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      Disk Arthroplasty: A 30-Year 
History       

     Klaus     John     Schnake       and     Frank     Kandziora     

41.1             Introduction 

 While the fi rst artifi cial disk was implanted just 
30 years ago, the history of disk arthroplasty is 
already about 55 years old. 

 Arthroplasty has been quite successful for 
joints such as the hip and knee. In contrast, disk 
arthroplasty is far away from being the standard 
treatment in spine surgery. Degenerative lesions 
of the disk consist of a decrease in the hydrophilic 
properties of the nucleus as well as the appear-
ance of annulus tears. Secondary, osteoarthritis 
of the facet joints and subchondral bone altera-
tions occur. Thus, the entire functional spinal 
segment degenerates. While severe hip osteoar-
thritis can be treated with total hip replacement, 
successful replacement of a total spinal segment 
is still not possible. 

 In the past, surgeons attempted to develop 
arthroplasty-like implants in order to mimic 
physiologic motion. The primary purpose was to 

restore symptom-free biomechanical function. 
While there is almost no more indication to per-
form a hip or knee arthrodesis, it is still unclear if 
spinal arthrodesis will follow this pattern. Today, 
the increasing demands and expectations from 
the patients’ side, and the medical desire to avoid 
fusion with its adverse side effects, have led to 
the development of multiple implants for disk 
arthroplasty. 

 Over the average human lifespan, the spine is 
exposed to more than 100 million cycles of 
motion. Per year, the lumbar spine is exposed to 
2 million nonsignifi cant motions and 125.000 
signifi cant bends per year. The optimal lifetime 
for an arthroplasty spinal implant was therefore 
considered to be approximately 30 million cycles, 
or 10 million cycles in a fully loaded spine situa-
tion [ 1 ,  2 ]. 

 The intervertebral disk is not a simple carti-
laginous joint, but rather a complex anatomic 
structure allowing small movements along and 
around three main axes. In contrast to peripheral 
joints, whose stability is mainly achieved by liga-
ments, the disk on its own provides the major part 
of its stability. The confi guration of nucleus and 
annulus allows high resistance to external forces. 

 The biomechanical requirements present quite 
a challenge for any implanted mechanical device, 
since the most elastomeric polymers will degrade, 
metals will wear, each will be exposed to the 
immune system, and open spaces will lead to 
 tissue ingrowth. Continuous motion and stress 

        K.  J.   Schnake ,  MD      (*) 
  Center for Spinal Therapy ,  Schön Klinik Nürnberg 
Fürth ,   Europa-Allee 1 ,  90762   Fürth ,  Germany   
 e-mail: kschnake@schoen-kliniken.de   

    F.   Kandziora ,  MD, PhD      
  Center for Spinal Surgery and Neurotraumatology , 
 BG-Unfallklinik Frankfurt am Main ,   Friedberger 
Landstraße 430 ,  60389   Frankfurt am Main ,  Germany   
 e-mail: frank.kandziora@bgu-frankfurt.de  

 41

mailto:kschnake@schoen-kliniken.de
mailto:frank.kandziora@bgu-frankfurt.de


604

will lead to metal fatigue and potentially implant 
failure. Thus, the implants must be biocompati-
ble and resistant to the stresses of the spine. 

 The development of disk prostheses was heav-
ily infl uenced by design and engineering princi-
ples previously established for total joint 
arthroplasty. Strategies for immediate and 
delayed implant fi xation have been taken from 
lessons learned with hip prostheses. The same is 
true for the use of cobalt chrome alloys and ultra-
high- molecular-weight polyethylene in a major-
ity of devices. Titanium provides excellent 
biocompatibility and the advantage of MRI com-
patibility. Knowledge transfer from joint arthro-
plasty to the spine certainly offers advantages. 
However, the disk space is a different biomechan-
ical and biologic environment compared to other 
joints. To complicate matters, the origin of low 
back pain is not fully understood yet and appears 
to be more complex than in peripheral joints. 

 Two key principles can be differentiated for 
disk arthroplasty [ 3 ]:

    1.    Reproduction of the viscoelastic properties of 
the disk. Those implants are mostly manufac-
tured from various silicones or polymers. 
Some rely on springs and/or piston systems 
and some are injected in monomer form and 
polymerised in situ. The main fi eld of applica-
tion is nucleus replacement.   

   2.    Reproduction of the motion characteristics of 
the disk. Those implants are usually mechani-
cal devices made from metal and/or polyeth-
ylene couples. The main fi eld of application is 
total disk replacement.    

  Innumerable different designs for both princi-
ples have been developed and patented so far. 
However, only a few of them reached the level of 
clinical application, and even fewer were 
implanted in a bigger number of patients. The 
story began in Europe in the 1950s with preclini-
cal studies and patents. While today the negative 
aspects of spinal fusion serve as a rationale for 
disk arthroplasty, the rationale in the last century 
was restoration of joint biomechanics. 

 In 1955, van Steenbrugghe patented a joint 
replacement for the disk consisting of two 

 cushions [ 4 ]. In the late 1950s, Nachemson 
injected self-hardening liquid silicone rubber into 
cadaver disks [ 5 ]. 

 However, the virtual clinical pioneer of disk 
arthroplasty was Fernström. He was the fi rst to 
implant an “artifi cial disk” in the late 1950s. In fact, 
he was using a metal ball in an attempt to reproduce 
the “ball joint” mechanism of the disk [ 6 ]. 

 The Fernström ball seems to have been used in 
about 250 patients. Because of poor results, the 
implant was withdrawn [ 7 ]. 

 Probably the fi rst attempt of a total disk 
replacement restoring the motion function was 
patented by Weber in 1978. The devices con-
sisted of two polyethylene box-like structures 
anchored in the adjacent vertebrae. In between, a 
ceramic ovoid core was placed allowing motion. 
However, the device was never manufactured [ 8 ]. 

 The modern history of disk arthroplasty began 
in the 1980s. Nucleus replacement strategies and 
total disk replacement were separated and both 
could reach clinical application in the subsequent 
course.  

41.2     Nucleus Replacement 

 Nucleus replacement strategies refl ect the earliest 
attempts to relieve pain and restore function of the 
degenerated spinal motion segment. The above-
mentioned Fernström ball was one of the fi rst 
replacements. All of those early techniques were 
neither mechanical nor biological promising. 

 The history of nucleus replacement suffered 
from many setbacks. Surgeons and engineers 
ingenuity lead to numerous devices. The majority 
of them were either tried and failed or were never 
tried clinically at all. The early designs were 
made of virtually any material (metal or polymer) 
having fl exibility, especially elastomeric (rub-
bery) materials or metal springs and hinges. 
Literally all of the early designs were mechanical 
devices. Typical problems of most of the implants 
were: surgical implanting technique, attachment 
to the bone, resistance to expulsion, mechanical 
failure loads, longevity, and tissue compatibility. 
Despite those problems, nucleus replacements 
have been used since the late 1990s. 
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 This is probably due to the tremendous efforts 
of Charles D. Ray, the inventor of the prosthetic 
disk nucleus (PDN) (Fig.  41.1 ). He followed the 
idea to compare the degenerated disk with a fl at 
car tyre. The nucleus loses water and shrinks and 
consecutively the disk height decreases like a 
tube of a tyre which defl ates. As long as the annu-
lus (respectively, the tyre) maintains its integrity, 
a restoration of function is possible if the pres-
sure in the disk (respectively, the tube) can be 
increased again. Coming from this point, he 
developed a hydrogel which could be hydrated. 
The fi rst prosthetic disk was patented in 1988 [ 9 ].

   Ray gave his prosthetic disk nucleus a scien-
tifi c background. To date, the most often used 
nucleus replacement is the PDN and PDN-SOLO 
(Raymedica, Bloomington, USA). The PDN con-
sists of a hydrogel core and an ultra-high- 
molecular- weight polyethylene jacket. The 
hydrogel core is a polyacrylonitrile- 
polyacrylamide multi-block copolymer with 
memory capability. It can absorb 50–90 % of its 
dry weight in water to become fully hydrated. 
The woven jackets provide dimensional control 
of the swollen pellets. Two PDN devices are usu-
ally implanted next to each other after removal of 
the nucleus [ 10 ]. 

 Indications that have been proposed are low 
back pain due to degenerative disk disease, with 
or without leg pain [ 11 ]. 

 While the theory of nucleus replacement with 
a swelling implant sounds auspicious, early clini-
cal reports revealed high complication rates. 

Typical complications were implant dislocations 
and subsidence into the adjacent vertebral body 
[ 12 ,  13 ]. 

 Obvious problems led to a new implant design, 
the PDN-SOLO®. Thus, complication rate 
dropped to less than 10 %, which is, in our opin-
ion, still too high [ 14 ,  15 ]. Only few data con-
cerning the long-term outcome are available 
showing persistent favourable clinical results. 
However, quality and quantity of data are too 
poor [ 16 ]. 

 In the past, many other nucleus replacement 
strategies have been developed and are currently 
under investigation. Today, nucleus replacement 
devices can be functionally categorised as elasto-
meric and mechanical. The latter are in clinical 
use but are confronted with many of the same 
problems encountered with the PDN implant 
[ 17 ]. The surgical approach to the nucleus harms 
the integrity of the annulus. Thus, implanted 
nucleus devices can be extruded through the pri-
mary approach. The sewing of the annulus as 
well as lateral approaches to the disk did not 
eliminate this problem [ 18 ]. 

 Elastomeric devices are under clinical investi-
gation with encouraging preliminary results. 
Most of the actual strategies follow the path of 
injectable materials that undergo in situ 
polymerisation. 

 However, up to now, there is no evidence that 
nucleus replacement offers any clinical benefi t. 
Furthermore, the indications are not clear yet. 

 In conclusion, further clinical investigation 
with prospective, randomised pivotal trials is 
needed to determine the effi cacy of nucleus 
replacement in the treatment of lumbar degenera-
tive disk disease [ 19 ,  20 ].  

41.3     Total Disk Arthroplasty 

 The Charité artifi cial disk was the fi rst available 
total disk replacement (TDR) system. Three dif-
ferent types have been developed so far. While 
type I and II Charité artifi cial disks were manu-
factured in the former German Democratic 
Republic (GDR) and, therefore, was never com-
mercially available, the type III Charité disk was 

  Fig. 41.1    PDN       
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distributed by DePuy Spine (Raynham, 
Massachusetts, USA) until spring 2010. 

 The Charité type I was developed in East 
Berlin by Kurt Schellnack and Karin Büttner- 
Janz in the Charité Hospital in 1982. The idea 
was based on the biomechanically proven “low 
friction” principle, which had already been suc-
cessful in total joint replacement. It consisted of 
two highly polished metal end plates with teeth 
for bony anchorage and an ultra-high-molecular- 
weight polyethylene (UHMWPE) sliding core. 
The device was intended to imitate the movement 
of the nucleus pulposus of the intervertebral disk 
within its annular containment. It is therefore 
considered to be an unconstrained type of total 
disk replacement. An unconstrained design incor-
porates a mobile-bearing core and provides inde-
pendent rotation and translation about three axes. 
The so-called SB Charité Artifi cial Disk Mark I 
was implanted at the Charité Hospital in the years 
1984–1985 [ 21 ,  22 ]. 

 Due to axial plane migrations, the device was 
modifi ed to the SB Charité II. 

 It was used between 1985 and 1987. In con-
trast to type I, end plates were enlarged and exhib-
ited bilateral wings to avoid subsidence. Finally, 
problems of migration and metal fatigue fractures 
led to the abandonment of type II also [ 22 ]. 

 From 1987 on, the Link SB Charité III was 
manufactured by Waldemar Link GmbH in 
Hamburg, West Germany. The end plates were 
changed to cobalt-chromium-molybdenum alloy 
(CoCrMo) and received a porous coating of 
plasma-sprayed titanium and calcium phosphate 
to enhance osteointegration. The free-fl oating 
biconvex sliding core is still made of ultra-high- 
molecular-weight polyethylene (UHMWPE), 
encased by a metal wire for radiological marking. 
Primary stability is achieved by press-fi t implan-
tation through the teeth on the end plate which 
anchor into the subchondral bone. Different sizes 
and angulations were developed later [ 21 ]. 

 After being taken over by DePuy Spine 
(Johnson & Johnson) in 2003, the SB Charité III 
was called Charité artifi cial disk until its aban-
donment (Fig.  41.2 ).

   One of the earliest and most comprehensive 
clinical review regarding the Charité III was 

 published by LeMarie in 1997. After 51 months 
follow- up of 105 patients, he found 79 % excel-
lent results and a return to work rate of 87 % [ 23 ]. 

 The American Food and Drug Administration 
(FDA) approved the Charité artifi cial disk in 
October 2004, the fi rst of its kind, for use in treat-
ing pain associated with degenerative disk dis-
ease (DDD). The device is intended to replace a 
diseased or damaged intervertebral disk at either 
the L4–L5 or L5–S1 level. 

 In a multicenter study, the artifi cial disk was 
performed in 205 patients who had been diag-
nosed with DDD and had failed to have their pain 
relieved after 6 months of nonsurgical therapy 
and compared them to 99 patients who received 
the control device (stand-alone BAK spinal 
fusion cage using bone graft). 

 The study showed that 2 years after surgery, 
patients treated with the artifi cial disk did no 
worse than patients treated with intervertebral 
body fusion. However, patient satisfaction was 
higher in the artifi cial disk group. The rates of 
adverse events from use of the artifi cial disk were 
similar to those from treatment with fusion. In 
addition, the study showed that there was no sta-
tistically signifi cant relationship between motion 
at the level where the disk was implanted and the 
patient’s relief from pain [ 24 ,  25 ]. To conclude, 
the patients treated with the Charité artifi cial disk 
were as good as the patients treated with a stand- 
alone cage. However, the latter is considered to 
be an obsolete treatment in Europe due to unsat-
isfactory clinical results. 

  Fig. 41.2    Charité artifi cial disk       
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 The SB Charité III has the longest clinical 
follow-up of any TDR. It has been implanted 
more than 17.000 times worldwide. Following 
the implantation, most of the authors stated 
60–90 % satisfactory to excellent results 
[ 26 – 28 ]. 

 Despite the good results published otherwise, 
Michael Putzier from the Charité Berlin pub-
lished long-term results after an average follow-
 up of 17 years. The defl ating results revealed 
spontaneous ankylosis in 60 % and a reoperation 
rate of 11 % [ 29 ]. 

 Interestingly, the last Charité artifi cial disk 
was already implanted in the Charité hospital in 
Berlin in 1989. Despite the fact that the implant 
carried the name of the biggest university hospi-
tal in Germany, it has not been used there since 
then. In the USA, criticism increased over time, 
and numerous patients started to sue Johnson & 
Johnson alleging the pharmaceutical company 
knew or should have known about the serious 
complications of the artifi cial disk surgery. As 
mentioned above, the Charité artifi cial disk is not 
available anymore. 

 Another early type of artifi cial disk was the 
AcroFlex (DePuy Spine), designed by Arthur 
Steffee. The fi rst implant type consisted of a 
hexen-based polyolefi n rubber cushion attached 
to two titanium end plates. A pilot study with six 
patients was published in 1993. Due to concerns 
regarding potential carcinogenicity of parts of 
the implant, the clinical trials were suspended. 
The next generation was proposed by Steffee, 
Fraser and co-workers. Debris and implant fail-
ure were the typical problems of the AcroFlex 
series [ 30 ,  31 ]. A prospective non-randomised 
study with almost 10 years follow-up revealed a 
cumulative survival of only 61 %. The authors 
concluded that further use of this implant is not 
justifi ed [ 32 ]. 

 Two other types of TDR were developed in the 
1990s and showed promising results: the ProDisc 
and the Maverick artifi cial disk. 

 The fi rst ProDisc (Aesculap, Tuttlingen, 
Germany) was developed by Thierry Marnay in 
Montpellier in the late 1980s [ 33 ]. 

 The ProDisc has two metal (titanium) end 
plates which are plasma sprayed with titanium 

and have two vertical fi ns for fi xation to the end 
plates. The core is made of high-density polyeth-
ylene and fi ts fi rmly to the inferior end plate. The 
superior surface of the core is formed convex. 
The resulting centre of rotation is fi xed and 
located inferior to the disk space. This semicon-
strained design includes a fi xed axis of rotation 
that limits translation. This leads to increased 
stress within the device and at the device-bone 
interface, resulting in a potentially increased risk 
of implant loosening. 

 The fi rst series of 64 patients were operated by 
Marnay between 1990 and 1993 with promising 
results. Follow-up ranged between 7 and 11 years 
with over 75 % excellent or good results. There 
was no outcome difference between 1 and 2 level 
implantations. All implants were still intact and 
functioning without signs of subsidence or migra-
tion [ 34 ]. 

 The second generation of the ProDisc called 
ProDisc-L (Fig.  41.3 ) is distributed by Synthes 
(Paoli, Pennsylvania, USA). It was introduced to 
the market in 2000. Different end plate sizes and 
lordosis angles, different core heights and only 
one keel per end plate were the main design 
changes. It has been approved by the American 
FDA in August 2006 for one- or two-level 
implantation. The FDA IDE trial compared the 
ProDisc II with an anteroposterior fusion using 
femoral ring allografts anteriorly and pedicle 
screw fi xation with autograft posteriorly. The 
clinical results in the ProDisc group were slightly 
better than in the fusion group [ 35 ].

  Fig. 41.3    ProDisc-L       
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   In uncontrolled clinical series, success rates 
up to 90 % are reported [ 27 ,  36 ]. Long-term data 
are sparse. In a prospective, single-centre investi-
gation, 181 patients (90 % follow-up rate) could 
be examined after a mean follow-up of 7.4 years. 
Clinical results improved signifi cantly after sur-
gery and 87 % of patients were (highly) satisfi ed 
at fi nal follow-up. Complication rate was 14 %, 
about half of which were device related. 
Reoperation rate was 16 %. The authors con-
cluded that for a carefully selected cohort of 
patients, results compare favourably to results 
achieved with fusion [ 37 ]. Similar mid- to long- 
term results have been published by other authors 
[ 38 – 40 ]. 

 Mathews, Le Huec and co-workers conceived 
the semiconstrained Maverick artifi cial disk 
(Fig.  41.4 ) (Medtronic Sofamor Danek, Memphis, 
Tennessee, USA), a metal-on-metal (chrome 
cobalt) interface implant with a posterior rotation 
axis [ 41 ].

   Metal-on-metal disk prostheses have been 
developed to eliminate polyethylene wear and 
its potential risks. Although polyethylene 
debris and osteolysis have not been proven to 
be signifi cant clinical issues with TDR, the 
long-term effects remain unclear. As known 
from hip surgery, metal-on-metal surfaces pro-
duce far lesser debris than polyethylene-on-
metal surfaces [ 27 ]. 

 The Maverick artifi cial disk is fi xated to the end 
plates with a midline sagittal fi n like the ProDisc. 
The end plates are hydroxyapatite coated. The 
overall biomechanical profi le is similar to the 
ProDisc. However, the convex caudal component 
has a slightly smaller radius of curvature com-
pared with the concave superior component. 

 Like in the other TDR, different sizes, heights 
and angles are available. 

 The fi rst implantation was performed in 2002 
and a randomised FDA clinical trial was begun in 
2003, comparing the Maverick artifi cial disk to a 
fusion using cage combined with BMP. LeHuec 
and co-workers published a prospective study 
reporting the outcome of 64 Maverick devices 
implanted between January 2002 and November 
2003. The Oswestry score improved for 75 % of 
patients [ 42 ]. Published midterm data 4 years 
after surgery showed 85 % of patients were again 
working and 79 % took up their normal sports 
activities [ 43 ]. 

 In the last 6 years, a variety of new implants 
and techniques have been developed so that 
nowadays nearly all companies offer implants 
for disk arthroplasty. Despite extensive biome-
chanical studies, it currently remains unclear 
which type of constraint offers the most advan-
tages in total disk replacement. Constrained 
implants offer stability but lead to high stress on 
fi xation, while unconstrained implants are sensi-
tive to surgical positioning. The normal axis of 
rotation of the lumbar spine is not fi xed but var-
ies. Although a constrained device in good posi-
tion may provide more controlled motion and 
consecutive preservation of the facet joints, an 
unconstrained device may provide greater range 
of motion and be more forgiving in terms of sur-
gical positioning. 

 In the recent past, results from multicenter and 
prospective randomised studies without any 
potential confl ict of interest have been published. 
Data from 240 patients from a Swiss registry 
including different types of TDR showed signifi -
cant, clinically relevant and lasting reduction of 
pain until 5 years after surgery. Adjacent segment 
degeneration occurred in 10 % of patients. 
Revision rate was 4.4 %. Almost 87 % of oper-
ated segments remained mobile despite the fact 

  Fig. 41.4    Maverick       
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that heterotopic ossifi cations could be detected in 
44 % of patients [ 44 ]. 

 In a Swedish prospective randomised con-
trolled trial, 152 patients were either fused poste-
riorly or received TDR of different types. After 
5 years, both groups still showed signifi cant clin-
ical benefi t from surgery. However, all parame-
ters were signifi cantly better in the TDR group. 
No differences were found concerning complica-
tions and reoperations [ 45 ]. 

 In a recent meta-analysis looking at results 
after 2-year follow-up, seven relevant RCTs with 
a total of 1,584 patients could be included. TDR 
was signifi cantly more effective in ODI, VAS 
score, shorter duration of hospitalisation and a 
greater proportion of willing to choose the same 
operation again. All other parameters showed no 
signifi cant difference [ 46 ]. 

 Nevertheless, the authors of a Cochrane 
review judged the results slightly different: 
“Although statistically signifi cant, the differences 
in clinical improvement were not beyond gener-
ally accepted boundaries for clinical relevance. 
Prevention of adjacent level disease and/or facet 
joint degeneration was not properly assessed. 
Therefore, because we think that harm and com-
plications may occur after some years, the spine 
surgery community should be prudent to adopt 
this technology on a large scale, despite the fact 
that total disk replacement seems to be effective 
in treating low back pain in selected patients, and 
in the short term is at least equivalent to fusion 
surgery” [ 47 ]. 

 Complications have been reported with all 
types of TDR and can be divided into two groups: 
those related to the surgical approach and those 
related to the prosthesis. 

 Access to the anterior lumbar spine includes 
potential injury to major vascular and visceral 
structures. Total complication rates range from 
10 % to 23 %. Complications related directly to 
device implantation occur in 2.9–6.5 % of 
patients [ 26 ,  37 ,  44 ,  46 ]. 

 Implant-related complications are design spe-
cifi c and appear as subsidence, dislocation and 
breakage of the prosthesis. Overall complication 
rates range from 2 % to 26 % of patients [ 26 ,  27 , 
 37 ,  46 ,  48 ].  

    Conclusion 

 Thirty years of clinical application has not 
revealed a clear advantage of disk arthroplasty 
over fusion techniques. Even the prospective 
randomised FDA studies are arguable since 
the methods used in the control groups are 
considered to be arguably substandard treat-
ment in some parts of the world. Confl icting 
results, increasing number of lawsuits and 
inconsistent demeanour of companies have 
lead to an increasing mistrust of both surgeons 
and patients in TDR. During the last decade, 
in the USA, surgical treatment for lumbar 
DDD has increased 2.4- fold. Although all 
fusion procedures signifi cantly increased, 
TDR did not increase [ 49 ]. 

 Therefore, some authors still consider total 
disk replacement as an experimental proce-
dure [ 50 ]. 

 On the other hand, much knowledge has 
been gained on TDR, and extensive database 
exist from numerous randomised and non-
randomised studies. The results are as good as 
with fusion. Complications and reoperations 
are similar with both techniques. Disk arthro-
plasty has opened a new era in spinal surgery 
and has gained a fi rm place in the operative 
portfolio of many surgeons. Many patients 
beyond the clinical trials were treated success-
fully with disk arthroplasty. As often in spinal 
surgery, proper patient selection is more 
important than selection of implant. 

 Looking to the future, surgeons must be 
aware of the interests of the manufacturers, 
which spent billions of dollars for disk arthro-
plasty technologies. Nevertheless, the lessons 
we have learned from the past 30 years should 
lead us to the development of better implants 
for our patients.     
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