

3A: Radiograph at postoperative 0 day. 3-DF discs were placed at L2/3 and L4/5 levels

(arrows). Radiopaque bioresorbable rods were visible between two vertebral screws.

3B: Radiograph at 24 months postoperatively. No dislodgement and displacement of 3-DF
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disc was demonstrated as well as scarce bridging bone formation between vertebral bodies

(open arrow). The vertebral endplate at the interface showed sclerotic changes without

device loosening and bone resorption. The deformation of bioresorbable rods was visible at

both segments.

Figure 4: The total range of motion of disc-body unit in flexion-extension and axial rotation

at maximum moment of 5 Nm.

3-DF w/o Fix (Group I): 3-DF replaced segment without initial fixation, 3-DF Fix (Group

I1): 3-DF replaced segment with initial fixation of Kaneda SR one-rod system at six months

postoperatively. 3-DF PLLA (Group IlI): 3-DF replaced segment with bioresorbable

stabilization system. Mean and standard errors of mean were shown. Each asterisk represents

a statistical difference between control and any surgical group at p=0.01 level.

Figure 5: The total neutral zone of disc-body unit in flexion-extension and axial rotation at

maximum moment of 5 Nm.

3-DF w/o Fix (Group I): 3-DF replaced segment without initial fixation, 3-DF Fix (Group

I1): 3-DF replaced segment with initial fixation of Kaneda SR one-rod system at six months

postoperatively. 3-DF PLLA (Group IlI): 3-DF replaced segment with bioresorbable

stabilization system. Mean and standard errors of mean were shown.
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Figure 6 (6A, 6B)

6A: Sagittal histologic section of the interface between 3-DF disc (D) and vertebral body (V)

demonstrating a typical grade 1 interface. There were continuous trabeculae of vertebral

body on the surface of 3-DF disc without soft tissue membrane. The trabeculae inserting into

the fabric inside were distributed within the coating depth of bioactive ceramics. The right

side of the figure signifies the ventral side of the disc.

6B: Each 3-DF fiber (F) is directly surrounded by vertebral body trabeculae (T) without soft

tissue membrane on the magnified view (magnification, x25)
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