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ABSTRACT

Background 

One of the greatest challenges in the development of a nucleus prosthesis is to minimize the risk of 
implant expulsion. At the same time, the physiological flexibility, compressive behavior, and height of the 
disc should be restored. In this biomechanical in vitro study we investigated the ability of a new nucleus 
prosthesis made of knitted titanium filaments to meet these challenges.

Methods

Flexibility, axial deformation, and height of six bovine lumbar spine segments were measured in the intact 
condition, after implantation of the new prosthesis, and during and after complex cyclic loading (100,000 
cycles). For this purpose, six new prostheses preformed according to the shape of the bovine nucleus 
pulposus were manufactured. Flexibility was tested in the three main planes under pure moment loads 
of 7.5 Nm. Axial deformation was measured under application of an axial force of 1000 N. Radiographs 
taken before and after cyclic testing were used to assess implant migration and expulsion.

Results

In lateral bending, the intact range of motion (RoM) could almost be restored after implantation. 
However, in axial rotation, the RoM increased slightly with the implant. This was also the case in 
extension, with an increase from -2.9° to -6.4°, whereas in flexion, RoM decreased from 4.3° to 3.2°. In 
all loading planes, cyclic loading caused the RoM to increase asymptotically by 0.1° to 1.8°. The axial 
deformation of the specimens was nearly equivalent in all tested states, as was their height. Cyclic loading 
did not cause implant expulsion.

Conclusions

In this feasibility study, the new knitted nucleus prosthesis showed promising results in segmental 
flexibility, axial deformability, height, and implant expulsion. However, further study is needed for other 
factors, such as wear and fatigue behavior. 
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Biomechanical Behavior of a New Nucleus Prosthesis 
Made of Knitted Titanium Filaments

studies migration rates up to 35% were reported.6 Although 
further development of the implant design reduced its migration 
rate, an element of risk remains. Similar problems have been 
reported for nucleus prostheses made of polyvinyl alcohol (PV) 
or collagen.7,8

Ideally, a nucleus implant should not migrate or be expulsed. In 
addition, the implant should restore the physiological flexibility, 
compressive behavior, and height of the treated disc. Based on 
these requirements, Buck TSP (Bondorf, Germany) has developed 
a preformed nucleus prosthesis made of knitted titanium filaments 
(Figure 1). Its rough surface is meant to prevent migration, and 
its deformable architecture is thought to restore normal flexibility. 
In this biomechanical in vitro study we investigated the ability 
of the new prosthesis to restore and maintain flexibility, axial 
deformability, and height of the treated segment and to resist 
migration and expulsion under complex cyclic loading. 

INTRODUCTION
Nonfusion implants have become increasingly popular in the 
treatment of painful intervertebral disc or facet joint disorders. 
Some of these implants, such as intervertebral disc prostheses1

and dynamic posterior stabilization systems,2 are already used 
in clinical practice, whereas others, including posterior element 
replacements3 or nucleus prostheses, are still under investigation. 
Various types of nucleus prostheses have been and are still 
being developed.4 They are all implanted to replace the nucleus 
while leaving the annulus fibrosus as intact as possible. Their 
mechanical characteristics mostly mimic those of the healthy 
nucleus in order to restore the natural mechanical behavior 
of the disc. The most extensively studied nucleus implant is 
the Prosthetic Disc Nucleus (PDN; Raymedica, Minneapolis, 
Minnesota). The PDN is made of a water-absorbing hydrogel 
core encased in a polyethylene jacket. Whereas some early 
clinical trials for the PDN showed promising results,5 in other 
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MATERIALS AND METHODS
Specimens 
Six bovine lumbar spine segments (three L2–3 and three L4–5) 
were freshly dissected and frozen at -20°C for storage. Several 
hours before testing, the specimens were thawed, and all soft 
tissue was removed, taking care to preserve the intervertebral 
disc, ligaments, and joint capsules. The upper part of the 
cranial vertebra and the lower part of the caudal vertebra were 
embedded in polymethylmetacrylate to allow fixation in the 
testing devices.

Implant 
For this study, six knitted prostheses were manufactured, one 
for each of the six specimens. The implants were preformed 
according to the shape of the bovine nucleus pulposus. The 
new prostheses were implanted into the segments from an 
anterior approach after fenestration of the annulus. During 
fenestration two annulus flaps were created extending from 
the midline toward the outer thirds of the disc (Figure 2). The 
nucleus pulposus and cartilaginous endplates were removed, 
and, after implantation, the annulus flaps were sutured. Because 
this was a feasibility study, specially designed instruments 
for implantation were not yet available. For the same reason, 
implantation was not carried out under fluoroscopic control. 

Flexibility Tests
The flexibility of the segments was assessed in a spine tester9

under pure moment loads of 7.5 Nm in flexion/extension, lateral 
bending, and axial rotation. Three loading cycles were applied 
in each of these three loading planes. During loading, the 
specimens were not constrained in their movement within the 
five uncontrolled degrees of freedom. The three-dimensional 
flexibility of the segments was continuously recorded using 
rotary variable displacement transducers (Novotechnik, 
Ostfildern, Germany, resolution 0.1°) integrated into the spine 
tester. Based on the curves of the third loading cycle, range 

of motion (RoM) was determined as the rotation at maximum 
load. Additionally, these curves were used to determine the 
sagittal tilt caused by implantation and its changes during 
cyclic loading. 

Axial Deformability and Specimen Height 
We measured the axial deformability and the height of the 
specimens in a materials testing machine (Instron 8871; 
Instron Wolpert GmbH, Darmstadt, Germany). To measure 
the axial deformability, we applied an axial force through the 
center of the specimens. This force quasi-statically increased 
from 100 to 1000 N. We chose an axial force of 1000 N to 
mimic the axial preload acting on the human lumbar spine 
during normal everyday activities.10 During measurement, 
we recorded the resulting deformation. For the height 
measurements, we applied an axial preload of 100 N. During 
application of this load, we recorded the position of the piston 
of the materials testing machine. This value was set to zero for 
the intact condition. 

Test Protocol and Cyclic Loading
All tests (flexibility, axial deformation, and height) were carried 
out in the intact condition, directly after implantation and after 
20,000, 40,000, 60,000, and 100,000 complex loading cycles. 
An axial force sinusoidally ranging between 100 and 600 N 
was applied at a frequency of 5 Hz. The acting line of this force 
passed the specimen’s center (defined as the posterior edge of 
the intervertebral disc in the midsagittal plane) via a lever arm of 
30 mm. Thus, the force additionally created a bending moment 
ranging between 3 and 18 Nm. During loading, the specimens 
were mounted on a motor-driven platform. On this platform 
the specimens continuously rotated around their longitudinal 
axis at a velocity of 360°/min. This rotation caused the plane 
in which the bending moment was applied to rotate around the 
specimens continuously. Overall, 100,000 loading cycles were 
applied in this manner.

Evaluation of Implant Migration and Expulsion 
We assessed the migration of the implant using plain postero-
anterior and lateral radiographs taken before and after cyclic 

Figure 1

New nucleus prosthesis made of knitted titanium filaments.

(a) The new nucleus prosthesis was implanted after anterior fenestration of 
the annulus fibrosus. (b) Two lateral annulus flaps were created and sutured 
after implantation. 

Figure 2

a b
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Axial Deformability
The axial deformation of the specimens was almost the same 
in all tested states (Table 1). In the intact and implanted states 
it was -0.4 mm (median), and during and after cyclic loading it 
was -0.3 mm (P > 0.05).

Specimen Height
The height of the specimens did not change with implantation 
(Table 2). Also, cyclic loading only caused a small height loss 
of 0.7 mm (median, P > 0.05). 

Implant Migration and Expulsion
Implant expulsion was not observed in any of the six 
specimens. Also, significant loosening of the annulus suture 
was not observed. However, on the radiographs a migration 

loading. We matched the pre-test and post-test radiographs 
according to the bony structures and compared the two sets of 
images, and we subsequently compared the implant position 
before and after testing. Because we did not account for image 
magnification, the magnitude of the migration reported in our 
results (see following text) should be considered a trend. After 
cyclic testing, the specimens were cut in the transverse plane 
through the disc to allow inspection of the implant, implant 
position, and implant bed macroscopically.

Statistics
We used the Wilcoxon signed rank test for statistical evaluation 
of the data. Because this study was meant to give an overview 
of implant performance with respect to several biomechanical 
characteristics, the P values were not corrected for multiple 
comparisons. Therefore the data show a trend but should not be 
considered as statistical evidence.

RESULTS
Flexibility
In the flexibility tests, the RoM in flexion decreased from 
4.3° (median value) in the intact condition to 3.2° after 
implantation, whereas in extension it increased from -2.9° to 
-6.4° (P < 0.05) (Figure 3). Thus, after implantation, the RoM 
was more than twice as high in extension than in flexion. This 
asymmetry can be explained by the lordotic tilt (median, 
-1.7°)  caused by implantation. In contrast, in lateral bending, 
the RoM of the intact specimens came close to being restored 
(Figure 4), whereas in axial rotation the increase was small, at 
0.7° (median) for axial rotation to the left and -0.8° (median) 
for axial rotation to the right (Figure 5). In all loading planes 
cyclic loading caused the RoM to increase. This increase was 
smaller in flexion (0.4°) and axial rotation (0.1° and -0.5°) than 
in extension (-1.4°) and lateral bending (1.8° and -1.1°) but 
always had an asymptotic progression.

Right axial rotation Left axial rotation

Range of motion in axial rotation in axial rotation in the intact condition, 
after implantation, and during and after cyclic loading. Median with range 
is shown. 
* P < 0.05 compared to the intact condition.

Figure 5
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Range of motion in flexion and extension in the intact condition, after 
implantation, and during and after cyclic loading. The border between the 
light and dark parts of each bar represents the median lordotic tilt caused 
by implantation and cyclic loading. Median with range is shown. 
* P < 0.05 compared to the intact condition.

Figure 3
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Range of motion in flexion and extension in the intact condition, after 
implantation, and during and after cyclic loading. The border between the 
light and dark parts of each bar represents the median lordotic tilt caused 
by implantation and cyclic loading. Median with range is shown. 
* P < 0.05 compared to the intact condition.

Figure 4
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of the implants in the anterior direction was detectable. This 
migration was no more than 1 mm in four specimens (Figure 
6), but about 2 mm and 3 mm of migration was observed in the 
remaining two specimens. Macroscopic inspection confirmed 
these findings. In these two specimens, the cavity created for 
implantation was larger than the implant itself, which probably 
allowed the implant to migrate. 

Flexibility
In the flexibility tests, RoM could be restored in lateral bending 
but was increased in axial rotation. However, this increase was 
less than 0.5°. Likewise, in flexion/extension, RoM could not be 
restored completely: in flexion a decrease was recorded, while 
in extension an increase was found. In this loading plane the 
performance of the new prosthesis could probably be improved 
if the prosthesis were implanted more toward the center of 
the disc. This position would probably be possible if special 
instruments for implantation were available and if implantation 
was carried out under fluoroscopic control. For comparison, a 
good restoration of the three-dimensional flexibility in all three 
loading planes was shown for the PDN.11 In the present study, 
cyclic loading caused the RoM to increase. This increase had 
an asymptotic progression, which almost reached its maximum 
after 100,000 loading cycles. Therefore, only a small amount of 
destabilization can be expected beyond 100,000 cycles.

Axial Deformability
In the axial compression tests, the segments maintained their 
natural deformability. For comparison, compressive tests have 
also been reported for the PVA and polyvinyl pyrrolidone (PVP) 
implant.12 In this study, as in ours, the natural axial stiffness of 
the segments came close to being restored.

Segment Height
In addition to the restoration in axial deformability, the segment 
height was also restored with the new knitted implant. Again, 
similar results have been reported for other nucleus implants, 
such as the spiral implant (Newcleus, Zimmer spine, Warsaw, 
Indiana)4,13 and the PDN.11 This parameter is clinically relevant 
because insufficient height restoration or height loss can lead to a 
narrowing of the neuroforamen and to nerve root compression.

Implant Migration and Expulsion
We observed no expulsion in any of the six specimens even 
though the annulus fenestration covered almost two thirds of the 
anterior aspect of the disc and stringent loading conditions were 
applied. This observation applies to both axial compression and 
bending. The compressive force was meant to mimic the axial 
preload, which is assumed to act on the human lumbar spine in a 
lying-down (100 N) or standing (600 N) posture.10 Because this 
force was applied eccentrically via a lever arm of 30 mm, the 
specimens were also loaded with a bending moment of up to 18 
Nm—more than twice the bending moment recommended for 
spinal implant testing, which is 7.5 Nm.14 Thus, we suspect that 
a poorly anchored implant might indeed have migrated under 
these loading conditions. Other nucleus implants were reported 
to migrate or to be extruded even during standard flexibility tests, 
including a nucleus implant made of collagen-type-I.8 However, 
the annulus defect created to implant this collagen implant was 
not sutured. Similar results were reported in an animal study 
with baboons, in which expulsion of PVA implants occurred in 
up to 33% of cases.7 Further investigation is needed to show 
whether the suture used to close the annulus defect created in 

Median Minimum MaximumAxial deformation, mm

Intact -0.4 -0.5 -0.2

After implantation -0.4 -0.4 -0.3

After 20,000 cycles -0.3 -0.4 -0.3

After 40,000 cycles -0.3 -0.4 -0.3

After 60,000 cycles -0.3 -0.4 -0.3

After 100,000 cycles -0.3 -0.4 -0.3

Table 1

Axial Deformation Under an Axial Load Increasing From 100 to 1000 N  

Median Minimum MaximumHeight change, mm

Intact   0 0   0

After implantation   0 1.2 -0.3

After 20,000 cycles -0.5 1.3 -1.3

After 40,000 cycles -0.6 1 -1.4

After 60,000 cycles -0.6 1.1 -1.4

After 100,000 cycles -0.7 0.9 -1.5

Table 2

Height Change of the Specimens Due to Implantation and Cyclic Loading

(a)Lateral radiograph of one of the six specimens directly after implantation. 
(b)After complex cyclic loading the position of the prosthesis is almost the 
same as before, yet a slight migration in anterior direction is observable .

Figure 6

a b

DISCUSSION
In this biomechanical in vitro study a new nucleus prosthesis 
made of knitted titanium filaments was tested for its ability to 
restore and maintain flexibility, axial deformability, and height 
of the healthy segment and to resist migration and expulsion.
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Animal Model
We used bovine specimens because of the limited availability 
of human specimens and because the lumbar spine of the calf is 
similar to that of the human with respect to endplate dimensions 
and flexibility.17,18 The calf therefore seemed to be an adequate 
model to establish a first impression of how the new nucleus 
implant behaves. However, from a quantitative perspective the 
results may differ from those expected in the human. The final 
version of the new implant should therefore be tested using 
human specimens. 

Subsidence tests are not feasible using calf spine specimens 
due to their relatively high bone mineral density. Therefore, it 
is not surprising that none of the six specimens showed signs 
of endplate damage after testing. Yet, even in human specimens 
the risk of subsidence is assumed to be small because the shape 
of the new knitted prosthesis adapts to the curvature of the 
endplates due to its deformable design. Therefore no stress 
concentrations are expected. Furthermore, in preliminary 
experiments, the stiffness of the prosthesis was optimized until 
the physiological axial deformation of a healthy segment could 
be restored (Table 1).

Overall, the results of this study were promising. The most 
important advantage of the new knitted nucleus prosthesis 
seems to be its low migration tendency. In addition, its ability 
to restore and maintain the physiological axial deformability 
and the height of the treated segment is almost equivalent 
to that of other nucleus implants. Only the restoration of the 
three-dimensional flexibility was not as good as reported for 
competitive implants. In this case the performance of the new 
implant can probably be improved if special instruments are 
used for implantation and if implantation is carried out under 
fluoroscopic control. One of the next steps would therefore 
be to develop special instruments for implantation. Further 
evaluation should additionally focus on such factors as wear 
and tear and fatigue behavior.

the present study remains effective over a longer period of time 
and whether some kind of annular healing is possible.

Although expulsion could not be provoked in our study, some 
implant migration was detectable. Whether this migration would 
eventually lead to expulsion is difficult to answer because the 
20-hour maximum recommended for preparation and testing 
means that 100,000 cycles could not be completed.14 However, 
macroscopic inspection showed that implant migration mainly 
occurred within the cavity created by the surgeon: in cases 
where the cavity was larger than the implant, migration was 
observed, whereas in cases where cavity and implant were 
similar in size, migration was minimal. Thus, further loading 
would probably not have led to further implant migration or 
expulsion. Nevertheless, care should be taken not to create a 
cavity larger than the implant. Besides the size of the cavity, 
endplate preparation may also play a role in implant anchorage. 
In the present study the cartilaginous endplates were removed. 
Whether implant anchorage would be significantly affected 
if the cartilaginous endplates were left intact still needs to be 
investigated.

Migration was always directed toward the anterior border of 
the disc. This can be explained, first, by the anterior approach 
and, second, by the position of the implants, which tended to be 
anterior to the center of the disc. As mentioned previously, this 
position can probably be improved if special instruments are 
used for implantation and if implantation is carried out under 
fluoroscopic control. 

Cyclic Loading
To our knowledge, so far, similar cyclic loading tests have not 
been carried out with other nucleus prostheses. In contrast, 
the material properties and fatigue behavior of some of these 
implants is well known. PVA and PVP, used in the Aquarelle 
implant (Stryker Spine, Allendale, New Jersey), as well as a 
fiber-reinforced material used in the NeuDisc (Replication 
Medical Inc., New Brunswick,  New Jersey), successfully 
passed fatigue tests, and these implants were shown to mimic 
the mechanical behavior of the nucleus.12,15,16 In a preliminary 
study, the new knitted prosthesis was also tested for fatigue and 
wear; 1.6 million axial load cycles were applied (100–1000 N) 
to a cylindrical sample made of the new knitted material, which 
was placed in a physiological saline solution. The weight of the 
sample was recorded before and after testing. The difference 
in weight was only 0.003 g, indicating a probable lack of 
significant wear. Further wear tests are needed to show whether 
this is the case for more than 1.6 million loading cycles.

A few broken filaments were detected after testing. Whether 
the filaments had broken during the manufacturing process or 
if the breakage occurred during cyclic loading is difficult to 
ascertain. In either case, the broken filaments would put the 
patient at further risk. Therefore, care should be taken to check 
the implants and discard broken filaments before implantation.
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