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Objective: To compare two testing protocols for evaluating range of motion (ROM) changes in the preloaded cadaveric spines implanted with a
mobile core type Charité™ lumbar artificial disc.

Methods: Using five human cadaveric lumbosacral spines (L2-S2), baseline ROMs were measured with a bending moment of 8 Nm for all
motion modes (flexion/extension, lateral bending, and axial rotation) in intact spine. The ROM was tracked using a video-based motion-capturing
system. After the Charité™ disc was implanted at the L4-L5 level, the measurement was repeated using two different methods : 1) loading up to 8
Nm with the compressive follower preload as in testing the intact spine (Load control protocol), 2) loading in displacement control until the total
ROM of L2-S2 matches that when the intact spine was loaded under load control (Hybrid protocol). The comparison between the data of each
protocol was performed.

Results: The ROMs of the L4-L5 arthroplasty level were increased in all test modalities (p < 0.05 in bending and rotation) under both load and
hybrid protocols. At the adjacent segments, the ROMs were increased in all modes except flexion under load control protocol. Under hybrid
protocol, the adjacent segments demonstrated decreased ROMs in all modalities except extension at the inferior segment. Statistical
significance between load and hybrid protocols was observed during bending and rotation at the operative and adjacent levels (p < 0.05).
Conclusion: In hybrid protocol, the Charité™ disc provided a relatively better restoration of ROM, than in the load control protocol, reproducing
clinical observations in terms of motion following surgery.
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INTRODUCTION

Maintaining the motion of joints rather than obliterating
movement has been widely accepted in the appendicular
skeleton where total hip and knee replacement have became
two of the most successful surgical procedures performed
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today. Intervertebral disc arthroplasty has been a subject of
great interest and debate since the concept of replacing a
portion, or all, of the intervertebral disc was introduced
over 45 years ago. The surgical community is beginning to
accept the concept of arthroplasty over arthrodesis in spinal
applications. The goals of spine arthroplasty are to reduce
and/or eliminate the fusion problems, namely; prolonged
recuperation time, pseudoarthrosis, donor site morbidity
and potendials for adjacent disc degeneration. Similar to
fusion, replacing the degenerated disc with a prosthetic
implant removes the proinflammatory tissues and poten-
tially the primary pain generator and restores alignment
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while preserving functional motion. Motion preservation
may decrease the incidence of symptomatic disc degenera-
tion at the adjacent levels which is linked to fusion”*'>*".
In the United States, only the Charité™ (DePuy Spine,
Raynham, MA, USA) and the ProDisc (Synthes Spine,
Paoli, PA, USA) are currendy commercially available among
the numerous lumbar artificial discs (ADs) in varying
developmental stages.

In vitro testing of the AD in cadaveric spines helps to
predict the range of motion (ROM) of the implant and
adjacent spinal segments. The load-carrying capacity of the
lumbar spine can be increased under a compressive follower
load, as long as the load path remains within a small range
around the estimated centers of rotation of the lumbar seg-
ments®. The follower load path provides an explanation of
how the whole lumbar spine can be lordotic and yet resist
large compressive loads’. The method for applying a
compressive follower preload to the multisegmented spine
specimen (L2-S2) was adapted from a published method so
that its path approximated the tangent of the curve of the
lumbar spine®*.

To our knowledge, there have been few reports on the
biomechanical study of the AD under a physiologic com-
pressive preload. The classic flexibility testing protocol was
reported not to be appropriate for the understanding of the
biomechanics of the construct at the adjacent levels, and
hybrid testing protocol was advocated recently'®. The
authors evaluated the biomechanical performance of the
preloaded human cadaveric spine implanted with the
Charité™ AD, compared with the intact spine, using two
different methods : load control protocol and hybrid
protocol.

MATERIALS AND METHODS

Cadaveric specimen preparation and fixation
Nine human cadaveric lumbosacral spines (L2-S2) were
obtained from Science Care Anatomical (Phoenix, AZ,
USA), and International Biological, Inc. (Grosse Pointe
Farms, MI, USA). After specimens containing osseous
abnormalities were excluded based upon anteroposterior
and lateral radiographs, five (two males and three females)
cadaveric spines were selected for the study. Bone mineral
density (BMD) was measured by using dual-energy X-ray
absorptiometry with a bone densitometer (Hologic QDR
4500A; Hologic, Inc., Waltham, MA, USA). For biome-
chanical testing, en bloc specimens were stored at -20°C
until thawed at room temperature prior to manipulation,
and were kept moist during all procedures. The attached
paravertebral musculature was adequately removed to

expose the facet surfaces of the vertebrae, avoiding disruption
to the joint capsules, ligaments, discs, and bone structures.
Each lumbosacral spine was fixed by drilling and fixing
screws to the highest and the lowest segments. The end
segments and screws were cast into two potting fixtures
with polymethylmethacrylate (PMMA, COE tray plastic,
GC America, Alsip, IL, USA), and the PMMA-covered ends
were potted in polyester resin (Bondo, Atlanta, GA, USA)™.

Discectomy and artificial disc implantation

Load-testing was performed with the spine in the intact
state prior to any surgical procedure. Throughout the test-
ing cycle, specimens were kept moist with lukewarm saline.

The Charit¢™ AD (Fig. 1) was placed in a 36°C saline
bath for 72 hours prior to implantation, so the discs were
near biophysiological condition. Anterior discectomy was
performed at the L4-L5 level with appropriate ring and cup
curettes. Posterior osteophytes and the posterior longitu-
dinal ligament were excised while maintaining the integrity
of the lateral annulus.

The device was implanted in the discectomy defect per
manufacturer’s specifications, and according to the previ-
ously reported surgical technique*®”. The midline of the
spinal column was marked by placing a screw in the
vertebral body above the index disc. This was confirmed
radiographically by anteroposterior fluoroscopy before
discectomy. A complete discectomy was made while pre-
serving the lateral circumferential attachments of the annulus
fibrosus. Parallel distraction and restoration of the normal
intervertebral disc height was accomplished with the use of
the central spreader and twisting distracting chisels of
graded widths from 7.5 to 9.5 mm. Good coverage of the
cross-sectional area of the vertebral endplates was optimized
by trying different sizing templates and checking the fit
intraoperatively with fluoroscopy. The trials for the artificial
disc were available in four sizes (size 2, 3, 4 and 5) depend-
ing on the size of the cadaveric specimen, and size 3 and 4

Fig. 1. Photographs showing the Char.itéTM (DePuy Spiné, Raynham, MA,
USA,) alone (A) and implanted in the human cadaveric lumbosacral spine (B).
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were adequate for most of the specimens. The endplates of
the Charité™ AD were available in four angles (0, 5, 7.5
and 10 degrees) and the sliding core was available in five
different heights (7.5, 8.5, 9.5, 10.5 and 11.5 mm).

The optimal position in the frontal plane was in the
midline, but on the lateral image, it was 2 mm posterior to
the midline. This position is known to reproduce the
physiologic instantaneous axis of rotation (IAR), through-
out the flexion-extension arc, of the normal disc'”. The
fluoroscopy was used throughout the procedure to verify
the correct position of the AD.

Biomechanical testing

The potting fixtures for L2 and S2 were attached to the
upper and lower spine-loading fixtures of a biomechanical
loading frame (MTS 858; Materials Testing Systems, Mini
Bionix®, Eden Prairie, MN, USA), respectively.

The ROM is the maximum displacement under the
maximum-applied-load. Three infrared reflective markers
were placed on the superior and inferior vertebrae of the
surgically treated levels, and the vertebral motion was
tracked using a video-based motion-capturing system
(MacReflex; Qualisys Medical AB, Gottenburg, Sweden)™.

The method for applying a compressive follower preload
to the multisegmented spine specimen (L2-S2) was adapt-
ed from a published method so that its path approximated
the tangent of the curve of the lumbar spine (Fig. 2)*%.
The load was applied bilaterally by cables and dead weights.
The loading cables were firmly anchored to the cup holding
the 1.2 vertebral body and passed freely through cable guides
attached to the bodies of L3-L5. The cable path approxi-
mated the tangent to the curve of the lumbar spine. Because

Fig. 2. Photographs showing the biomechanical testing of ROM in the
preloaded human cadaveric spine implanted with a Charité™ at L4-L5 (A)
and lateral radiograph of the implant (B). The arrow indicates the loading
cable for follower preload. The compressive follower preload was applied
so that its path approximated the tangent of the curve of the lumbar spine
(With permission from Ha SK, Kim SH, Kim DH, Park JY, Lim DJ, Lee SK.
Biomechanical study of lumbar spinal arthroplasty with a semi-constrained
artificial disc (Activ L) in the human cadaveric spine. J Korean Neurosurg
Soc 45 :169-175, 2009.). ROM : range of motion.

the cable guides move with the vertebrae, the cable arrange-
ment assures that the load path approximately passes
through the center of rotation of each vertebra regardless of
its motion®. Thus, the compressive load was applied along
a follower load path rather than vertical load path.

The moments were applied to both L2 and S2 up to 8
Nm, with a loading rate of 0.3 Nm/second, and a constant
400 N axial follower preload was applied throughout the
loading. These moments were selected as safe loads on the
human cadaveric lumbar spine based on published data of
biomechanical testing'”***
by the upper spine fixator, whereas flexion, extension, and
lateral bending were determined by the rotation of both
spine fixators in the respective coronal and sagittal planes.

). Axial rotation was determined

Baseline measurements of the ROM were performed for
each intact spine in six modes of motion i.e. flexion, exten-
sion, right/left lateral bending and right/left axial rotation
with the physiologic compressive follower preloaded condi-
tion. To stabilize the viscoelastic effect for each mode of
testing, the loading was applied three times with only the
result of the third loading being used.

After the Charité™ was implanted at the 14-L5 disc, the
measurements of the ROM were repeated in the same
manner under the same preload. The ROMs at the operative
level, the level above and below the operative level were
determined for each specimen after Charité™ implanta-
tion with two different methods : 1) Load control protocol :
the specimens were loaded up to 8 Nm with the 400 N
follower preload, essentially the same as the testing for the
intact spine, 2) Hybrid protocol : the specimens were loaded
in displacement control with the 400 N follower preload
until the global ROM of 1.2-S2 reached that of the intact
spine, regardless of the load attained. The data were compared
to those of the intact spine, and then comparison between
the data of each protocol was performed.

Statistical analysis

The mean ROM was determined and normalized accord-
ing to individual levels, i.e. to the operative level and to the
levels above and below the operative level. The values of
right/left lateral bending were summed up into lateral
bending, and those of right/left axial rotation were summed
up into axial rotation, thus making four biomechanical
modes of motion : flexion, extension, lateral bending, and
axial rotation.

Because the number of specimens was small and the data
could not be assumed to be normally distibuted, nonpara-
metric statistical methods were used to ascertain the
statistical significance of intergroup differences, and were
compared to the intact spines. Paired comparisons between
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different treatment groups were made

SH Kim, et al.

Table 1. The mean ROM values* at the upper, operative, and lower segments before and after
arthroplasty with Charité™ at L4-L5 under physiologic compressive follower preload of 400 N

by using Wilcoxon paired tests, and

.. .. . Spine segment Extension (%) Flexion (°)  Laterdl Bending (°) Axidl Rotation (°)
statistical significance was established VIR
2 pper level)
at a probability value of 0.05. Values Intuct suine 466+065  690+09  454+082 AR +167
are presented as the mean + SE. Hybrid profocol 432+ 063 606 + 099 334+ 078 393 + 1.02
Loud control protocol 593 + 0.88 645+ 110 580 + 1.35 520+ 1.14
RESULTS L4-L5 (operutive level)
Intact spine 339 + 080 540 + 034 434 + 061 437 +056
The mean age (£ SD) of the two Hybrid protocol 348 + 059 721 + 062 742 + 087 6.12 + 064
male and three female specimens at Loud control protocol 467 + 090 811+ 101 129 + 128 839 + 059
the time of death was 59.8 + 18.4 oS! (owerleve)
years (range 33-75 years). The mean Intact spine 378 +1.22 686 +1.29 587 +203 321+ 1.16
BMD value (+ SD) of the spines was Hyborid protocol 393 + 126 522 + 1.11 443 + 1.64 260 + 103
Loud control protocol 456 +1.20 623 + 1.54 643 +2.39 344 + 128

0.81 £0.09 g/cm’ .

The values of ROM (mean * SE) at
the operative level (L4-L5), the levels
above (L.2-L3-L4) and below (L5-S1) the operative level for
all specimens are shown in Table 1. The ROM values at the
operative level, the levels above and below for each
specimen were normalized with respect to that of the intact
spine as shown in Fig. 3. Under load control, the ROMs
across entire 1.2-S2 segments for the instrumented spine
were increased in all modes of motion, for 16% in
flexion/extension, 70% in lateral bending and 36% in axial
rotation.

At the level above the operative disc (L2-L3-L4)

As compared to the intact spine, the ROM of the
superior segments (L2-13-14) was decreased in all four
modes of motion under hybrid testing (-4.44 + 12.31% in
extension; -13.23 + 6.51% in flexion; -28.56 + 10.60% in
bending and -2.13 * 23.36% in rotation). Under load
control testing, ROM in flexion was decreased (-7.57
9.34%) but all the other modes of motion had increased
ROM (22.86 * 9.63% in extension; 16.15 * 11.77% in
bending and 22.71 + 18.91% in rotation). Using both testing
methods, however, the ROM had no significant difference
from that of the intact spine. In both bending and rotation,
the ROM for hybrid testing and load control testing
differed significandy (p < 0.05) (Fig. 3A).

At the operative level (L4-L5)

As compared to the intact spine, the ROM at the opera-
tive level (I4-1.5) was increased in all four modes of motion
in both methods of testing : For hybrid protocol, 13.43 +
23.15% in extension; 36.75 * 16.19% in flexion; 76.96
14.94% in bending and 45.04 £ 16.37% in rotation, and for
load control protocol, 63.60 + 46.58% in extension; 54.18
+ 22.73% in flexion; 160.79 + 29.44% in bending and
104.30 + 28.78% in rotation. For both bending and rota-

“Values are presented us the mean + SE. ROM : range of motion
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Fig. 3. Graphs showing the mean with SE of normalized ROM values at
the superior (A), operative (B), and inferior (C) segments after arthroplasty
with Charité™ at L4-L5 under physiologic compressive follower preload
(bending = right/left lateral bending; rotation = right/left axial rotation.) *p <
0.05 versus intact spine state. "p < 0.05 between hybrid protocol and load
control protocol. ROM : range of motion.
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tion, both protocols showed a significant difference to that
of the intact spine (p < 0.05) and the ROM for both methods
of testing showed significant difference from each other too

(p<0.05) (Fig. 3B).

At the level below the operative disc (L5-S1)

As compared to the intact spine, under hybrid protocol,
the ROM of the inferior segment (L5-S1) was decreased for
all the modes of motion except extension (4.30 * 14.0% in
extension; -27.83 = 7.53% in flexion; -31.29 * 6.48% in
bending and -24.53 £ 7.30% in rotation. Significant
difference from intact spine was observed in both flexion
and bending (p < 0.05). Under load control testing, except
for flexion, the ROM in all modes of motion were in-
creased (27.69 = 19.97% in extension; -19.22 * 11.43%
in flexion; 8.46 * 13.87% in bending and 3.27 £ 4.94% in
rotation), however, there was no statistically significant
difference from that of the intact spine. For both bending
and rotation, significant difference was observed between
the two testing protocols (p < 0.05) (Fig. 3C).

DISCUSSION

Disc degeneration, a major contributor to chronic low
back pain, is thought to occur with the loss of nuclear
hydrostatic pressure and the release of inflammatory
products®**’
degenerative disc disease (DDD) associated with spinal
instability, loss of the disc height and the resultant disc

collapse, herniation, foraminal and central stenosis, facet

. Further degeneration results in so-called

arthropathy, and intractable back pain often requiring
surgical treatment. When conservative treatments are failed,
treatments for lumbar DDD generally consist of disc
excision with or without interbody fusion. Unfortunately,
fusion procedures are not always assured of success.
Furthermore, though the incidence of pseudoarthrosis is
estimated to be less than 10%, this is by no means negli-
gible”***). Moreover, fusion procedures are associated with
risks of dural or neural injuries, chronic back pain, and
stiffness. In addition, the fusion of vertebral segments
increases the strain at the adjacent levels. With increasing
strain, fusion leads to an increased adjacent-level disease
and the patients may eventually suffer from symptomatic
degenerative disease rostral or caudal to the fused segments.
This accelerated process of degeneration adjacent to fused
segments has been reported in the cervical and lumbar
spine”?***" and may warrant the use of ADs.

Regardless of the type of AD, the goal of arthroplasty is to
allow for neural decompression, while replicating the bio-
mechanical performance of the intact healthy disc. Thus, in

order for an intervertebral disc prosthesis to mimic a natural
disc, it has to establish stability, maintain the caliber of the
neural foramina and disc height, and provide normal spinal
kinematics in all degrees of range of motion, while avoiding
the development of adjacent degenerative changes. For
these goals, many AD implants and prosthetic nuclei have
been developed over the years.

Implants are widely varied and include spherical imp-
lants'”, spring-loaded ADs**?

8,38

, rubberized implants located

25,35)

between metal plates®®, nucleus pulposus replacements™?”,

the polyethylene slip-core center joints (SB Charité™;
DePuy Spine, Inc., Raynham, MA, USA)>*'#%%) the pol-
yethylene core ball-and-socket design (ProDisc; Synthes
Spine, Paoli, PA, USA)"*, or the metal-on-metal design
(Maverick; Medtronic Sofamor Danek, Inc., Memphis,
TN, USA and FlexiCore; Stryker Spine, Allendale, NJ,
USA)"*), The devices can also be classified based on the
number of components (two versus three versus four), the
interfacing materials (metal-on-polymer versus metal-on-
metal), and/or the hypothesized kinematic constraints of
their articulations (less constrained versus more constrain-
ed)'?. The advantages and disadvantages of each of these
devices with respect to ease of implantation, device longevity,
generation of wear debris, and biomechanics remain
theoretical, but will no doubt be emphasized in subsequent
marketing efforts. Many of the devices have had a fairly
large amount of follow-up data in Europe, and some have
undergone assessment in formal clinical trials in the United
States and are pending for approval here">'#242%:
of these implants, such as the Charité™ and the ProDisc
have been the subject of 10 to 15 years of clinical follow-up
review in Europe'>'®****?_ In the United States, the Cha-
1ité™ and the ProDisc II were Food & Drug Association
(FDA) approved for general distribution and are currenty
commercially available, and two others (the Maverick and
the FlexiCore) are in investigational device exemption
(IDE) trials'>"29),

The Charité™ AD consists of three components : two
cobalt-chrome-molybdenum (CoCrMo) endplates with a

) Some

concave articulating surface and external spikes and a free-
floating, biconvex, ultra-high molecular weight polyethy-
lene (UHMWPE) core with a circumferental metal ring as
radiographic marker (Fig. 1). The primary attachment of
the plates is made possible by three anterior and posterior
spikes, which are forcefully implanted into the cranial and
caudal vertebral endplates. The external spikes provide for
immediate engagement of the CoCrMo endplates into the
vertebral endplates. The UHMWPE insert snap fits between
the endplates and provides a biconvex-bearing-surface for
the concave articulating surfaces of the endplates'”. The
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coated layers of plasma-sprayed porous titanium and calcium
phosphate provide for potential osseous ingrowth and long-
term stability of the plates after implantation'"*". The
plates are currendy available in five footprint geometrical
configurations adaptable to the size of the vertebral endplates,
each with four available angles (0, 5, 7.5, and 10 degees).
This allows for built-in lordosis with variations of 0 to 20
degrees. The unconstrained design allows the core to tran-
slate dynamically within the disc space during normal spinal
motion, moving posteriorly in flexion and anteriorly in
lumbar extension. The device is designed to provide 14
degrees of total flexion-extension.

The Charité™ is known to provide not only unloading
of the posterior facet structures during this normal replica-
tion of motion but also allowing forgiveness for slight off-
center positioning of the implant'”. It was also reported to
restore motion to the level of the intact segment in flexion-
extension and lateral bending and increase motion in axial
rotation at the operative level”. Those studies, however,
were under a standard biomechanical conditions, not in a
physiologic condition.

Parwardhan et al.*” reported that the load-carrying capacity
of the lumbar spine can be significantly increased under a
compressive follower load, as long as the load path remained
within a small range around the estimated centers of rota-
tion of the lumbar segments. In their study, the lumbar
spines, loaded in compression along the follower load path,
supported a much larger compressive load of up to 1,200 N
if it was applied along a path that approximated the tangent
to the curve of the lumbar spine™. Others have reported
that the lumbar spine became unstable in the frontal plane
under a vertical load of less than 100 N, which was far below
the physiologic loads estimated in vivo”. This follower load
path provides an explanaton of how the whole lumbar spine
can be lordotic and yet resist large compressive loads.

In the current study of the authors, we evaluated the
changes in ROM of the human cadaveric spines implanted
with the Charité™ prosthesis under a physiologic com-
pressive follower preload, compared with the spine’s intact
state. Theoretically, to reduce the incidence of adjacent
segment disease, the compensatory decrease of the adjacent
segment motion should be made by the use of an AD.

The ROMs of the L4-L5 arthroplasty level were increased
in all motion modes under both load control and hybrid
protocols, and bending and rotation showed a significant di-
flerence to that of the intact spine (p < 0.05) and a significant
difference between the two testing protocols (p < 0.05).

At the superior and inferior segments, the ROM under
hybrid protocol demonstrated decrease of ROM during all
the motion modes, except for a small increase during ex-

SH Kim, et al.

tension at the inferior segment, as compared to the intact
spine. Using load control, however, the ROM of those seg-
ments showed increases during all the motion modes, except
for decreases during flexion at the superior and inferior
levels. A statistical significance between the hybrid and load
control protocols was observed during bending and ro-
tation at the arthroplasty and adjacent levels (p < 0.05).

In terms of motion, the hybrid protocol demonstrated a
relatively better restoration of ROM at the operative and
the adjacent segments after arthroplasty than did the load
control protocol. In all segments tested under hybrid
protocol, lateral bending showed the largest ROM diffe-
rence and extension showed a relatively smaller difference
compared to the intact spine among the four modes of
motion. The largest increase in motion in the lateral bend-
ing may be caused by the unconstrained design of the
prosthesis and the weakened lateral annulus after operation.

The classic flexibility testing protocol was reported not to
be appropriate for the understanding of the biomechanics
of the construct at the adjacent levels, and new testing
protocol was advocated'. In previous biomechanical studies
of an AD implant without follower preload, Hitchon et
al.*, reported that no changes were observed in ROM
values at the L3-L4, irrespective of the manipulations at the
L4-L5 level. This observation underscores the fact that in
load-controlled conditions involving the application of pure
moments, any manipulation at the operative level does not
result in compensation in the motion at the adjacent levels.
Displacement controlled studies in cadaveric in vitro calf
and human lumbar spines, however, have shown an increase
in motion and intradiscal pressure at intact spinal levels
adjacent to instrumented segments®”*”. It is suspected that
this increase in motion and intradiscal pressure accompany-
ing fusion may contribute to the development of expedited
DDD at levels adjacent to a fused spinal segment®**".
The implantation of the AD in place of instrumentation
and fusion may contribute to reducing the incidence of
adjacent segment degenerative disease that often accom-
panies the latter™”.

Though this study has many limitations, such as in vitro
experiment, a small sample size, cadaver specimens without
muscle, and no consideration of wear and tear of the im-
plant, the results are implying future investigations including
study in other loading modes, effects of surgical variables,
comparisons with fusion model, other AD designs and
motion preservation systems, and more.

CONCLUSION

Analysis of our results indicates that in an in vitro com-
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pressive follower preload setting of Charité™ arthroplasty,
the hybrid protocol provided a relatively better restoration
of ROM at the operative level than did the load control
setting. With the hybrid protocol, the ROM at the adjacent
levels was decreased during all the motion modes, except
for a small increase during extension at the inferior segment.
The hybrid testing protocol is thus advocated as it better
reproduces clinical observations in terms of motion follow-
ing surgery than the load control.
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