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Spinal Fusion has been considered 
the primary surgical treatment for de-
generative disc disease following failure 
of other forms of treatment. Unfortu-
nately, it has been associated with vari-
ety of side effects and complications in-
cluding increased morbidity, infection, 
failed back syndrome and pseudarthrosis 

(1-2).  Moreover, it has been shown to ac-
celerate degenerative changes in adjacent 
intervertebral discs and facet joints sec-
ondary to increased stresses and mobili-
ty in these segments (3-5). Arthrodesis or 
resection arthroplasty used to be the op-
tion for treatment of severe degenerative 
arthritis of hip joints until the advent of 
total hip arthroplasties(6). Following the 
pioneering work of Sir John Charnley (6) 

in the sixties, the last three decades have 
witnessed a rapid evolution of total joint 
technology (7-8).  As well, an understand-
ing of the intricacies of the bone implant 
interface has been garnered (9). 

Analogically, Fernstorm (10) de-
serves the distinction of being the first 
to use stainless steel metal balls to replace 
degenerative discs. Subsequently, there 
has been an escalating interest in research 
emphasizing the design and development 
of an artificial disc prosthesis. These arti-
ficial discs have not been very successful 
when compared with hip or knee replace-
ments for several reasons; the complexity 
of disc structure and function, higher risk 
involved if the device fails and relatively 
lesser impairment to patient’s function 
with single level disc fusion as compared 
with hip or knee fusion.

NATURAL HISTORY OF DISC DISEASE AND 
THE DIAGNOSTIC PROCESS

In their extensive study of degenera-
tive disc disease, based on clinical and an-
atomical data, authors (11-15) postulat-
ed that the degenerative process of inter-
vertebral disc evolves through three stag-
es. dysfunction, instability and stabiliza-

tion, with relatively distinct clinical and 
radiological findings. Histological stud-
ies of Miller et al(15) further substanti-
ate the existence of these three stages. The 
dysfunction stage typically presents in the 
15 and 45 years old age group. It is char-
acterized by circumferential and radial 
tears in the disc annulus and localized sy-
novitis of the facet joints. The instability 
stage, found in 35 to 70 years old patients, 
consists of various processes such as in-
ternal disruption of the disc, progressive 
disc resorption, degeneration of the fac-
et joints with capsular laxity, subluxation, 
and joint erosion. The final stage of sta-
bilization, which is rarely seen in patients 
younger than 60 years, evolves from the 
progressive development of hypertrophic 
bone about the disc and facet joints lead-
ing to segmental stiffening or frank anky-
losis. Disc herniation is a manifestation 
that presents in the first two stages, while 
spinal stenosis is associated with late sec-
ond and final stages of disc disease (12). 

Magnetic resonance imaging is the 
primary diagnostic tool when working 
up symptoms of degenerative disc disease 
(16-18).  Unfortunately, it is unable to re-
liably ascertain which disc level is respon-

Spinal fusion for degenerative disc dis-
ease has been associated with a variety of 
side effects, including increased morbidi-
ty, infection, failed back syndrome, pseudo-
arthrosis, and acceleration of degenerative 
changes in adjacent intervertebral discs and 
facet joints.  Based on the experience of ar-
throplasty of hip and other joints, there has 
been an escalating in research emphasiz-
ing the design and development of an artifi -
cial disc prosthesis.  However, these artifi cial 
discs have not been very successful when 
compared with hip or knee replacements.

Based on clinical and anatomical data, 
multiple authors have postulated that the 
degenerative process of intervertebral disc 
evolves through three stages; dysfunction, 

instability and stabilization, with relative-
ly distinct clinical and radiological fi ndings.  
Even though magnetic resonance imaging 
is considered as the primary diagnostic tool 
for degenerative disease, it is unable to reli-
ably ascertain which disc level is responsible 
for generating axial pain symptoms.  Conse-
quently, discography is the most precise test 
to localize the level of pathology.  

Multiple design criteria have been pro-
posed for an ideal intervertebral prosthesis 
which included endurance, materials behav-
ior, geometry, kinematics, dynamics, motion 
constraints, fi xation to bones and safety.  The 
development of artifi cal disc technology has 
culminated into two types of disc replace-
ments, namely total disc replacement and a 

nucleus pulposus replacement.  In addition, 
four prosthetic models have been proposed 
which include hydraulic, elastic, composite, 
and mechanical.  Clinical outcomes of total 
disc replacement and nucleus replacement 
have been variable. 

This review describes natural history of 
disc disease and the diagnostic process, an-
atomical and biomechanical considerations, 
design criteria for an ideal intervertebral 
prosthesis, evolution of artifi cial disc pros-
thesis, clinical outcomes of the total disc and 
nucleus replacement, and prospects and me-
ridians for future research.  
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sible for generating axial pain symptoms. 
First described by Lindblom (19) in 1948, 
discography is the most precise test to lo-
calize the level of pathology. With its abil-
ity to diagnose the exact level of symp-
toms, discography has been advocated as 
the diagnostic pre-requisite when con-
templating discectomy or spinal fusion 
(20-21).

ANATOMICAL AND BIOMECHANICAL 
CONSIDERATIONS

The natural intervetebral disc has 
anatomical and biomechanical proper-
ties, which serve an intricate role in sta-
bility and flexibility of spine. It consists 
of a nucleus, annulus and two end plates, 
which impart synchronizing biomechan-
ical features.  The annulus fibrosus has a 
multilayered structure made up of well-
organized collagen fibers running in op-
posite directions in adjacent layers at ap-
proximately 30 degrees to horizontal 
plane and provides high tensile modulus. 
The nucleus, which is enclosed within 
the annulus and endplates, is composed 
of the hydrophilic polymer, glycosami-
noglycan. The nucleus provides com-
pressive strength by keeping the annulus 
inflated. The endplates provide stable an-
chorage to the layers of annulus fibrosus 
thereby preventing excessive torsional 
and translational movements (22). Along 
with the facet joints it is responsible for 
absorbing all compressive loads direct-
ed to axial skeleton. Combined rotation 
and bending leads to stresses in the disc 
with tensile, compressive and shear com-
ponents (22). Since each  functional spi-
nal unit is composed of three distinct an-
atomical structures, each with unique 
mechanical properties, the biomechan-
ics and physiology of disc is much more 
complex than the hip or knee joint. The 
paucity of overall literature on artificial 
discs and the marginal success rates re-
ported underscore the complexity of this 
structure.

An ideal intervertebral disc should 
restore optimal anatomical and biome-
chanical function of the functional spinal 
unit. The purpose of the prosthetic device 
is to attain normal disc height and main-
tain maximal intersegmental flexibility 
to physiological loads. The disc prosthe-
sis should simulate typical discal kine-
matic properties to restore normal bio-
mechanics.

DESIGN CRITERIA FOR AN IDEAL 
INTERVERTEBRAL PROSTHESIS

Hedman et al (23) have proposed 
design criteria for an ideal intervertebral 
disc prosthesis including endurance, ma-
terials behavior, geometry, kinematics, dy-
namics, motion constraints, fixation to 
bones and safety. Considering the mor-
bidity of spinal surgery, an ideal device 
should be able to last for life and should 
be tested for withstanding a greater num-
ber of spinal loading cycles than estimat-
ed for the expected longevity of the pa-
tient.  An ideal material would have bio-
compatibility with greater resistance 
against wear and galvanic corrosion. The 
geometry of the artificial disc should re-
produce that of the normal disc including 
disc height. The kinematics of the artifi-
cial disc should simulate the kinematics 
of the level of replacement. For example, a 
typical L4-5 intervertebral joint allows 13 
degrees of flexion, 3 degrees of extension, 
3 degrees of lateral bending and 1 degree 
of axial rotation (26). The locus of axes for 
sagittal rotation is located in the posterior 
region of the disc space (27). Reproducing 
the position of the axes of motion with-
in the artificial disc is critical for restora-
tion of the multiplanar motion of the nat-
ural intervetebral disc. The disc prosthesis 
should duplicate the stiffness of the natu-
ral disc in all three planes of rotation (23).  
An ideal prosthesis should impose the 
same constraints to motion as the natural 
joint provides. An overconstrained pros-
thesis would behave more like a fusion, 
whereas an underconstrained joint would 
fail to provide optimal stability. Stable and 
durable fixation of the bone-prosthesis 
interface is key to the long-term stability 
of the artificial joint. Currently, resolution 
of this issue represents the critical limit-
ing factor impeding routine clinical use 
of a disc prosthesis.  Advances in biolog-
ic fixation such as the biologic ingrowth 
may be able to solve this enormous con-
cern. Destructive testing of the artificial 
joint should be performed prior to clini-
cal trials to ensure that failure of the dif-
ferent components of the prosthesis will 
not transpire leading to damage to the 
surrounding nervous and vascular tissues 
(23).   Animal model studies involving 
monkeys and sheep have expanded our 
understanding of the biomechanical ca-
pability and biocompatibility of the artifi-
cial disc prosthesis (24, 25).   Unfortunate-
ly, the information obtained from such in-

quiry may not be generalizable to human.  
In particular, the animal model lacks im-
portant biomechanical features of the hu-
man spine, such as axial loading, and lon-
gitudinal assessment of the longevity of 
the prosthesis is nearly impossible.

EVOLUTION OF ARTIFICIAL DISC 
PROSTHESES

The development of artificial disc 
technology has culminated into two types 
of disc replacements. total disc replace-
ment and nucleus pulposus replacement 
(28). Four prosthetic models have been 
proposed which include hydraulic, elastic, 
composite and mechanical (29).

Hydraulic
While Fernstrom’s (10) pioneering 

trials used steel ball to replace the nu-
cleus, Bao was the first to use a hydro-
gel material for a true nucleus prosthesis 
(17).  The primary objective of the nucle-
ar prosthesis is to inflate or expand the an-
nulus and share the loads across the annu-
lus (29).  It has several theoretical advan-
tages over a total disc prosthesis including 
preservation of natural annulus fibrosus, 
endplates and their function.  As well, the 
surgical procedure is relatively uncompli-
cated to perform. While the advantages 
of this prosthesis are evident, its poten-
tial applications are limited because via-
ble candidates require an essentially intact 
annulus. Other materials including poly-
urethane (Fassio and Ginestie) (29) and 
woven polymer fibers have been used in 
the past, albeit unsuccessfully. Complica-
tions experienced with this model include 
herniation of polyurethane and endplate 
fracture. 

Elastic Model
This involves total disc replacement 

using a composite polymer matrix that 
would  replicate normal annular struc-
ture. Steffe (31) used polyolefin rubber in 
six cases (Acroflex), but observed transla-
tion of the implant with slight or no ro-
tation resulting in polymer shearing.  Lee 
et al (32) proposed using a thermoplastic 
composite consisting of polysiloloxane 
reinforced with polyurethane fibers, as 
mechanism to increase axial and torsion-
al strength. The major limitation of this 
model is the lack of optimal anchorage to 
the end plates to prevent translation dur-
ing application of physiologic loading.  As 
previously mentioned, the importance of 
this matter cannot be overemphasized. 
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Composite Model
Edeland (33,34) proposed using a 

composite viscohydraulic concept that 
would create an intrinsic preloading of 
the annular polymer, redefine the in-
stantaneous axes of rotation and reduce 
stresses at the bone implant interfaces. To 
date, no clinical evidence is available to 
demonstrate the durability of the hydrau-
lic systems or biomechanics of viscoelas-
tic–metal interfaces. 

Mechanical Models
These are artificial discs that employ 

a segmented joint model. Fixation occurs 
at the end plates. Mobility is effected with 
a pivot or ball type linkage (29).  Only one 
these models have been subjected to clin-
ical trials with promising outcomes. The 
SB Charite III Prosthesis (Fig 1), devel-
oped by Buttner-Janz and colleagues, is 
a modular system (33-37).  It consists of 
two end plates of cobalt-chromium alloy 
and a polyethylene sliding core that re-
produces near normal segment mobility. 
This design enables14 degrees of flexion/
extension. The end plates are available 
in two geometric configurations; parallel 
and oblique. The parallel design is used to 
replace segments above L5-S1 whereas the 
oblique model is designed for the anat-
omy of L5-S1 intervertebral space. The 
height of the polyethylene core changes 
from 7.5 mm to 11.5 mm to allow for op-

timum restoration of disc height. 

CLINICAL OUTCOMES OF THE TOTAL DISC 
REPLACEMENT

Pioneering work of Fernstrom (10) 
led to the first ever clinical trial of an arti-
ficial disc prosthesis in 1966. The clinical 
results of his ball bearing prosthesis were 
largely unsuccessful following subsidence 
into the adjacent vertebral bodies. Signifi-
cant loss of disc height in 88% and a 40% 
incidence of residual low back pain were 
observed. In 1993, Enker et al (39) report-
ed six cases of intervertebral disc replace-
ment using the Acroflex prosthesis, com-
prising of a rubber core vulcanized to ti-
tanium end plates, with a minimum three 
year follow up. Four of the six patients had 
degenerative disc disease adjacent to a pri-
or fusion, one had multilevel disc degen-
eration, and one had disc resorption. Four 
of the six patients had a satisfactory out-
come. Translation of the prosthesis with 
fracture of the rubber core occurred in 
one patient at one year follow up requir-
ing the performance of an interbody fu-
sion. One patient had no relief of preop-
erative symptoms following the artificial 
disc replacement. 

The SB Charite III Prosthesis (35-
38) is the most extensively used prosthesis 
with clinical trials held in Europe. In their 
multicenter retrospective study, Griffith et 
al (36) reported upon the use of 139 pros-
theses in 93 patients. This population had 
an average age of 43 years and mean fol-
low up was 11.5+ 8.4 months. The pre-
dominant pre-operative diagnosis was de-
generative disc disease at the L4-5 or L5-
S1 level in 87% of patients. There was a 
significant improvement in pain relief of 
leg and back pain with improvement of 
the former due to surgical decompression 
rather than the direct effect of the pros-
thesis. Neurological weakness was present 
in 23% of the cases preoperatively. At fol-
low up, 81% had resolution of neurolog-
ical deficit. Complications observed in-
cluded device failure, migration and dis-
location in 6 of the 93 (6.5%) cases.  

CLINICAL OUTCOMES OF NUCLEUS 
REPLACEMENT

There has not been any published 
report of clinical trial of the nucleus re-
placement prosthesis. At the first Annu-
al North American Artificial Disc Sum-
mit in October 1999, Raymedica report-
ed 101 patients with nucleus replacement 
with complication of implant extrusion in 

17 patients (28). 
Clinical trials performed have been 

primarily restricted to the use of the arti-
ficial disc prosthesis for lumbar degenera-
tive disc disease. There is only one report 
of cervical disc replacement and dismal 
results were noted. Pointillart et al (40) re-
ported failure of the cervical disc prosthe-
sis in 8 of the 10 patients. 

PROSPECTS AND MERIDIANS FOR FUTURE 
RESEARCH

Given the well known limitations of 
spinal fusion and the advent of artificial 
disc technology further research oriented 
towards developing biomechanically su-
perior designs with greater biocompati-
bility will inevitably continue (27).  Ko-
tani et al (25) have reported upon the use 
of a three dimensional bioactive fabric for 
artificial disc replacement in an effort to 
improve stability at the bone implant in-
terface. A sheep spine model was used to 
establish as potential for future clinical 
application. As previously mentioned ani-
mal model studies do not adequately rep-
licate the human spine; therefore research 
is requisite to create a laboratory mod-
el which would reproduce biomechani-
cal forces typically generated in the hu-
man spine. Similarly, research into devel-
oping cervical disc prostheses with opti-
mal biomechanical features will ensue. To 
date, none of the available intervertebral 
disc prostheses has been approved by FDA 
for clinical use in United States. Howev-
er, there are on going FDA approved clini-
cal trials of the SB Charite III prosthesis in 
various centers across North America. 
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Fig 1. SB Charite III Prosthesis

Analogically this model concept of the SB 
Charite III Prosthesis can be compared to bio-
mechanical concept of Charnley’s low friction 
arthroplasty. Clinical trials with cobalt-chrome 
total hip prosthesis have shown superlative 
wear resistant characteristics and may serve 
a viable metal option for designing an artifi cial 
disc (9).  Again, the concern about prosthesis 
endplate long-term wear remains unresolved, 
which currently represents a limiting factor in 
the routine use of the prosthesis.
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