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Abstract: Degenerative disc disease is implicated in the patho-
genesis of many painful conditions of the back, chief among
which is low back pain. Acute and/or chronic low back pain (A/
CLBP) afflicts a large number of people, thus making it a major
healthcare issue with concomitant cost ramifications. When
conservative treatments for A/CLBP, such as bed rest, anti-
inflammatory medications, and physical therapy, prove to be
ineffectual, surgical options are recommended. The most popu-
lar of these is discectomy followed by fusion. Although there
are many reports of good to excellent outcomes with this
method, there are concerns, such as long-term adverse biome-
chanical consequences to adjacent functional spinal unit(s). A
surgical option that has been attracting much attention recently
is replacement or regeneration/repair of the nucleus pulposus,

an approach that holds the prospect of not compromising either
mobility or function and causing no adjacent-level injury. There
is a sizeable body of literature highlighting this option, compris-
ing in vitro biomechanical studies, finite element analyses, ani-
mal-model studies, and limited clinical evaluations. This work
is a review of this body of literature and is organized into four
parts, with the focus being on replacement technologies, regen-
eration/repair technologies, and detailed expositions on 14
areas for future study. This review ends with a summary of the
salient points made. © 2012 Wiley Periodicals, Inc. J Biomed Mater
Res Part B: Appl Biomater 00B:000-000, 2012.
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INTRODUCTION

Over the years, degeneration of the intervertebral disc and
the ensuing disease, known as degenerative disc disease
(DDD), have attracted much research attention. Five aspects
of the extant knowledge base are highlighted. First, mag-
netic resonance imaging is the “gold standard” technique
used for detecting early signs of the disease,’ although
results from ex vivo studies show that other techniques,
notably magnetic resonance spectroscopic imaging,2 may be
feasible. Second, visual characteristics of a degenerated disc
include reduced height,® a fibrotic appearance of both the
annulus fibrosus (AF) and the nucleus pulposus (NP),>* and
radial, rim, and/or circumferential tears in the AF° Third,
different grading scales/classification schemes are in use,
most being qualitative (e.g, mild, moderate, and severe
grades®) although, recently, quantitative scoring systems
have been proposed.” Fourth, there are myriad changes in
the morphology and biochemistry of the disc associated
with its degeneration, among which are cell proliferation,
cell death, loss of proteoglycans (PGs), and increase in fibro-
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nectin content.2!° It has been postulated that these changes
play a role in the initiation of a cascade of events, culminat-
ing in many clinical problems. Examples of some aspects of
these problems in the cervical and lumbar sections of the
spine are now given. In the cervical spine, formation of
osteophytes in joints adjacent to the degenerated one, hy-
pertrophy of the ligamentum flavum, spinal stenosis, and
disc herniation are said to be precursors to spondylotic my-
elopathy and radiculopathy, which, in turn, are responsible
for conditions such as occipital headaches, radiocular pain,
severe neck pain, and severe shoulder pain.*'*'! Degenera-
tion of disc(s) in the lumbar spine is strongly implicated in
discogenic low back pain. This condition is commonplace
(e.g., in the United Kingdom, the prevalence rate is between
12 and 35%"%) and presents major economic ramifications
(e.g., associated annual total costs—the sum of direct and
indirect costs—have been estimated to be ~9.2 billion Aus-
tralian dollars, ~6.0 billion yen, and ~6.4 billion Euro for
Australia, Japan, and The Netherlands, respectively.'®) Fifth,
there is no agreement on the etiology and pathogenesis of



disc degeneration, with four schools of thought being popu-
lar. The first is that it is a pathological condition (e.g., pro-
gressive loss of the lamellar organization of the AF and de-
velopment of cysts within its mid-substance,'* a failure of
nutrient supply to disc cells,'®*> and deterioration of the
structure and function of the elastic fiber of the AF'® are
among the factors implicated). The second is that DDD is a
concomitant of aging (e.g., start of desiccation of the nor-
mally gelatinous NP in most people by age 40'7 and
decrease in population of putative notochordal stem cells as
an organism ages.'®). In the third school, disc degeneration
is attributed to the superimposition of changes to the disc
brought about by environmental factors, such as abnormal
mechanical loading on the spine, driving and associated
whole-body vibration, and smoking, on changes due to
aging."®*® The posit of the fourth school is that there is a
genetic contribution, with the allele of COL9A2 being one of
the most studied genes associated with DDD in the lumbar
spine.'®'%2% A consensus is emerging that DDD is multifac-
torial, with several of the aforementioned features express-
ing simultaneously.'®*%2°

When conservative treatments for DDD, such as analge-
sics, muscle relaxants, and chiropractic adjustment,'® do not
provide relief from the pain, there is a plethora of surgical
methods that may be used. On the basis of popularity of
use, these methods may be divided into the “gold standard,”
namely, discectomy followed by fusion®"??; those that have
been used in a modest number of cases, namely, discectomy
without fusion®®?* and percutaneous nucleotomy®’; and
those that have been used in very few cases, namely, total
disc replacement?*®?” and nucleus pulposus replacement
(NPR) that uses a device fabricated from polymer(s).2%3? In
addition to these methods, there are others that are at vari-
ous stages of research, development, and preclinical evalua-
tion, an example being intervertebral disc transplant.®® Fur-
thermore, there are many vibrant research programs on
methods that aim to regenerate/repair the degenerated disc
rather than to replace it, examples being direct injection of
a growth factor, such as osteogenic protein-1 (OP1)**3%;
gene therapy using, for example, an adenoviral vector®®=?;
and cell therapy using, for example, seeding of autologous
disc chondrocytes or adipose tissue-derived stem cells
(ASCs), on a scaffold fabricated, for example, from collagen
or small intestine submucosa,?¢3840-4

Several limitations of reviews of the literature on tech-
nologies/approaches for replacement and regeneration/
repair of the NP73+%34652 46 highlighted. First, in the
case of NPR technologies, the majority of these reviews
have been limited to reported work on devices designed by
commercial entities and fabricated using well-characterized
synthetic materials (herein referred to as “commercial devi-
ces”). 17344652 Gacond, although there are many reviews on
tissue engineering (TE) approaches,®** all have, with one
exception,®” focused on strategies for disc regeneration in
general. Third, biomechanical aspects of NPR devices were
not included in any of the reviews.}”3**346-52 Thyg, there is
opportunity for a review that (1) is comprehensive; namely,
its ambit covers work on both replacement and regenera-
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tion/repair approaches; (2) is up-to-date; namely, includes
work that is at the experimental stage; and (3) includes bio-
mechanics studies. This work is such a review. A detailed
search was conducted of relevant databases (such as
MEDLINE®/PubMed and PubMed Central), science subjects-
specific search engines (such as SCIRUS®), and the table of
contents of relevant key peer-review, archival journals (such
as Spine, The Spine Journal, Spine Arthroplasty Society (SAS)
Journal, Journal of Biomedical Materials Research Part B:
Applied Biomaterials, Biomaterials, and Journal of Materials
Science: Materials in Medicine) for relevant peer-reviewed
articles published, over the period 1975-date, in English as
well as in other languages (provided English translations
were available). Furthermore, the references list of each ar-
ticle, obtained from this search, was manually examined to
identify additional relevant and acceptable articles. (Note
that, for the purposes of the present review, abstracts and
presentations were not regarded as “acceptable” articles
because they were not published in peer-review archival
journals.) The review is organized into four parts, with
these containing, in order, (1) reviews of the literature on
(a) biomechanics aspects of commercial replacement devi-
ces, (b) biomechanics aspects of “notional” replacement
devices, these being herein defined as those for which no in-
formation was given in the report on any relevant aspect,
such as material and geometrical configuration, and (c)
properties of “emergent” materials, these being those that
have only been evaluated in laboratory tests for their poten-
tial for fabricating replacement devices; (2) review of the
literature on TE approaches; (3) discussion of future
research topics; and (4) a summary of the most salient
points made in the work.

REPLACEMENT TECHNOLOGIES

Categorization of commercial devices

Over the years, there have been many reports on a large
number of these devices,28'29‘31.32'53'68 but, in this review,
reference is made to a sample of those devices that have
received the most attention. Also, it is to be noted that the
availability of commercial devices is shifting all the time,
making it very difficult to be definitive about the current
state of the market. There is a variety of reasons for this sit-
uation, examples being the commercial entity responsible
for design of a device is no longer in existence, a decision
by such an entity to discontinue work on a device, and addi-
tions to the market through granting of patents (e.g., Euro-
pean Patent # EP 1 231 868 B1, June 15, 2011and US Pat-
ent Publication # 20110153021, June 23, 2011). To
reiterate, then, the coverage of commercial devices given in
this review is intended to provide insight into the scope of
work in the field over a large timescale.

From a taxonomical perspective, there are many ways in
which commercial devices may be categorized. Using physi-
cal state at the time of placement of a device in the space
created by removal of the degenerated NP (disc space) as
the basis of categorization, these devices may be grouped
into six types: in situ curable polymer, preformed polymer,
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TABLE I. Material(s) of Fabrication and Other Salient Features of a Sample of Commercial Nucleus Pulposus Replacement

Devices
Name Type Material(s)/Salient Features Company
Aquarelle Preformed A poly(vinyl alcohol) (PVA) hydrogel (80% water) Stryker Howmedica
polymer Osteonics,
Allendale, NJ
BioDisc In situ curable An albumin + glutaraldehyde hydrogel that is Cryolife,

injected directly into the disc space begins to

A polyurethane (PU) core and a PU balloon

Hydrophilic PVA and poly(vinyl pyrrolidone)

Flexible preformed hydrogel core encased in a
jacket fabricated from tightly woven fibers of
ultra-high-molecular-weight polyethylene

An elastic component (elastic springs) attached

A modified hydrolyzed poly(acrylonitrile)

A memory-coiling polycarbonate urethane

Poly(etheretherketone) (PEEK)-on-PEEK

polymer
polymerize within 0.5 min and
solidifies within 2 min
Buck (Figure 1) Knitted Knitted Ti filaments
mechanical
DASCOR In situ curable
polymer
Hydrafil In situ curable
polymer (PVP) copolymer
HydraFlex Composite
polymer
IPD One-piece
mechanical to a fixation component
NeuDisc Preformed
polymer reinforced with a Dacron mesh
Newcleus One-piece
mechanical
NuBac® Disc Two-piece
Arthroplasty mechanical

System (Figure 2)
NuCore® Injectable

In situ curable

A protein polymer hydrogel, with the polymer
chains having synthetic silk and

Rigid, composed of a graphite substrate
with a coating of pyrolytic carbon
A liquid poly(methyl siloxane) polymer cures

Nucleus (Figure 3) polymer
elastin components
Regain One-piece
mechanical
SINUX ANR? In situ curable
polymer

within 15 min of being injected into the disc space

Kennesaw, GA

Buck GmbH & Co KG,
Bondorf, Germany
Disc Dynamics,
Eden Prairie, MN
Synthes USA,
West Chester, PA
Raymedica, LLC,
Minneapolis, MN

Dynamic Spine,
Nahtomedi, MN
Replication Medical,
Cranbury, NJ
Centerpulse
Orthopaedics,
Winterthur,
Switzerland
Pioneer Surgical
Technology,
Marquette, Ml
Spine Wave,
Shelton, CT

EBI Medical Systems,
Parsippany, NJ

Sinitec AG/DePuy
Spine

@ Awarded CE mark, which is a mandatory compliance designation required for all products placed in the market in European Economic Area

countries.

composite polymer, one-piece mechanical, two-piece me-
chanical, and knitted mechanical (Table I).

Device descriptions and biomechanical evaluations of
commercial devices

In addition to identifying the material(s) used for fabricat-
ing these devices (e.g, see Table I), it is important to high-
light the change-of-state events that occur following implan-
tation of the device in the disc space (in the case of
polymeric devices). Information about these events, together
with pertinent remarks in the case of mechanical devices, is
given in this subsection for eight devices, followed by sum-
maries of results of their biomechanical evaluations. The
evaluations were achieved through bench, ex vivo (cadav-
eric), and animal-model tests on either the device per se or
a construct (device implanted in the disc space).

Aquarelle. The device is implanted in the disc, with the aid
of a pressurized precision trochar, while in a hydrated state.

Based on the results from a bank of tests, such as those
used to evaluate biocompatibility and toxicity (via ISO

10993), cytotoxicity, sensitization, intracutaneous reactivity,
and gentotoxicity, performed on constructs (device
implanted in L3-L4 and L4-L5 discs of male baboons), the
device was found to be biocompatible and nontoxic.*”

Buck. The device has the same shape as that of the bovine
NP and has a rough surface.

When implanted in bovine lumbar spines (L2-L3 and
L4-L5 segments), the axial deformability (AD) and height of
the construct were measured after quasi-static loading
(increased from 100 to 1000 N) as well as after the applica-
tion of a complex cycling loading cycle (axial force of 100-
600 N, at 5 Hz, that created an additional bending moment
ranging from 3 to 18 Nm), while the construct was being
continuously rotated around its longitudinal axis at 360°
min~ %% The median value of AD was the same as that
obtained immediately after implantation but, with cyclic
loading, it decreased by about 33% (relative to the intact
case).?® The height change was the same as that obtained
immediately after implantation but, with cyclic loading, it
increased by a small amount (relative to the intact case).®®
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To assess migration/expulsion of the device, plain ante-
rior-posterior and lateral radiographs were taken before im-
plantation of the device in bovine lumbar spines (L2-L3 and
L4-L5 segments) and after the construct was subjected to
three cycles of unconstrained loading (*=7.5 Nm flexion—-
extension, =7.5 Nm lateral bending, and *7.5 Nm axial
rotation).®®> No extrusion of the device was seen, but there
was evidence of migration (1) within the cavity created by
the surgeon to allow device implantation (note, however,
that when the sizes of the cavity and the device were com-
parable, minimal migration was seen) and (2) toward the
anterior border of the disc (attributed to the facts that the
device was implanted using an anterior approach and was
positioned anterior to the center of the disc).®®

In kinematics tests, using the construct and cyclic load-
ing protocol described above, (1) the construct range of
motion (ROM) was about twice as high in extension as it
was in flexion, which was attributed to the lordotic tilt
caused by the implantation and (2) the effects on construct
ROM were marginal in lateral bending and in axial rotation
(all changes are with respect to the values obtained with
the intact case).®?

DASCOR. In implanting this device, the PU balloon is
injected, under pressure (delivered by a custom-built sys-
tem), with the in situ-curable PU. After the PU cures, the
expanded balloon adheres to it and conforms to the size
and shape of the disc space.

In durability tests, the heights of ellipsoid-shaped speci-
mens were measured after being subjected to a motion and
loading protocol comprising *=5.5° flexion/extension (3 Hz;
10 million cycles) combined with axial compression (180-
520 N; 1.5 Hz; 20 million cycles), with these being coordi-
nated so that the peak compression force occurred during
peak flexion or extension and the minimum compression
force occurred when the device was in the neutral posi-
tion.”® A specimen experienced a height loss that increased
progressively with increase in number of motion/loading
cycles (N)), but, at each N, after recovery, it returned to
practically the same height as its initial height. Furthermore,
the increase in compressive modulus with increase in N, at
a given strain level, was not significant.”®

In flexibility tests on constructs (device implanted in
cadaveric T12-L1, L2-L3, and L4-L5 segments), there was
no significant difference in the displacement of the neutral
zone, ROM, or segmental stiffness of the construct, relative
to the level for an intact case, regardless of the applied
loading [five cycles of axial compressive preload of 500 N
coupled with flexion/extension, lateral bending (*£7.5 Nm),
or axial rotation (7.5 Nm)].”°

From quasi-static loading tests on ellipsoid-shaped
specimens, conducted in accordance with ASTM D575,7%
ASTM E111,”% and ASTM D732, the compressive strength
and modulus were found to be 25.7 = 0.7 MPa and 3.9-5.8
MPa, respectively, whereas the shear strength and modulus
were found to be 80 * 0.6 MPa and 1.3-2.0 MPa,
respectively.”®
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From the plot of axial compressive stress-versus-number
of cycles to failure (Ng) results obtained from fatigue tests
on ellipsoid-shaped specimens, conducted in accordance
with ASTM E466,”* ASTM E467,° and ASTM E468,° the
axial compressive strength (defined as stress at Ny = 10 mil-
lion cycles) was estimated to be 2.94 MPa.”®

Wear performance was obtained by subjecting ellipsoid-
shaped specimens to the motion/loading protocol described
above, with some key results being (1) minimal wear line
scratches, minor pitting, and some deposition of wear par-
ticles were observed, especially along the most anterior and
posterior edges; (2) the mean wear rate (WR) was com-
puted to be 0.29 mg per million loading cycles; (3) at a
given N, the wear particles were approximately spherical,
spheroidal, or agglomerated globular (1-19 pm in diame-
ter); and (4) with increase in N, the relative amount of
globular and flake particles significantly decreased, the rela-
tive amount of spherical or spheroid particles increased,
and the particles became rounder and smoother.”®

IDN. The hydrogel used to fabricate the device comprises a
silk-elastic copolymer that is produced using a DNA bacte-
rial synthesis fermentation process. It is implanted in the
disc while liquid and cures exothermically.

When the device was implanted in cadaveric “human
spinal motion segments,” the maximum strain of the con-
struct, under an axial load of 1.96 N (200 g), was greater
than for the native segments, although not significantly so.””

NeuDisc. The device is implanted in the disc space in a
dehydrated state but absorbs up 90% of its weight in water
and expands preferentially in the axial direction to conform
to the configuration of the disc space.

In terms of flexibility, 25-mm-diameter cylindrical speci-
mens showed virtually no radial deformability when sub-
jected to compressive loads ranging from 25 to 370 N.°

When the aforementioned specimens were subjected to
quasi-static loading, it was found that (1) the “apparent
modulus,” under confined compression, varied from 0.55 *
0.09 MPa under a force of 100 N to 4.28 = 0.15 MPa under
1500 N and (2) the mean value of the force supported by
the specimen at a given hydration level (sometimes called
the lifting force) dropped from 1400 N to zero when hydra-
tion dropped from 42 to 90%, respectively.®°In fatigue tests,
the aforementioned specimens with hydration level of
81.03% = 0.82% were immersed in Hank’s balanced salt
solution with 0.1% sodium azide, at 37°C, and held between
concave platens.®® The specimens suffered no physical dam-
age through 10 million cycles (fixed displacement between
6.8-8.0 mm and 6.4-8.0 mm; 3 Hz).®®

When the device was implanted in cadaveric L2-L5 seg-
ments, (1) the force to failure of the construct, in compres-
sion, was 3.58 = 1.56 kN, with endplate fracture occurring
in 10 of the 12 specimens tested and device extrusion in
one specimen; (2) the moment to failure under lateral bend-
ing was 25.6 * 11.1 Nm, with failure modes seen being
annulus rupture, ligament failure, device extrusion (seen in
one of the 12 specimens tested), lateral facet fracture, and
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endplate fracture; and (3) the moment to failure in flexion
was 52.2 = 18.3 Nm, with ligament failure seen in five of
the seven specimens that gave acceptable results and no de-
vice extrusion.®

Newcleus. The device is delivered to the disc space with a
aid of an insertion gun, after which it rolls into a spiral
shape around the AF filling the disc space.

Using the same bank of tests conducted on Aquarelle
constructs, it was found that Newcleus is biocompatible
with an “animal model.”*?

NuBac. Two features of the device facilitate it proper fitting
in the disc space. First, each of the two pieces of the device
has an oval outer surface with a large contact area. Second,
the inner articulation of the device comprises a ball-and-
socket design.

Results of cytotoxicity tests, chemical analysis, and histo-
pathological evaluations, after implantation of specimens of
PEEK (the material used for fabricating NuBac) in “an ani-
mal model” for 12 months, showed that the polymer is
biocompatible.”®

Results of tests conducted on PEEK specimens in envi-
ronments such as 200 Mrad of gamma irradiation followed
by accelerated aging (40 days in oxygen at 5 bar and 70°C)
or after storage of the device in physiological saline solu-
tion, at 90°C, for 3 months showed both the material and
the device to be biodurable.”®

Under quasi-static loading, the mean axial static com-
pressive load at failure of the device was 10.427 kN, with
the failure mode being excessive plastic deformation of the
top shell.®®

When a device was subjected to axial dynamic compres-
sion loads, at 10 Hz, until failure, run-out (taken to be no fa-
tigue failure after 10 million loading cycles) was achieved at
both 80 and 90% of the mean yield load (10.427 kN).°®

When a construct (device implanted in cadaveric L2-L3
and L4-L5 segments) was subjected to a series of loadings
[flexion-extension (=7.5 Nm) combined with a 500 N com-
pressive load; lateral bending (£7.5 Nm) combined with a
500 N compressive load; and axial rotation (*+7.5 Nm) com-
bined with a 500 N compressive load], the construct ROM,
in each case, was not significantly different from that
obtained in the intact disc case.’® The same trend was
found for the change in disc height at the index level.®®

There was no expulsion of the device when the afore-
mentioned constructs were subjected to left bending oppo-
site to the annular window (2.5-7.5 Nm; 2 Hz; 100,000
cycles).®® Furthermore, there was no expulsion when con-
structs (device implanted in cadaveric L2-L3 and L3-L4 seg-
ments) were subjected to hand bending with an annular
window of 8-10 mm followed by removal of the AF and
subjecting the remaining construct to lateral bending (5°
bending angle; minimum of 8000 cycles).®®

In wear tests, a device, while immersed in newborn calf
serum, at 37°C = 3°C, was subjected to a protocol compris-
ing three phases. In the first, the device was subjected to
~0.5 million of a loading cycle that comprised a dynamic

REVIEW ARTICLE

load, P (225-1024 N; Hz) coupled with a flexion-extension
(rotation angle, 6 = 15° total; 2 Hz) such that P, coin-
cided with 0,,,,.°° In the second phase, the test was
stopped, the specimen was cleaned and weighed, the test
solution was stored at —20°C for particle analysis (via laser
diffraction analysis), and then changed after the analysis.
The first and second phases were repeated until 10 million
cycles were achieved, at the end of which the WR and the
mean volumetric diameter of the wear particles (D,,) were
0.28 = 0.07 mg per million loading cycles and 17.5 um,
respectively.®® In the third phase, the device was rotated
90° after which the test was restarted using the same load-
ing as in the first phase and then allowed to run for addi-
tional 10 million cycles. WR and D,, were 0.27 = 0.09 mg
per million loading cycles and 37.3 pm, respectively.®®

In another series of wear tests, a device was subjected
to the coupled-motion wear testing protocol 1SO 18192,7°
which is specified for evaluating a total disc replacement
device, except that, in the present tests, the device was sub-
jected to a dynamic compressive load (224-1024 N).°¢ The
mean WR was 0.50 mg per million loading cycles.®®

NuCore. During implantation, the polymer is mixed with a
crosslinking agent and then injected, while in the liquid
state, into the disc space. Curing occurs in a few minutes.

The same bank of tests conducted on Aquarelle con-
structs was used in the case of NuCore implanted in various
animal models, such as guinea, rabbit, mouse, and rat. There
was no evidence of cytotoxicity, irritation, and
neurotoxicity.80

Clinical performance of commercial devices

At the moment, no definitive statements can be made on
this issue because of the very limited database, which is
characterized by, among other things, a dearth of informa-
tion about various aspects of the few studies reported
(Table II). It is to be noted that very few of these devices
are currently in the latter phases of evaluation for clinical
approval (such as Investigational Device Exemption trials in
the US). In addition, none of these devices have been
approved by the US Food and Drug Administration and only
a few have received regulatory approval outside the US; for
example, HydraFlex in Europe. This situation may be the
consequence of the generally weak clinical record posted by
these devices that, in turn, may be attributed to three key
factors. The first is that, although a few clinicians have com-
piled sets of patient inclusion criteria (e.g., early-stage DDD
and patient age between 18 and 65 years) and exclusion
criteria (e.g, Schmorl's nodes on radiographs at the level(s)
to be treated and body mass index > 30),°>°® these criteria
have not been validated in clinical studies. Second, several
issues, such as mechanical /physical incompatibility of a NPR
device with the weakened (or, even, extensively damaged)
AF, depreciation of the mechanical properties of and nutri-
ent supply to the AF following insertion of an NPR, and sub-
sidence of the device into adjacent endplates, may exert sig-
nificant adverse influence on outcomes. Third, effectiveness
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TABLE Il. Summary of Some Features of Clinical Studies

Number of
Surgical Patient Devices  Follow-Up Level of
Device Approach Demographics Implanted (months) Evidence?® Results References
DASCOR Retroperitoneal 83 patients 24.0 4 Significant decreases in 28
or mini-ALIF ODI and VAS scores
or ALPA
Newcleus Microdiscectomy 5 patients 6.0-64.0 4 No complications; 31,32
(3 men; significant decreases in
2 women); ODI and VAS scores
age: 24-52
years
NuBac Anterolateral, ~100 1.5-24.0 2 No complications; 66
lateral, and significant decreases in
posterior ODI and VAS scores
NuBac Posterior; 39 patients 1.5-24.0 4 No complications; 67
extreme lateral, (15 men; significant decreases
by a RP 24 women); in ODI and VAS scores
transpsoas via age: 32-45
anterior column years (mean:
38.5 years)
NuCore Posterior 14 patients 14 24.0 4 No complications; decrease 68
(8 men; in average of leg pain VAS,
6 women); back-pain VAS, ODI, and
age: 25-52 SF-36 combined scores;
years (mean: central and posterior disc
37 years) heights each ~93% of
preoperative value
PDNP Posterior 423 4 10% explanted; complications: 29,48
endplate failure with
extrusion and subsidence;
marked decreases in ODI
and Prolo scores
PDN ALPA 8 patients 4 Complications: transient 56,60

psoas neuropraxia and
device migration; significant
decreases in ODI and

Prolo scores

ALIF, anterior lumbar interbody fusion; ALPA, anterolateral transpsoas; ODI, Oswestry Disability Index; VAS, Visual Analog Scale; SF-36, SF-

36" Health Survey Patient Questionnaire.

a Except for the report by Bao et al.,®® the level of evidence shown for a given study was designated by the present worker based on criteria
detailed in the document, “Oxford Center for Evidence-Based Medicine 2011 Levels of Evidence” (Oxford Center for Evidence-Based Medicine,
Oxford, UK; www.cebm.net/index.aspx?0=5653), and the information given in the report.

A precursor of the HydraFlex device (Raymedica, LLC).

has not been demonstrated in randomized, controlled clini-
cal trials.

Biomechanics studies involving notional devices
Two types of these studies have been published; namely, ex-
perimental and finite element analyses (FEA).

Experimental studies. In the case of sheep discs implanted
with notional NPR devices [fabricated of a polymer with
modulus of elasticity (E;) of 0.2 MPa (NPR1), 8.0 MPa
(NPR2), and 40.0 MPa (NPR3)], the construct was subjected
to compression at 0.2 mm s ! to a maximum compression
of 1 mm. Four study cases were used, namely, intact (no
NPR), NPR1, NPR2, and NPR3. For each case, the outer sec-
tion of the AF bulged significantly outward, and, in the
NPR3 case, there was significant outward bulging of the
inner anterior section of the AF®"
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A parametric study was conducted that involved implan-
tation of a notional NPR (specimens fabricated from a blend
of PVA and PVP) in cadaveric lumbar spine discs (height, H,
= 7.65-12.50 mm).%? The construct was axially compressed
to 15% strain and then subjected to a loading with a trian-
gular waveform, at a rate of 15% strain s, for five cycles.
It was found that E; (50 kPa < E; < 1500 kPa) exerted less
of an influence on the compressive stiffness of the construct
than did either the height of the specimen (cases: disc
height + 1 mm; disc height; and disc height — 1 mm) or its
diameter (D) (cases: 15, 16, and 17 mm). Specifically, (1) at
a given combination of strain level, H, and D, compressive
stiffness increased with increase in Ej; (2) at a given combi-
nation of strain level and E;, compressive stiffness increased
significantly with increase in H; and (3) at a given combina-
tion of strain level and E;, compressive stiffness increased
significantly with increase in D.#?
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After implantation of a “prosthetic NPR model” (“model”
was taken herein to mean “device”) in cadaveric lumbar
spines (L4-L5) and subjecting the construct to vertical com-
pression (50 N s™' to a maximum of 1.3 kN), the stress in
the central zone of the endplate was noticeably (~15%)
higher compared with the value when the intact motion seg-
ment was used. This points to the possibility of the creation
of a stress riser following the implantation.®®

Finite element analysis studies. An axisymmetric FE model
of a human lumbar disc (height of disc = 12 mm, radius of
disc = 23 mm, and radius of NP = 12 mm) was con-
structed.2®* The NP was modeled as a fluid (bulk modulus
= 1.7 GPa) and the AF was modeled as a homogeneous, iso-
tropic, elastic solid whose modulus of elasticity was deter-
mined (through matching the predictions of the model to
experimentally obtained results) to be 5 MPa. The NPR ma-
terial was modeled as an elastic solid, with Poisson’s ratio
(v) of 0.49. The model was subjected to a compressive load
of 1.5 kN uniformly distributed on its top and constrained
in such a way that ensured that the conditions for axisym-
metry were maintained. In a parametric study, the modulus
of elasticity of the NPR (E,) was varied from 0.5 to 100
MPa. By comparing the stress distribution in the AF in the
intact case (no NPR) to that when there was a NPR, it was
suggested that the appropriate value of E, is 3 MPa.f#*
Furthermore, with a given E,, the AF bulged outward, as
happened in the intact case.®®* These studies®'®* suffered
from three major limitations, namely (1) the model was of a
disc in isolation, that is, supporting tissues were not
included; (2) the geometry was not anatomical; and (3) the
material models used for AF and NP were simplistic.

In another study involving an axisymmetric FE model of
a human lumbar disc with a notional NPR device in it, the
AF was modeled as an isotropic, hyperelastic material using
a second-order polynomial strain energy function.®> The NP
was modeled as a homogeneous, isotropic, elastic material,
with E = 1 MPa and v = 0.4999. The notional NPR device
was considered fabricated from a PVA/PVP hydrogel that
was modeled with a first-order Mooney-Rivlin strain energy
function. Four key findings are highlighted.?® First, the mod-
ulus of elasticity of the hydrogel (E,) (10 kPa < E;, < 100
MPa) exerted less of an influence on the compressive load-
displacement behavior of the construct than did either the
height of the device or its diameter. Second, the von Mises
stress distribution in the AF in the model that contained the
implanted NPR device was comparable to that in the intact
model (no implanted NPR device), but, for the NP, this dis-
tribution was more uniform and of larger magnitude com-
pared with the intact case. Third, in the load-displacement
behavior, for a given load, displacement increased with
increase in Ej. Fourth, at E, = 150 kPa, in terms of influ-
ence of v (0.10 < v < 0.4999), the load-displacement
behavior was markedly affected by v in the range of 0.45-
0.4999, but very marginally so at v < 0.45. The main
shortcoming of the study®® is that both the cancellous and
cortical bones are modeled as linear elastic (fully isotropic)
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solids, when, in fact, it is known that, at the simplest, they
display transversely isotropic material properties.®®#’

Characterization studies of emergent materials

A copolymer of 95 mol % N-vinyl-2-pyrrolidinone (NVP)
and 5 mol % 2-(4-iodobenzoyl)-oxo-ethyl methacrylate
(4IEMA) was found to be hydrophilic (equilibrium water
content reached in about 12 h), noncytotoxic, and biocom-
patible; possess a swelling ratio of 4.5; have a radiopacity
that would be acceptable for imaging inside the spinal col-
umn; have a compressive modulus of 1 MPa; have a com-
plex shear modulus that is, essentially, independent of fre-
quency, indicating that the material is in the rubbery
plateau; have a phase angle (on average, between 8° and
16°) that is marginally dependent on frequency, indicating
high elastic behavior; and display little hysteresis (small dis-
sipated energy) under cyclic compression.®®

A PVA/PVP hydrogel displayed the following properties:
a tangent modulus, under unconfined compression, that var-
ied from 0.23 MPa at 15% strain to 0.37 MPa at 25% strain;
an effect of fatigue loading on compressive modulus that
depended on the test strain, such that at 15%, there was a
small reduction in the modulus after 10 million cycles,
whereas there was no significant change up to 10 million
cycles when tested at 25% strain; and a mean compressive
modulus of 0.19 MPa (when specimen was confined using a
silicone rubber ring) and of 12.70 MPa (when confined
using a high-density polyethylene (PE) ring), a trend that is
consistent with PE being stiffer.

A branched copolymer comprising poly(N-isopropylacry-
lamide) (PNIPAAm) and a high content of poly(ethylene gly-
col) (PEG) has a molecular weight of 4600 g mol™' and
water content of 52% = 2%; showed a significant increase
in equilibrium water content compared with the PNIPAAm
homopolymer; has a compressive modulus, at 15% strain
(90-day immersion in PBS; unconfined axial compression
test) of 90 = 9 kPa; and has a relaxation time constant,
over 30-day immersion in PBS, of 75 s, with the specimens
recovering between 85 and 98% of their original height
within 55 min after unloading.’®

A hydrogel system obtained via photopolymerization of
glycidyl methacrylate-modified PVA was characterized under
dynamic torsion (applied shear strain amplitude = 0.05 rad
over the range 0.1 Hz < frequency < 10 Hz).°" For a given
hydrogel, its complex shear modulus increased in direct
proportion to the molecular weight of the modified PVA
(M,,) as well as with increase in the polymer concentration
before photopolymerization (%P) at a given M, but its
phase shift angle was independent of both M,, and %P. The
water content of these hydrogels was in the range of 79-
95%; hydrogels obtained with PVA of M,, = 85-124 kg
mol ™! or M,, = 124-186 kg mol~" and 25% initial polymer
concentration and PVA of M,, = 50-85 kg mol ™" at 35% ini-
tial polymer concentration gave complex shear moduli com-
parable to that of sheep lumbar spine NP (7-11 kPa). The
difference in phase angle was significant (hydrogels: 5°-11°;
natural tissue: 18°-26°).°*
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A hydrogel formulation obtained by blending 0.9 mL of
1% hyaluronic acid (HA) solution with a 0.9 mL of 7% poly-
ethylene glycol-g-chitosan solution followed by quick gela-
tion was subjected to stress relaxation (unconfined com-
pression and 5% strain increments followed by 5-min
relaxation periods to a total of 25% strain).’? The toe mod-
ulus, linear modulus, and Poisson’s ratio were each not sig-
nificantly different from the corresponding value for cadav-
eric lumbar spine NP, but percent relaxation was (hydrogel:
20% = 6%; cadaveric: 65% * 11%).”2

A crosslinked terpolymer composed of 92.1 mol %
NVP, 5.9 mol % 4IEMA, and 2.0 mol % allyl methacrylate
(a crosslinking agent) possessed an equilibrium water con-
tent of 55.0 £ 0.1 wt % and a diffusion coefficient (in
PBS, at 37°C) of 3.2 x 10~° cm? min~?; displayed no cyto-
toxicity; found to have a modulus (under compression at a
strain rate of 3 x 103 sfl) of 1.52 = 0.04 MPa; found to
have a complex modulus (E*) and phase angle of 2.01 =
0.18 MPa and 6.31° * 0.46°, respectively; complex shear
modulus (G*) and phase angle of 48.8 + 8.1 kPa and 7.7°
+ 1.3° (all obtained at 1 Hz); showed almost no creep
and no permanent deformation (specimens compressed to
0.1 MPa for 3 h and followed by a force of 0 N for 1 h);
and suffered a height loss of 4.7% after fatigue test (speci-
mens subjected to 10° cycles of compression from 0.1
MPa to 15% strain; 5 I—Iz).93

An amidic derivative of alginate was developed to obtain
a polysaccharide that possesses the requisite combination of
viscosity and rigidity and then the polysaccharide was
crosslinked using 1,3 diaminopropane, resulting in a hydro-
gel.”* The hydrogel swelled up to 250% in volume, a value
that is similar to that for a normal human lumbar NP.>® The
hydrogel displayed thixotropic behavior, with the gel-sol
transition occurring at 1270 Pa (before this point, storage
shear modulus (G') > viscous shear modulus (G”) and,
beyond this point, G” > G'). Furthermore, (1) dynamic fre-
quency sweep test results showed that both G’ and G”
increased with increasing frequency, with the former always
being greater than the latter, indicating that the hydrogel is
a predominantly elastic material; (2) the mean dynamic
shear modulus increased with increase in frequency (o), the
same trend seen for normal lumbar NP; (3) the influence of
® on phase shift angle (§) was not significant, whereas, for
normal human lumbar NP, it became marginally more dissi-
pative with increase in ® (i.e, 6 increased noticeably with
increase in ®); and (4) with & being < 45°, this showed
that the hydrogel behaved more like a solid than a fluid. In
a ramp stress relaxation test with imposed shear strain, the
behavior of the hydrogel was very similar to that of normal
human lumbar NP. The ability of the hydrogel to maintain
its consistency was demonstrated by the similarity of G’ and
G" values (obtained at 37°C and ® = 10 Hz) before and af-
ter application of various dynamic stresses corresponding to
different activities of daily living. Further characterization
involved determination of the effect of the hydrogel on nor-
mal human chondrocyte cell viability (chondrocytes prolifer-
ated on the hydrogel) and on the production of extracellular
matrix factors (the hydrogel ameliorated the synthetic activ-
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ity of these factors, particularly in terms of cathepsin B,
aggrecan, and type Il collagen values).”*

A three-component injectable hydrogel was formed by
blending branched copolymers of PNIPAAm and PEG with
poly(ethylene imine) (PEI).”® At 37°C, this system forms a
precipitated gel because of the phase transition of PNI-
PAAm. When used as a NPR system, aqueous glutaraldehyde
would be injected into the gel core, which will crosslink PEI
to itself and continue to diffuse through the gel and to
crosslink it to the AE®® With injection of glutaraldehyde
(5 or 10 or 20 wt %), each of two measures of the strength
of the bond between the gel and fresh porcine skin that
were determined (maximum detachment force and work of
adhesion) was significantly higher than for the case when
no glutaraldehyde was injected.’®

Neat hydrogels, based on Tween® 20 trimethacrylates
(T3), were synthesized from poly(oxyethylene 20 sorbitan)
monolaurate as the crosslinking agent, NVP, water, and an
initiator.”” Composite hydrogels of the same composition re-
inforced by nanofibrillated cellulose (NFC) (fiber diameter:
2-100 nm and fiber length: >1 pm) were synthesized with
different T3 concentrations. During time-sweep measure-
ments (at 15% strain and 10 Hz), it was found that, for
neat hydrogels with T3 concentrations of 4.5-15.0%, during
initial stages of curing, each of the parameters monitored
(storage modulus, loss modulus, and viscosity) increased
rapidly with increase in time (which indicates growth of the
chain size and network formation) up to about 600 s, after
which steady-state values are obtained. The same trends
were seen for results obtained using a T3-8 hydrogel rein-
forced by either 0.8 or 4.5 wt % NFC, indicating that the
fibers did not interfere with the curing mechanism(s)
involved. For each of the aforementioned three material
properties, the value for a composite hydrogel was signifi-
cantly higher than that of the neat hydrogel.””

Summary

Four aspects of the reviewed studies on replacement tech-
nologies are highlighted. First, in spite of the large number
of commercial devices that have been reported on over the
years, the literature on biomechanical studies of them is
very limited. Thus, (1) the largest volume of work is on
three devices (DASCOR, NeuDisc, and NuBac) but, even for
these devices, only a maximum of four properties were
determined in each case; (2) results show that (i) although
the flexibility of DASCOR constructs was excellent, BUCK
constructs displayed a marked drop in AD when a construct
was subjected to cyclical loading and (ii) compared with the
intact case (native NP only), implantation of Buck, DASCOR,
or NuBac in cadaveric spine segments caused no significant
change in ROM and there is no accompanying expulsion of
the device, when the construct was subjected to dynamic
loading; and (3) there is a paucity of data on wear perform-
ance, which is one of the most desirable requirements in an
NPR device. Second, in the case of commercial devices, lack
of data with the requisite quality precludes any firm conclu-
sions to be reached on their clinical performance. Third, in
the case of a construct comprising a notional replacement
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device implanted in a cadaveric lumbar disc and subjected
to dynamic compression load, the construct stiffness
increases significantly with increase in either the height or
the diameter of the device and the von Mises stress distri-
bution in the AF is approximately the same as in the intact
disc case. Fourth, there are many vibrant research programs
on synthesis and characterization of new polymeric materi-
als (mostly, hydrogels) that may be suitable for fabricating
replacement devices.

REGENERATION/REPAIR TECHNOLOGIES: TISSUE
ENGINEERING

Salient features of different approaches

Available TE approaches for regeneration/repair of degener-
ated discs may be grouped into three categories.

The first approach is direct (intradiscal) injection of a
low-molecular-weight protein, such as OP1, transforming
growth factor-f (TGF-B), bone morphogenetic protein-2
(BMP-2), growth and differentiation factor-5 (GDF-5), insu-
lin-like growth factor-1, a cytokine, or an anabolic enzyme,
into the degenerated disc.”®

The main attraction of this method is that is straightfor-
ward. The method does, however, have a number of disad-
vantages. First, it may be limited to mildly degenerated
discs because, in order for the method to work, there
should be sufficient numbers of cells that are still healthy
and are able to respond to a stimulus. Second, the beneficial
effects, such as restoration of disc height’® and decrease in
ODI and VAS scores,'°® may be limited to the period over
which the injected protein is still available in the disc. (For
practical purposes, this is the time up to when the protein
is lost by, e.g., diffusion into the disc cells.)

The method has been used in small-animal models (e.g,
OP-1 in rabbits®® and OP-1 in ratsml), with excellent results.
For example, injection of >10 ng mL™' of GDF-5 into lum-
bar discs of balb/c mice led to significant increases in DNA
content and glycosaminoglycan (GAG) accumulation in NP
cells.’®® The method has also been used in a pilot clinical
study, in which a “cocktail solution” comprising a mixture of
agents that are known to induce the synthesis of proteogly-
can (PG) (specifically, glucosamine hydrochloride, chondroi-
tin sulfate, hypertonic dextrose, and dimethylsulfoxide) was
injected into the lumbar discs of 30 patients with chronic
low-back pain.'%°

The second approach is direct gene therapy, which
involves using a carrier/vector to genetically modify resi-
dent disc cells in vivo to achieve sustained expression of
beneficial genes, examples being TGF-B1, SRY (sex-determin-
ing region Y)-box 9 (Sox9), and tissue inhibitors of matrix
metalloproteinases-1."°*%° Two types of vectors have been
used. The first is a nonviral vector, such as molecular com-
plexes of the DNA'®® and a ligand and a liposome contain-
ing DNA.'®” This type of vector has several disadvantages,
such as poor expression of the transferred DNA and high
likelihood that the DNA introduced will be lost from the
cell, although there is an emerging generation of these vec-
tors that may not have these limitations.'°® The second is a
viral vector, with an example of its use being the transfor-
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mation of isolated cells from bovine or rat discs by a retro-
viral construct containing the gene for the human interleu-
kin-1 receptor antagonist.'®>!'° Viral vectors are efficient
transporters of genetic material mainly because of the ease
with which they enter the cells, taking over DNA replication
and the protein expression process.'** Their principal draw-
back is that they can elicit a cellular immune response,
although, with some new ones, such as an adeno-associated
viral vector, this response is minimal.**

The third approach is cell therapy, which involves three
steps. First, harvest of NP cells from the patient (autologous
cells). Second, cultivation/expansion of these cells in mono-
layer culture(s). Two variants that have been used are
genetic modification of the cells (indirect therapy) and seed-
ing of the cells in a supporting three-dimensional structure
(scaffold). An alternative to the second step is direct cultiva-
tion of the extracted disc cells in a scaffold before their im-
plantation (an example of this approach involved AF cells in
a rabbit model.'**'%) Third, implantation of the cells or
the cell-seeded scaffold (as the case may be) in the degener-
ated disc.

There is a very large body of literature on the materials
and fabrication methods for scaffolds for use in NP TE
approaches. Among the biomaterials that have been used
are alginate,"® types I and II atelocollagen,'’” hyalur-
onan,™® chitosan,*® highly dense type I collagen,’®° type I
collagen/GAG composite,'*! type 1 collagen/hyaluronan
composite,'*? gelatin/chondroitin-6-sulfate/hyaluronan com-
posite,"*® enzymatically crosslinked atelocollagen type 11/
aggregan/hyaluronan composite,'** extracellular matrix-
based scaffolds derived from the decellularization of porcine
NP'?> a chitosan/glycerophosphate hydrogel,'***?” a hydro-
gel comprising oxidized HA and adipic acid dihydrazide,**®
and a type II collagen hydrogel stabilized with poly(ethylene
glycol) ether tetrasuccinimidyl glutarate and enriched with
HA.129

Proof-of-concept studies of cell therapy, involving small-
animal models (e.g, the Sand rat’*°) and clinical trials,*®'
have been reported. There are three principal challenges
with cell therapy. The first is the technical difficulty of har-
vesting sufficient number of disc cells without causing seri-
ous damage to the already degenerated disc or accelerating
its degeneration. Second, it is limited to cases where hernia-
tion has not occurred. Third, there is a possibility of com-
promise of the quality of the nutrient supply to the
implanted cells and, hence, their survivability.

Cell therapy with mesenchymal stem cells

An alternative to using autologous cells in cell therapy that
is gaining a lot of research attention is the use of either au-
tologous or allogenic human mesenchymal stem cells
(MSCs)."3#138 with MSCs, two approaches may be taken.
The first involves cultivation of the cells as progenitor cells
followed by their direct injection into the degenerated disc.
The second involves differentiation of the progenitor cells in
vitro to a phenotype similar to cells found within the NP
(e.g., chondrocytes or chondrocyte-like cells) followed by
their injection into the degenerated disc.
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The principal attraction of MSCs, arguably, is that they
can be obtained from many tissues, such as bone marrow,
muscle, articular cartilage, and adipose.36'38'43'132'144 To
date, in the majority of work, bone marrow-derived MSCs
(bMSCs) have been used.'*3® There are three principal
challenges in using these stem cells. First, the exact pheno-
type of NP cells and their origin are still not definitively
known; in other words, it is unknown if the phenotype of
the differentiated stem cells is identical or merely similar to
that of the native disc cells. Second, there is some question
about the stability of the newly adopted phenotype in the
degenerated disc over time. Third, the ability of the disc
implanted with these stem cells to carry out and sustain the
mechanical loads imposed on it during activities of daily liv-
ing is unknown.

Recently, attention has started to be focused on using
autologous human ASCs. These cells have many advantages
compared with bMSCs, notably (1) higher yields and less
invasive harvesting method; (2) high plasticity and, as such,
high possibility of differentiation along a multitude of line-
ages, such as chondrocyte, myocyte, and adipocyte lineages;
and (3) ease of manipulation.3¢3843139145 There are, how-
ever, many open questions about ASCs, among which are
the most appropriate isolation technique, methods to avoid
immunoresponse, in vivo functionality, optimized protocol
for cell differentiation, and removal or inactivation of degen-
eration byproducts.**4°

Summary
From the review of the published work on TE approaches,
two salient points are made. First, three different

approaches are taken or proposed, namely, direct injection
of an “active” substance, such as OP-1; direct gene therapy
using, for example, an adeno-associated viral vector; and
cell therapy using, for example, scaffolds seeded with either
bMSCs or ASCs. Second, there are many challenges involved
in the use of each of these approaches. For example, (1) the
beneficial effect of a directly injected “active” substance may
be limited to the time before the substance diffuses into the
degenerated disc; (2) when a nonviral vector is used in
direct gene therapy, there may be poor expression of the
transferred DNA; and (3) the difficulty of extracting cells
from a degenerated disc for use in cell therapy.

FUTURE RESEARCH AREAS

There are several such areas, with some designed to fill
gaps in the current knowledge base and the purpose of
others being to provide more information on matters that
have received limited attention. Expositions on 14 of these
areas are now given.

From a materials perspective, the preponderance of
replacement devices has been fabricated (or proposed to be
fabricated) using “traditional/conventional” hydrogels,
herein defined as those synthesized using established meth-
ods of synthesis, such as crosslinking copolymerization and
crosslinking of reactive polymer precursors. These hydrogels
are beset with a number of drawbacks, such as limited con-
trol of three-dimensional structure, low toughness, and slow
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response to external stimuli.'*® In response to this situation,
there has been a plethora of developments in the field of
hydrogel engineering, among which are controlled radical
polymerization (e.g., nitroxide-mediated polymerization'*”),
introduction of the concept of chain crosslinking-sliding
crosslinking agents,"*® double network (DN) gels,’*° nano-
composite (clay-filled) hydrogels,150 so-called stimulus-re-
sponsive hydrogels,l‘c’l'152 hydrogels self-assembled from
block and graft copolymers driven by hydrophobic interac-
tions,'*® and hydrogels whose self-assembly is mediated by
DNA recognition.®* Thus, the first area of research should
involve exploring the potential of this new generation of
hydrogels for NPR devices (injectable and preformed types).
In particular, attention should focus on DN gels. A DN gel
comprises two mechanically weak hydrophilic networks,
one being stiff and brittle [e.g., poly(2-acrylamide-2-methyl-
propane sulfonic acid)] and the other soft and ductile [e.g,
poly(acrylamide)].*°>*>7 The interest in DN gels is because
although they are soft and wet, they have desirable mechan-
ical properties, notably high toughness. They possess these
properties by virtue of the fact that they are biomimetic,
that is, they emulate the interpenetrating three-dimensional
network of passive mechanical tissues, such as bones, ten-
dons, cartilage, and discs, whose roles are to support, trans-
fer, and distribute body loads and to maintain functional
shape. Work to be carried out in this area should include
the full panoply of preclinical tests, such as characterization
of a DN gel (in particular, fatigue, creep, stress relaxation,
and wear properties obtained while the specimen is
immersed in a biosimulating medium, such as phosphate
buffered saline, at 37°C), biomechanical evaluation of the
gel in cadaveric spine segments (in particular, determination
of incidence of extrusion and subsidence), and evaluation of
the gel in a disc in an animal spine model (including histo-
pathology of local and remote tissues).

The focus of the second area of research should be de-
velopment of protocols for evaluating the wear performance
of a replacement device when implanted in a cadaveric lum-
bar disc. These protocols should include all the pertinent in-
formation, such as test medium, test medium temperature,
type of dynamic loading, frequency of loading, method for
determining WR, and minimum number of test samples.
These protocols should be presented in the form of an
international testing standard, such as an ASTM standard or
an ISO standard. Two adjuncts to this work should be per-
formed, namely, stipulation of the minimum acceptable WR
and a rationale given for it and investigation of the influence
of the wear particles produced on contiguous tissues.

For the third area of research, the role played by contact
stress between a replacement device and the endplates of
the vertebral bodies in a given motion segment in the even-
tual clinical performance of the device should be investi-
gated. As a first step in this direction, contact stress deter-
minations should be made in cadaveric spine segment
studies, with the applied loading used in the tests being
physiological (e.g., combined axial compression and flexion/
extension cycle). This determination may be made using, for
example, a stress transducer,’’ a tip-mounted pressure
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transducer,’*® a pressure-sensitive film,15 a resistive ink
sensor,”>® or an ultrathin polymeric piezoelectric trans-
ducer.®® The results obtained could be added to the arma-
mentarium of those for parameters that are used to com-
pare existing replacement devices as well as to inform
future designs.

There is a large assortment of rapid prototyping/solid-
free-forming/additive manufacturing methods in use for fab-
ricating prototypes of products, examples being as stereoli-
thography (STL), selective laser sintering, laminated object
manufacturing, and 3D printing.'®®'" As the fourth area of
research, one of these methods—most likely, STL—should
be applied to a model of the intact spine (to obtain baseline
values of the parameters to be determined) and then to one
in which a replacement device is in place in a given disc.

Recently, open-source simulation platforms have been
used to build models of sections of the human body. Exam-
ples are AnyBody Modelling System software (AnyBody
Technology A/S, Aalborg, Denmark) used to build a rigid-
body lumbar spine model'®?; Interactive Musculoskeletal
Modelling used to build a musculoskeletal model comprising
the elbow, the wrist, and 16 associated muscles'®?; OpenSim
(https://www.simtk.org/home/lumbarspine) used to build a
cervical spine model'®*; and OpenSim used to build a mus-
culoskeletal model for the lumbar spine that comprised the
pelvis, sacrum, five vertebrae, a rigid torso consisting of a
lumped thoracic spine and ribcage, and the eight main mus-
cle groups.’®® A fifth area of research should involve using
such a platform, or another solid modeling tool, to build a
model of the lumbar spine that includes the ligamentous
architecture and other hard tissues (such as facet joints)
and soft tissues (definitely, the NP) and then using this
model to obtain various parameters, such as joint reactions
and muscle forces for the intact case as well as for the case
when implantation of a replacement device at a given disc
is simulated. In this work, both principal and coupled
motions should be included.

For the sixth area of research, stress analysis parameters
(such as axial displacement, maximum principal strain, and
von Mises stress) should be determined for all the tissues
of the spine (such as NP, AF, endplate, cancellous bone, cort-
ical bone, and facets) at all levels. This exercise should be
carried out for the case of an intact spine as well as for one
in which a replacement device is implanted in a disc. Given
the scale of this work, it is well known that the FEA
method, rather than an experimental method, is attractive.
When FEA is used, it is suggested that, at the minimum, it
has the following six features. One, models of both normal
and degenerated discs are constructed. Two, a given model
is (1) of the full spine section (say, L1-S1), rather than of
spine segment(s); (2) three dimensional; and (3) anatomi-
cally correct, that is, the lordotic curvature is maintained
and it comprises all the tissues, including the major
muscles. (To date, muscles have been included in models in
very few FEA studies, one such being that of the C1-T1
model.’®®) Three, the intact model is validated using an
array of experimentally obtained displacement, stress, strain,
and kinematics data. Four, in a given model, appropriate
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constitutive models are used for each of the tissues and syn-
thetic material(s). For example, in the case of tissues and
other relevant materials, samples of appropriate constitutive
models and values of material properties commonly used in
elastic and poroelastic FEA are presented in Tables III and
1V, respectively. Five, in the case where replacement device
implantation is simulated, all changes made in the geome-
tries and properties of all the tissues in the model are the
same as those that occur as a result of the degeneration in
the disc as well as the surgical procedure used. Six, for a
given model, the loadings are physiological (i.e., shear load-
ing should be included in the suite of loadings and both
quasi-static and cyclic loadings should be included).

The seventh area of future work should be the determi-
nation of the clinical effectiveness of replacement devices
that are in current production or are fabricated using
“emergent” material(s) (several features of some of these
materials are described in a previous section in this review),
once research and development efforts on these materials
have reached maturity. This would involve the performance
of properly designed (e.g., long-term, large number of sub-
jects, many sites) randomized controlled clinical studies,
such as a US Preventive Services Task Force Level I study or
a UK National Health Service Level A study.

With human growth factors, there are concerns about
the facts that they (1) have been implicated in undesired
blood vessel ingrowth in discs'®® and (2) are very expen-
sive, this being a consequence of the elaborate methods
used to produce them, the very short half-life of the used
protein (due to enzymatic degradation in vivo), and the
laboriousness of the regulatory requirements for character-
izing their safety and effectiveness for clinical use. Thus, in
the eighth area of research, the focus should be on devel-
oping methods to identify small, long-lasting, and stable
nonproteineous molecules that can stimulate BMP-2
expression and, consequently, promote anabolic metabo-
lism of disc cells, culminating in regeneration of the matrix
of the disc. These molecules should be evaluated with
respect to a large collection of relevant parameters, such
as rate of synthesis of PG, rate of decrease of breakdown
of PG, accumulation of GAG in NP cells, increase of water
content in NP, restoration of disc height, and decrease of
ODI score in a clinical study.

Several drawbacks associated with the use of bMSCs and
ASCs have been highlighted in a previous section of this
review. In addition to these, there are other concerns, in
particular the possibility of ASCs being involved in cancer
metastasis and invasion.'*>187 Thus, the focus of the ninth
area of research should be the determination of the viability
of using stems obtained from alternative sources, such as
umbilical cord blood, for disc regeneration/repair.

The finding that all the cells present in the NP of the
mature ShhCre mouse are derived from the embryonic noto-
chord cells (NCs)'® hints at the possibility of using human
NCs for regeneration/repair of degenerated discs. There are
many technical hurdles to obtaining human NCs. Thus, in
the 10th area of research, an alternative approach should be
pursued that comprises identification of the proteins that
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TABLE lll. Commonly Used Material Models and Property Values for Lumbar Spine Tissues and Other Materials: Elastic FEA

Tissue/Material

Material Model

Values References

Cortical bone

Cancellous bone

Bony posterior elements

Annulus fibrosus—ground
substance

Annulus fibrosus—collagen
fibers

Nucleus pulposus

Bony endplate
Cartilage endplate
Facet joints

Facet cartilage

Uncovertebral joints
Osteophytes

Structure between osteophytes

Facet synovial fluid
Facet synovial membrane
Uncovertebral synovial fluid
Uncovertebral synovial

membrane
Ligaments®

ALL

PLL

TL

LF

ISL

SSL

CL
PVA/PVP hydrogel
NVP-based hydrogel?
DASCOR device"

Transversely isotropic,
linear elastic®®

Transversely isotropic,
linear elastic®®

Isotropic, linear elastic®

Hyperelastic,
Mooney-Rivlin®

Isotropic, linear elastic®

Hyperelastic,
Mooney-Rivlin®
Isotropic, linear elastic®
Isotropic, linear elastic®
Isotropic, linear elastic®
Hypoelastic
(under compression)®

Isotropic, linear elastic?
Isotropic, linear elastic®
Hyperelastic, Mooney-Rivlin®
Fluid?

Isotropic, linear elastic?®
Fluid®

Isotropic, linear elastic?

Nonlinear force deflection
Nonlinear force deflection
Nonlinear force deflection
Nonlinear force deflection
Nonlinear force deflection
Nonlinear force deflection
Nonlinear force deflection
Nonlinear elastic
Nonlinear elastic
Isotropic, linear elastic®

E11 = 9600 MPa; Ezz = 9600 MPa 86
Ess — 17,800 MPa; Gy, — 3097 MPa

Gi3 = 3510 MPa; G,3 = 3510 MPa

Vi2 = 0.55; Vi3 = 0.30; Vo3 = 0.30

E11 = 144 MPa; E22 = 99 MPa 167
Esz = 344 MPa; G4, = 53 MPa

G13 = 45 MPa; 623 = 63 MPa

Vi = 023, Viz = 017, Vo3 = 0.11

E = 3500 MPa; v = 0.25 168
C; = 0.56 MPa, C, = 0.14 MPa 169
d=0.143

E = 450 MPa; v = 0.30 170
C; = 0.12 MPa, C, = 0.03 MPa 171
d = 0.0667

E = 500 MPa; v = 0.40 172
E = 24 MPa; v = 0.40 171
E =5 MPa; v = 0.45 173
E = 11.0 MPa (at 0% strain) to 3500 MPa 171

(at 0.7% strain); v = 0.20 (at 0% strain)
to 0.4 (at 0.7% strain)

E =5 MPa; v=0.45 173
E = 500 MPa;v = 0.20 174
C, = 0.19 MPa, C, = 0.045 MPa 174
K = 1667 MPa 1"
E =12 MPa; v = 0.40 11
K = 1667 MPa 11
E =12 MPa; v = 0.40 11
E = 7.8 MPa (strain, ¢ < 12%) 175
E =10.0 MPa (¢ < 11%) 175
E = 10.0 MPa (¢ < 18%) 175
E = 15.0 MPa (¢ < 6.2%) 175
E = 10.0 MPa (¢ < 14%) 175
E = 8.0 MPa (¢ < 20%) 175
E = 7.5 MPa (¢ < 25%) 175
o (MPa) = 0.003 — 0.057¢ + 0.624¢? v = 0.44 89,176
o (MPa) = 0.023 + 0.608¢ + 1.565¢% v = 0.49 93,177
E = 4.9 MPa; v = 0.48 70,178

2 E, modulus of elasticity; G, shear modulus; v, Poisson’s ratio.
b 11, 22, and 33 refer to the radial, tangential, and longitudinal axes of the bone, respectively.
¢ Incompressible, hyperelastic, two-parameter Mooney-Rivlin formulation, with strain energy function (W) given by

W =Ci(ly — 3) + Co(I; — 3) + (1/d)(J — 1)*,

where C; and C, are material constants that characterize the strain energy deviatoric deformation of the material; /; and /, are the first and sec-
ond invariants of the deviatoric strain tensors, respectively; d is the material incompressibility factor (=2/K,, K, being the initial bulk modulus of
the material); and J is the local volume ratio.

9 K, mean value of bulk modulus.

¢ Major ligaments in the lumbar spine. ALL, anterior longitudinal ligament; PLL, posterior longitudinal ligament; TL, transverse ligament; LF,
ligamentum flavum; ISL, interspinous ligament; SSL, supraspinous ligament; CL, capsular ligament.

fPVA, poly(vinyl alcohol); PVP, poly(pyrrolidone). The values of the coefficients in the stress (c)-versus-¢ relationship for this material were
obtained by the present worker by fitting a polynomial equation to the experimental o—¢ results given by Joshi et al.?° for the hydrogel.

9 Full composition of NVP-based hydrogel (specifically, N94_2) is 92.1 mol % N-vinyl-2-pyrrolidinone (NVP), 5.9 mol % 2-(4'-iodobenzoyl)-oxo-
ethyl methacrylate, and 2.0 mol % allyl methacrylate (Ref. 93). The values of the coefficients in the o-versus-¢ relationship for this material were
obtained by the present worker by fitting a polynomial equation to the experimental o—¢ results given by Boelen et al.*® for the hydrogel.

" DASCOR® (Disc Dynamics, Eden Prairie, MN).

are produced by NCs that play a key role in the disc regen-

eration/repair process.188

For the 11th research area, three developments in the
field of scaffolds should be investigated for their applicabil-

12 LEWIS

ity for use in the case of NP TE work. The first is the use of
heparin functionalization as a way to improve the perform-
ance of the scaffold. Such functionalization shields and,
hence, protects growth factors that bind onto the
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TABLE IV. Commonly Used Property Values for Some Lumbar Spine Tissues: Poroelastic FEA

Drained Elastic Poisson’s Initial Void Initial Permeability

Tissue Modulus (MPa) Ratio Ratio (107" m*N-1s7) M
Cortical bone 12,000° 0.3° - - -
Cancellous bone 100° 0.2° 0.4° 100° 18°
Nucleus pulposus® 0.93° 0.1° 2.33f 2.03° 12¢
Annulus fibrosus?

Matrix 4.44f 0.1° 1.509 0.18° 10°

Fibers 500" 0.3" - - -
Endplate 20° 0.1° 4.0° 7.00° 10°

? For a tissue, void ratio, permeability, and M are related thus:

2
g [z
k= ko[22 exp [M (122 — 1))

where k is the permeability, k, is the initial permeability, e is the void ratio, e, is the initial void ratio, and M is a constant whose value is

obtained through curve fitting to experimental results (e.g., see Ref. 179).

b Ref. 180.
¢ Ref. 179.

9 Severely degenerated disc (corresponding to Thompson Grade V).

© Ref. 182.
f Ref. 183.
9 Ref. 184.
" Ref. 185.

scaffold.*®>°° Such functionalization is commonly achieved
by either (1) covalently linking the heparin to the scaf-
fold'® or (2) grafting heparin-carrying microcapsules onto
the surface of the scaffold.’®® The second development is a
proliferation of innovative methods of fabrication of scaf-
folds, examples being autocatalytic electroless coprecipita-
tion,'?! an embossing ice template technique,'®* hydrospin-
ning,'>® a template-casting technique,'®* indirect phase-
changing 3D jet printing,'®® 3D plotting,'*® extrusion free-
forming,*®” and cryogenic prototyping.’®® The third develop-
ment is the design and fabrication of functionally graded
scaffolds (FGSs). The rationale for this type of scaffold is the
fact that functional gradients exist in the structure of natu-
ral tissues, which means that each layer of a tissue performs
one or more specific functions and the tissue is composed
of several layers.®® Two types of FGSs are recognized,

6

FIGURE 1. Photograph of the Buck nucleus pulposus replacement de-
vice (courtesy of Alfred Buck, Buck GmbH & Co KG, Bondorf,
Germany).

namely, continuous and discrete types.'*® Each type may be
fabricated using either a conventional technique, such as se-
quential electrospinning,*°° centrifugation followed by fiber
bonding,?°" and a twin-screw-extrusion/spiral winding pro-
cess,’*? or an additive manufacturing technique, such as 3D
printing?®® and 3D fiber deposition.?**

Recently, an approach comprising a combination of to-
pology optimization for the design and an additive method
for the fabrication of a scaffold was demonstrated in the
case of scaffolds for bone TE applications.?°>2°7 With this
approach, the scaffold obtained has two principal advan-
tages, namely, it does not have directions of low stiffness
and its mass is distributed throughout its structure. As the
12th area of research, the feasibility of this combined
approach should be explored for scaffolds for NP regenera-
tion/repair.

To date, most TE studies have been on small-animal
models of disc degeneration, notably rabbit, rat, and
mouse  ®10#134138.208-213 These models have a number of

FIGURE 2. Photograph of the NuBac® Disc Arthroplasty System de-
vice (courtesy of Pioneer Surgical Technology, Marquette, Ml).
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FIGURE 3. Photograph of the NuCore® Injectable Nucleus device in
the intradiscal space of a cadaveric test specimen; device dyed black
for easy visualization (courtesy of Spine Wave, Shelton, CT).

limitations vis-a-vis the human disc.2°%?** First, many
small-animal models retain NC cells, resulting in an increase in
disc cell metabolism*'® and, hence, ease of regeneration. In
contrast, in human discs, NCs exist only during the develop-
ment of the embryo and disappear shortly after birth.*> Second,
discs in small-animal models have shorter diffusion distances
than in humans, a consequence of which is that there is
improved transport of nutrients through and faster removal of
waste from the model discs. Thus, there is scope for further
work on appropriate large-animal models of disc degeneration,
which could then be used to evaluate various aspects of TE
methods for disc regeneration/repair, such as determination of
optimal concentration of a growth factor that should be used,
optimal time for the intervention of a given therapy along the
disc degeneration continuum, and the elements to be included
in an “effectiveness toolkit” of a given therapy. These issues
should be the focus of work in the 13th area of research.

There is growing recognition of the role that oxidative
stress [which is a cellular state in which there is an elevated
level of reactive oxygen species, such as nitric oxide
(N0)?*® plays in disc degeneration, specifically, (1) herni-
ated discs produce and release higher concentration of NO
than healthy discs?'”; (2) increase of exogenous NO pro-
motes cell apoptosis or suppresses synthesis of PG in the
disc cell culture?'®; and (3) NO participates in the degenera-
tion induced by mechanical stress or interleukin-1.2'° Thus,
the focus of the 14th area of research should be on develop-
ing NP regeneration/repair strategies that make use of anti-
oxidative agents or “radical sponges” delivered intradiscally.
These agents should, among other things, be long lasting
and easily penetrate the cell membrane.

SUMMARY
The following is a summary of the some of the main points
made in this review:

e In the case of replacement technologies, (1) the number
of available commercial devices is in a state of flux, a con-

14 LEWIS

sequence of the companies at which these devices were
designed going out of business or shifting their focus to
other types of biomedical products; (2) limited data on
the biomechanical comparison of intact discs (cadaveric
lumbar or bovine) and constructs comprising a commer-
cial device implanted in a cadaveric lumbar or bovine disc
show that the devices do not, for example, significantly
change the ROM or experience expulsion; and (3) there is
an abundance of ongoing research on the synthesis and
characterization of an assortment of new polymeric mate-
rials, especially hydrogels, that may be suitable for fabri-
cating a new generation of commercial devices.

e From the review of the published work on use of TE for
the regeneration/repair of degenerated discs, it may be
concluded that (1) much is known about many aspects of
the three approaches taken in TE (direct injection of an
“active” substance, direct gene therapy, and cell therapy),
including advantages and drawbacks, and (2) the chal-
lenges involved in the use of these approaches are well
recognized.

e A large collection of areas for future research is pre-
sented, examples being (1) exploration of the feasibility of
using the double-network type of hydrogel for fabricating
replacement devices; (2) development of an international
standard for evaluating the wear performance of a con-
struct (a replacement device implanted in cadaveric disc);
(3) performance of FEA of anatomically correct and non-
linear models of the full lumbar spine without and with a
replacement device implanted in a disc; (4) determination
of the clinical effectiveness of replacement devices
through the performance of well-designed, randomized,
controlled clinical trials; (5) extension of work on seeding
scaffolds with human ASCs; (6) investigation of the feasi-
bility of using a combination of topology optimization and
an additive manufacturing method for, respectively,
designing and fabricating scaffolds; and (7) expansion of
work on identifying appropriate large-animal models for
evaluating the performance of replacement devices as
well as of TE approaches.

REFERENCES

1. Schneiderman G, Flannigan B, Kingston S, Thomas J, Dillin WH,
Watkins RG. Magnetic resonance imaging in the diagnosis of
disc degeneration: Correlation with discography. Spine 1987:12:
276-281.

2. Keshari KR, Zektzer AS, Swanson MG, Majumdar S, Lotz JC,
Kurhanewicz J. Characterization of intervertebral disc degenera-
tion by high-resolution magic angle spinning (HR-MAS) spec-
troscopy. Magn Reson Med 2005;53:519-527.

3. Gunzburg R, Parkinson R, Moore R, Cantraine F, Hutton W, Ver-
non-Roberts B, Fraser R. A cadaveric study comparing discogra-
phy, magnetic resonance imaging histology, and mechanical
behavior of the human lumbar disc. Spine 1992;17:417-426.

4. Bogduk N. Clinical Anatomy of the Lumbar Spine and Sacrum.
New York: Churchill Livingstone; 1997.

5. Armstrong JR. Lumbar disc lesions pathogenesis of low back
pain and sciatica. J Biomech 2007;40:2744-2751.

6. Pfirrmann C, Metzdorf A, Zanetti M, Hodler J, Boos N. Magnetic
resonance classification of lumbar intervertebral disc degenera-
tion. Spine 2001;26:1873-1878.

NULEUS PULPOSUS REPLACEMENT OR REGENERATION TECHNOLOGIES



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Walraevens J, Liu B, Vander Sloten J, Goffin J. Qualitative and

quantitative assessment of degeneration of cervical interverte-
bral discs and facet. Eur Spine J 2009;18:358-369.

. Boos N, Weissbach S, Rohrbach H, Weiler C, Spratt KF, Nerlich

AG. Classification of age-related changes in lumbar interverte-
bral discs. Spine 2002;27;2631-2644.

. Lyons G, Eisenstein SM, Sweet MB. Biochemical changes in

intervertebral disc degeneration. Biochim Biophys Acta 1981;673:
443-453.

. Urban JPG, Roberts S. Degeneration of the intervertebral disc.

Arthritis Res Ther 2003;5:120-130.

. Kumaresan S, Yoganandan N, Pintar FA, Maiman DJ, Goel VK.

Contribution of disc degeneration to osteophyte formation in the
cervical spine: A biomechanical investigation. J Orthop Res
2001;19:977-984.

. Maniadakis N, Gray A. The economic burden of back pain in the

UK. Pain 2000;84:95-103.

. Dagenais S, Caro MD, Haldeman S. A systematic review of low

back pain cost of illness studies in the United States and interna-
tionally. Spine J 2008;8:8-20.

. Klisch SM, Lotz JC. Application of a fiber-reinforced continuum

theory to multiple deformation of the annulus fibrosus. J Bio-
mech 1999;32:1027-1036.

. Hadjipavlou G, Tzermiadianos MN, Bogduk N, Zindrick MR. The

pathophysiology of disc degeneration. J Bone Joint Surg Br
2008;90:1261-1270.

. Smith LJ, Fazzalari NL. The elastic fibre network of the human

lumbar anulus fibrosus: Architecture, mechanical function and
potential role in the progression of intervertebral disc degenera-
tion. Eur Spine J 2009;18:439-448.

. Gervitz C. Update on intervertebral disc replacement. Top Pain

Manage 2005;20:5-6.

. Hunter CJ, Matyas JR, Duncan NA. The notochord cell in the nu-

cleus pulposus: A review in the context of tissue engineering.
Tissue Eng 2003;9:667-677.

. Zhang Y, Sun Z, Liu J, Guo X. Advances in susceptibility genet-

ics of intervertebral degenerative disc disease. Int J Biol Sci
2008;4:283-290.

Battie MC, Videman T, Kaprio J, Gibbons LE, Gill K, Manninem
H, Saarela J, Peltonem L. The twin spine study: Contributions to
a changing view of disc degeneration. Spine J 2009;9:47-59.
Anderson PA, Subach BR, Riew KD. Predictors of outcome after
anterior cervical discectomy and fusion: A multivariate analysis.
Spine 2009;34:161-166.

Kishen TJ, Diwan AD. Fusion versus disk replacement for degen-
erative conditions of the lumbar and cervical spine: Quid est tes-
timonium? Orthop Clin North Am 2010;41:167-181.
Nandoe-Tiwari RDS, Bartels RHMA, Peul WC. Long-term out-
comes after anterior cervical discectomy without fusion. Eur
Spine J 2006;16:1411-1416.

Mannion AF, Denzler R, Dvorak J, Grob D. Five-year outcome of
surgical decompression of the lumbar spine without fusion. Eur
Spine J 2010;19:1883-1991.

Kotilainen E. Percutaneous nucleotomy in the treatment of cervi-
cal disc herniation: Report of three cases and a review. Minim
Invasive Neurosurg 1999;42:52-55.

Garrido BJ, Wilhite J, Nakano M, Crawford C, Baldus C, Riew
KD, Sasso RC. Adjacent-level cervical ossification after Bryan
cervical disc arthroplasty compared with anterior cervical discec-
tomy and fusion. J Bone Joint Surg Br 2011;93:1185-1189.
Petilon J, Roth J, Hardenbrook M. Results of lumbar total disc arthro-
plasty in military personnel. J Spinal Dis Tech 2011;24:297-301.
Donkersloot P. Nucleus replacement with the DASCOR® disc
arthroplasty system: Two-year follow-up results of the European
multicenter clinical studies. Surg Neurol 2009;7:140-141.

Klara PM, Ray CD. Artificial nucleus replacement: Clinical experi-
ence. Spine 2002;27:1374-1377.

Diwan AD, Parvataneni HK, Khan SN, Sandhu HS, Girardi FP,
Mamisa FP. Current concepts in intervertebral disc restoration.
Orthop Clin North Am 2000;31:453-464.

Kroge A, Nydegger Th, Polard JL, Mayer HM, Husson JL. A spi-
ral implant as nucleus prosthesis in the lumbar spine. Eur Spine
J 2002;11(Suppl 2):S149-S153.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

REVIEW ARTICLE

Husson JL, Korge A, Polard JL, Nydegger Th, Kneubuhler S,
Mayer HM. A memory coiling spiral as nucleus pulposus pros-
thesis: Concept, specifications, bench testing, and first clinical
results. J Spinal Disord Tech 2003;16:405-411.

Ruan D, He Q, Ding Y, Hou L, Li J, Luk KDK. Intervertebral disc
transplantation in the treatment of degenerative spine disease: A
preliminary study. Lancet 2007;369:993-999.

Szpalski M, Gunszburg RM, Le Huec JC, Braya-Bruno M. Nonfu-
sion Technologies in Spine Surgery. Lippincott, Williams & Wil-
kins: Philadelphia, PA, 2006.

Masuda K, Oegema TR Jr, An HS. Growth factors and treatment
of intervertebral disc regeneration. Spine 2004;29:2757-2769.
Paesold G, Nerlich AG, Boos N. Biological treatment strategies
for disc degeneration: Potentials and shortcomings. Eur Spine J
2007;16:447-468.

Yang X, Li X. Nucleus pulposus tissue engineering: A brief
review. Eur Spine J 2009;18:1564-1572.

O’Halloran DM, Pandit AS. Tissue-engineering approach to regen-
erating the intervertebral disc. Tissue Eng 2007;13:1927-1954.
Nashida K, Suzuki T, Kakutani K, Yurube T, Maeno K, Kurosaka M,
Doita M. Gene therapy approach for disc degeneration and asso-
ciated spinal disorders. Eur Spine J 2008;17(Suppl 4):S459-S466.
Grad S, Alini D, Eglin D, Sakai D, Mochida J, Mahor S, Collin E,
Dash B, Pandit A. Cells and biomaterials for intervertebral disc
regeneration. Synth Lect Tissue Eng 2010;2:1-104.

Sakai D. Future prospects of cell-based therapy for intervertebral
disc disease. Eur Spine J 2008;17(Suppl 4):452-458.

Kandel R, Roberts S, Urban JPG. Tissue engineering and the
intervertebral disc: The challenges. Eur Spine J 2008;17(Suppl 4):
480-491.

Hoogendoom RJW, Lu ZF, Kroeze RJ, Bank RA, Wuisman PI,
Helder MN. Adipose stem cells for intervertebral disc regenera-
tion; current status and concepts for the future. J Cell Mol Med
2008;12:2205-2216.

Wilke H-J, Heuer F, Neidlinger-Wilke C, Claes L. Is a collagen
scaffold for a tissue engineered nucleus replacement capable of
restoring disc height and stability in an animal model? Eur Spine
J 2006;15(Suppl 3):S433-S438.

La Visage C, Yang S-H, Kadakia L, Sieler AN, Kostuik JP, Leong
KW. Small intestine submucosa as a potential bioscaffold for
intervertebral disc regeneration. Spine 2006;31:2423-2430.

Mayer HM, Korge A. Non-fusion technology in degenerative
lumbar spinal disorders: Facts, questions, challenges. Eur Spine
J 2002;11(Suppl 2):S85-S91.

Sieber AN, Kostuik JP. Concepts in nuclear replacement. Spine J
2004;4(Suppl 1):3225-324S.

Carl A, Ledet E, Yuan H, Sharan A. New developments in nucleus
pulposus replacement technology. Spine J 2004;4:325S-329S.

Di Martino A, Vaccaro AR, Lee JY, Denaro V, Lim MR. Nucleus
pulposus replacement: Basic science and indications for clinical
use. Spine 2005;30:S16-S22.

Goins ML, Wimberley DW, Yuan PS, Fitzhenry LN, Vaccaro AR.
Nucleus pulposus replacement: An emerging technology. Spine
J 2005;5:317S-3248S.

Coric D, Mummaneni PV. Nucleus replacement technologies.
J Neurosurg Spine 2008;8:115-120.

Leckie S, Kang J. Recent advances in nucleus pulposus replace-
ment technology. Curr Orthop Pract 2009;20:222-226.

Husson JL, Scharer N, Le Nihouannen JC, Freudiger S, Baum-
gartner W, Polard JL. Nucleoplasty during discectomy: Concept
and experimental study. Rachis 1997;9:145-152.

Schonmayr R, Busch C, Lotz C. Prosthetic disc nucleus implants;
the Wiesbaden feasibility study. 2 years follow-up in ten
patients. Riv Neuroradiol 1999;12(Suppl 1):163-170.

Ray CD. The PDN prosthetic disc-nucleus device. Eur Spine J
2002;11(Suppl 2):S137-S142.

Bertagnoli R, Schonmayr R. Surgical and clinical results with the
PDN prosthetic disc-nucleus device. Eur Spine J 2002;11(Suppl
2):S143-S148.

Schonmayr R. The PDN disc nucleus prosthesis: Experiences,
technical considerations, and clinical results 5 years after the
first implantation. In: Kaech DL, Jinkins JR, editors. Spinal Resta-
bilisation Procedures. Amsterdam: Elsevier; 2002. pp 283-292.

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH B: APPLIED BIOMATERIALS | MONTH 2012 VOL 00B, ISSUE 00 15



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

16

Shim CS, Lee SH, Park CW, Choi WC, Choi G, Choi WG, Lim SR,
Lee HY. Partial disc replacement with the PDN prosthetic disc
nucleus device: Early clinical results. J Spinal Disord Tech 2003;
16:324-330.

Jin D, Qu D, Zhao L, Chen J, Jiang J. Prosthetic disc nucleus (PDN)
replacement for the lumbar disc herniation: Preliminary report with
six months’ follow-up. J Spinal Disord Tech 2003;16:331-337.
Bertagnoli R, Vavquez RJ. The Anterolateral transPsoatic
Approach (ALPA): A new technique for implanting prosthetic
disc nucleus devices. J Spinal Disord Tech 2003;16:398-404.
Pappou |, Cammisa F Jr, Papadopoulos E, Frelinghuysen P, Gir-
ardi F. Screening for nuclear replacement candidates in patients
with lumbar degenerative disc disease. SAS J 2008;2:114-119.
DiMarcantonio T. Researchers aim for US approval of next-gen-
eration prosthetic disc nucleus. Orthop Today 2006;26:24.

Kettler A, Kaps H-P, Haegele B, Wilke H-J. Biomechanical behav-
ior of a new nucleus prosthesis made of knitted titanium fila-
ments. SAS J 2007;1:125-130.

Butterman GR, Beaubien BP. Stiffness of prosthetic nucleus
determines stiffness of reconstructed lumbar calf disc. Spine J
2004;4:265-274.

Bertagnoli R, Sabatino CT, Edwards JT, Gontarz GA, Prewett A,
Parsons JR. Mechanical testing of a novel hydrogel nucleus
replacement implant. Spine J 2005,5:672-681.

Bao Q-B, Songer M, Pimenta L, Werner D, Reyes-Sanchez A, Bal-
sano M, Agrillo U, Coric D, Davenport K, Yuan H. Nubac disc
arthroplasty: Preclinical studies and preliminary safety and effi-
cacy evaluations. SAS J 2007;1:36-45.

Balsano M, Zachos A, Ruggiu A, Barca F, Tranquilli-Leali P, Doria
C. Nucleus disc arthroplasty with the NUBAC™ device: 2-year
clinical experience. Eur Spine J 2011;20(Suppl 1):36-40.
Berlemann U, Schwarzenbach O. An injectable nucleus replace-
ment as an adjunct to microdiscectomy: 2 year follow-up in a
pilot clinical study. Eur Spine J 2009;18:1706-1712.

Allen MJ, Schoonmaker JE, Bauer TW, Williams PF, Higham PA,
Yuan HA. Preclinical evaluation of a poly (vinyl alcohol) hydrogel
implant as a replacement for the nucleus pulposus. Spine 2004;
29:515-523.

Tsantrizos A, Ordway NR, Myint K, Martz E, Yuan HA. Mechani-
cal and biomechanical characterization of a polyurethane nu-
cleus replacement device injected and cured in situ within a
balloon. SAS J 2008;2:28-39.

ASTM. Standard test methods for rubber properties in compres-
sion. ASTM D575-91(2007). West Conshohocken, PA: ASTM
International; 2010.

ASTM. Standard test method for Young’'s modulus, tangent
modulus, and chord modulus. ASTM E111-04(2010). West Con-
shohocken, PA: ASTM International; 2010.

ASTM. Standard test method for shear strength of plastics by
punch tool. ASTM D732-10. West Conshohocken, PA: ASTM
International; 2010.

ASTM. Standard practice for conducting force controlled con-
stant amplitude axial fatigue tests of metallic materials. ASTM
E466-07. West Conshohocken, PA: ASTM International; 2010.
ASTM. Standard practice for verification of constant amplitude
dynamic forces in an axial fatigue testing system. ASTM E467-
08. West Conshohocken, PA: ASTM International; 2010.

ASTM. Standard practice for presentation of constant amplitude
fatigue test results for metallic materials. ASTM E468-
90(2004)e1. West Conshohocken, PA: ASTM International; 2010.
Kitchell SH, Cappello J. Injectable biomaterials for augmentation
of the nucleus pulposus. Eur Spine J 2003;12(Suppl 1):S65-S66.
Cartwright K, Devine J. Investigation into the effect of g steriliza-
tion (200 kGy) and accelerated aging on the properties of PEEK-
Optima. Technical Report. West Conshohocken, PA: Invibio; 2005.
International Organization for Standardization. Implants for sur-
gery—Wear of total intervertebral spinal disc prostheses. |. Loading
and displacement parameters for wear testing and corresponding
environmental conditions for tests. ISO 18192-1. 2004, Geneva,
Switzerland.

Boyd LM, Carter AJ. Injectable biomaterials and vertebral end-
plate treatment for repair and regeneration of the intervertebral
disc. Eur Spine J 2006;15(Suppl 3):S414-S421.

LEWIS

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Meakin JR, Reid JE, Hukins DWL. Replacing the nucleus pulpo-
sus of the intervertebral disc. Clin Biomech 2001;16:560-565.
Joshi A, Mehta S, Vresilovic E, Karduna A, Marcolongo M. Nu-
cleus implant parameters significantly change the compressive
stiffness of the human lumbar intervertebral disc. J Biomech
Eng 2005;127:536-540.

Qu DB, Zhao L, Jin DD. Effect of prosthetic nucleus pulposus
replacement on stress distributions of lumbar disc endplate.
Zhong Wai Ke Za Zhi 2008;46:354.

Meakin JR, Hukins DWL. Replacing the nucleus pulposus of the
intervertebral disk: Prediction of suitable properties of a replace-
ment material using finite element analysis. J Mater Sci: Mater
Med 2001;12:207-213.

Joshi A, Massey CJ, Karduna A, Vresilovic E, Marcolongo M.
The effect of nucleus implant parameters on the compressive
mechanics of the lumbar intervertebral disc: A finite element
study. J Biomed Mater Res Part B: Appl Biomater 2009;90:
596-607.

Cowin SC. Bone Mechanics Handbook, 2nd ed. Boca Raton, FL:
CRC Press;2001.

Rho RY. Ultrasonic methods for evaluating mechanical proper-
ties of bone. In: An YH, Draughn RA, editors. Mechanical Testing
of Bone and Bone-Implant Interface. Boca Raton, FL: CRC Press;
2000; pp. 357-383.

Boelen EJH, van Hooy-Corstjens CSJ, Bulstra SK, van Ooij A,
van Rhijn LW, Koole LH. Intrinsically radiopaque hydrogels for
nucleus pulposus replacement. Biomaterials 2005;26:6674-6683.
Joshi A, Fussell G, Thomas J, Hsuan A, Lowman A, Karduna A,
Vresilovic E, Marcolongo M. Functional compressive mechanics
of a PVA/PVP nucleus pulposus replacement. Biomaterials 2006;
27:176-184.

Vernengo J, Fussell GW, Smith NG, Lowman AM. Evaluation of
novel injectable hydrogels for nucleus pulposus replacement. J
Biomed Mater Res Part B: Appl Biomater 2008;84:64-69.

Bader RA, Rochefort WE. Rheological characterization of photo-
polymerized poly(vinyl alcohol) hydrogels for potential use in
nucleus pulposus replacement. J Biomed Mater Res A 2008;86:
494-501.

Cloyd JM, Malhotra NR, Weng L, Chen W, Mauck RL, Elliott DM.
Material properties in unconfined compression of human nu-
cleus pulposus, injectable hyaluronic acid-based hydrogels and
tissue engineering scaffolds. Eur Spine J 2007;16:1892-1898.
Boelen EJH, Koole LH, van Rhijn LW, van Hooy-Corstjens CSJ.
Towards a functional radiopaque hydrogel for nucleus pulposus
replacement. J Biomed Mater Res Part B: Appl Biomater 2007;
83:440-450.

Leone G, Torricelli P, Chiumiento A, Facchini A, Barbucci R.
Amidic alginate hydrogel for nucleus pulposus replacement. J
Biomed Mater Res A 2007;84:391-401.

Hendry NGC. The hydration of the nucleus pulposus and its rela-
tion to intervertebral disc derangement. J Bone Joint Surg 1958;
40:132-144.

Vernengo J, Fussell GW, Smith NG, Lowman AM. Synthesis and
characterization of injectable bioadhesive hydrogels for nucleus
pulposus replacement and repair of the damaged intervertebral
disc. J Biomed Mater Res Part B: Appl Biomater 2010;93:
309-317.

Borges AC, Bourban P-E, Pioletti DP, Manson J-AE. Curing
kinetics and mechanical properties of a composite hydrogel for
replacement of the nucleus pulposus. Compos Sci Technol 2010;
70:1847-1853.

Masuda K, Oegema TR Jr, An HS. Growth factors and treatment
of intervertebral disc degeneration. Spine 2004;29:2757-2769.

An HS, Thonar EJ, Masuda K. Biologic repair of intervertebral
disc. Spine 2003;28:5S86-S92.

Klein RG, Eck BC, O'Neill CW, Elin C, Mooney V, Derby RR. Bio-
chemical injection treatment for discogenic low back pain: A
pilot study. Spine J 2003;3:220-226.

Kawakami M, Matsumoto T, Hashizume H, Kuribayashi K, Chu-
binskaya S, Yoshida M. Osteogenic protein-1 (osteogenic pro-
tein-1/bone morphogenetic protein-7) inhibits degeneration and
pain-related behavior induced by chronically compressed nu-
cleus pulposus in the rat. Spine 2005;30:1933-1939.

NULEUS PULPOSUS REPLACEMENT OR REGENERATION TECHNOLOGIES



102.

103.

104.

105.

106.

107.

108.

109.

110.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Cui M, Wan Y, Anderson DG, Shen FH, Leo BM, Laurencin CT,
Balian G, Li X. Mouse growth and differentiation factor-5 protein
and DNA therapy potentiates intervertebral disc cell aggregation
and chondrogenic gene expression. Spine J 2008;8:287-295.
Levicoff EA, Kim JS, Sobajima S, Wallach CJ, Larson JW I,
Robbins PD, Xiao X, Juan L, Vadala G, Gilbertson LG, Kang JD.
Safety assessment of intradiscal gene therapy llI: Effect of dosing
and vector choice. Spine 2008;33:1509-1516.

Levicoff EA, Gilbertson LG, Kang JD. Gene therapy for disc
repair. Spine J 2005;5:287S-2968S.

Wallach CJ, Sobajima S, Watanabe Y, Kim JS, Georgescu HI, Rob-
bins P, Gilbertson LG, Kang JD. Gene transfer of the catabolic in-
hibitor TIMP-1 increases measured proteoglycans in cells from
degenerated human intervertebral discs. Spine 2003;28:2331-2337.
Li S, Wu SP, Whitmore M, Loeffert EJ, Wang L, Watkins SC, Pitt
BR, Huang L. Effect of immune response on gene transfer to the
lung via systemic administration of cationic lipidic vectors. Am J
Physiol 1999;276:L796-L804.

Mahato RI, Kawabata K, Takakura Y, Hashida M. In vivo disposi-
tion characteristics of plasmid DNA complexed with cationic lip-
osomes. J Drug Target 1995;3:149-157.

Li S, Huang L. Nonviral gene therapy: Promises and challenges.
Gene Ther 2000;7:31-34.

Reinecke JA, Wehling P, Robbins P, Evans CH, Sager M,
Schulze-Allen G, Koch H. In vitro transfer of genes in spinal tis-
sue. Z Orthop Ihre Grenzgeb 1997;135:412-416.

Wehling P, Schulitz KP, Robbins PD, Evans CH, Reinecke JA.
Transfer of genes to chondrocytic cells of the lumbar spine. Pro-
posal for a treatment strategy of spinal disorders by local gene
therapy. Spine 1997;22:1092-1097.

. Gardlik R, Palffy R, Hodosy J, Lukacs J, Turna J, Celec P. Vectors

and delivery systems in gene therapy. Med Sci Monit 2005;11:
RA110-RA121.

Latterman C, Oxner WM, Xiao X, Li J, Gilbertson LG, Robbins
PD, Kang JD. The adeno associated viral vector as a strategy for
intradiscal gene transfer in immune competent and pre-exposed
rabbits. Spine 2005;30:497-504.

Sato M, Asazuma T, Ishihara M, Kikuchi T, Kikuchi M, Fujikawa
K. An experimental study of the regeneration of the interverte-
bral disc with an allograft of cultured annulus fibrosus cells
using a tissue-engineering method. Spine 2003;28:548-553.

Sato M, Asazuma T, Ishihara M, Kikuchi T, Masuoka K, Ichimura
S, Kikuchi M, Kurita A, Fujikawa K. An atelocollagen honey-
comb-shaped scaffold with a membrane seal (ACHMS-scaffold)
for the culture of annulus fibrosus cells from an intervertebral
disc. J Biomed Mater Res A 2003;64:248-256.

Sato M, Kikuchi M, Ishihara M, Asazuma T, Kikuchi T, Masuoka
K, Hattori H, Fujikawa K. Tissue engineering of the intervertebral
disc with cultured annulus fibrosus cells using atelocollagen
honeycomb-shaped scaffold with a membrane seal (ACHMS-
scaffold). Med Biol Eng Comput 2003;41:365-371.

Chiba K, Andersson GB, Masuda K, Thonar EJ. Metabolism of
the extracellular matrix formed by intervertebral disc cells cul-
tured in alginate. Spine 1997;22:2885-2893.

Sakai D, Mochida J, lwashina T, Watanabe T, Suyama K, Ando
K. Atelocollagen for culture of human nucleus pulposus cells in
forming nucleus pulposus-like tissue in vitro: Influence on the
proliferation and proteoglycan production of HNPSV-1 cells. Bio-
materials 2006;27:346-353.

Revell PA, Damien E, Di Silvio L, Gurav N, Longinotti C, Ambrosio
J. Tissue engineered intervertebral disc repair in the pig using
injectable polymers. J Mater Sci: Mater Med 2007;18:303-308.
Mwale F, lordanova M, Demers CN, Steffen T, Roughley P, Anto-
niou J. Biological evaluation of chitosan salts cross-linked to
genipin as a cell scaffold for disk tissue engineering. Tissue Eng
2005;11:130-140.

Bron JL, Koendennik GH, Everts V, Smit TH. Rheological charac-
terization of the nucleus pulposus and dense collagen scaffolds
intended for functional replacement. J Orthop Res 2009;27:
620-626.

. Rong Y, Sugumaran G, Silbert J, Spector M. Proteoglycans syn-

thesized by canine intervertebral disc cells grown in a type | col-
lagen-glycosaminoglycan matrix. Tissue Eng 2002;8:1037-1047.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

REVIEW ARTICLE

Alini M, Wei |, Markovic P. The potential and limitations of a
cell-seeded collagen/hyaluronan scaffold to engineer an interver-
tebral disc-like matrix. Spine 2003;28:446-454.

Yang S-H, Chen P-Q, Chen Y-F, Lin F-H. An in vitro study on
regeneration of human nucleus pulposus by using gelatin/chon-
roitin-6-sulfate/hyaluronan tri-copolymer scaffold. Artif Organs
2005;29:806-814.

Halloran DO, Grad S, Stoddart M, Dockery P, Alini M, Pandit AS.
An injectable cross-linked scaffold for nucleus pulposus regener-
ation. Biomaterials 2008;29:438-447.

Mercuri JJ, Gill SS, Simionescu DT. Novel tissue-derived biomi-
metic scaffold for regenerating the human nucleus pulposus. J
Biomed Mater Res A 2011;96:422-435.

Richardson SM, Hughes N, Hunt JA, Freemont AJ, Hoyland JA.
Human mesenchymal stem cell differentiation to NP-like cells in
chitosan-glycerophospate hydrogels. Biomaterials 2008;29:85-93.
Roughley P, Hoemann C, DesRosiers E, Mwale E, Antoniou J,
Alini M. The potential of chitosan-based gels containing interver-
tebral disc cells for nucleus pulposus supplementation. Biomate-
rials 2006;27:388-396.

Su W-Y, Chen Y-C, Lin F-H. Injectable oxidized hyaluronic acid/
adipic acid dihydrazide hydrogel for nucleus pulposus regenera-
tion. Acta Biomater 2010;6:3044-3055.

Collin EC, Grad S, Zeugolis DI, Vinatier CS, Clouet JR, Guicheux
JJ, Weiss P, Alini M, Pandit A. An injectable vehicle for nucleus
pulpous cell-based therapy. Biomaterials 2011;32:2862-2870.
Gruber HE, Johnson TL, Leslie K, Ingram JA, Martin D,
Hoelscher G, Banks D, Phieffer L, Coldham G, Hanley EN Jr. Au-
tologous intervertebral disc cell implantation: A model using
Psammomys obesus, the sand rat. Spine 2002;27:1626-1633.
Ganey TM, Meisel HJ. A potential role for cell-based therapeu-
tics in the treatment of intervertebral disc herniation. Eur Spine
J 2002;11(Suppl 2):S206-S214.

Yamamoto Y, Mochida J, Sakai D, Nakai T, Nishimura K,
Kawada H, Hotta T. Upregulation of the viability of nucleus pul-
posus cells by bone marrow-derived stromal cells: Significance
of direct cell-to-cell contact in co-culture system. Spine 2004;29:
1508-1514.

Richardson SM, Walker RV, Parker S, Rhodes NP, Hunt JA, Free-
mont AJ, Hoyland JA. Intervertebral disc cell-mediated mesen-
chymal stem cell differentiation. Stem Cells 2005;24:707-716.
Sakai D, Mochida J, lwashina T, Watanabe T, Nakai T, Ando K,
Hotta T. Differentiation of mesenchymal stem cells transplanted
to a rabbit degenerative disc model: Potential and limitations for
stem cell therapy in disc regeneration. Spine 2005;30:2379-2387.
Hiyama A, Mochida J, Iwashina T, Omi H, Watanabe T, Serigano
K, Tamura F, Sakai D. Transplantation of mesenchymal stem
cells in a canine disc degeneration model. J Orthop Res 2008;26:
589-600.

Vadala G, Studer RK, Sowa G, Spiezia F, Incu C, Denaro V, Gil-
bertson LG, Kang JD. Co-culture of bone marrow mesenchymal
stem cells and nucleus pulposus cells modulate gene expression
profile without cell fusion. Spine 2008;33:870-876.

Allon AA, Schneider RA, Lotz JC. Co-culture of adult mesenchy-
mal stem cells and nucleus pulposus cells in bi-laminar pellets
for intervertebral disc regeneration. SAS J 2009;3:41-49.

Wei A, Chung SA, Tao H, Brisby H, Lin Z, Shen B, Ma DDF,
Diwan AD. Differentiation of rodent bone-marrow mesenchymal
stem cells into intervertebral disc-like cells following co-culture
with rat disc tissue. Tissue Eng A 2009;15:2581-2593.

Zuk PA, Zhu M. Multilineage cells from human adipose tissue:
Implications for cell-based therapies. Tissue Eng 2001;7:211-228.
Brisby H, Tao H, Mia DD, Diwan AD. Cell therapy for disc degen-
eration potentials and pitfalls. Orthop Clin North Am 2004;35:
85-93.

Li X, Lee JP, Balian G, Greg Anderson D. Modulation of chon-
drocytic properties of fat-derived mesenchymal cells in co-cul-
tures with nucleus pulposus. Connect Tissue Res 2005;46:75-82.
Lu ZF, Doulabi BZ, Wuisman PIm Bank RA, Helder MN. Differen-
tiation of adipose stem cells by nucleus pulposus cells: Configu-
ration effect. Biochem Biophys Res Commun 2007;359:991-996.
Gaetani P, Torre MI, Klinger M, Faustini M, Crovato F, Bucco M,
Marazzi M, Chlapanidas T, Levi D, Tancioni F, Vigo D, Rodriguez y

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH B: APPLIED BIOMATERIALS | MONTH 2012 VOL 00B, ISSUE 00 17



144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

18

Baena R. Adipose-derived stem cell therapy for intervertebral disc
regeneration: Reconstructed tissue in alignate capsules. Tissue
Eng A 2008;14:1415-1423.

Feng G, Wan Y, Balian G, Laurencin CT, Li X. Adeno-virus-medi-
ated expression of growth and differentiation factor-5 promotes
chondrogenesis of adipose stem cells. Growth Factors 2008;26:
132-142.

Rada T, Reis RL, Gomes ME. Adipose tissue-derived stem cells
and their applications in bone and cartilage tissue engineering.
Tissue Eng Part B: Rev 2009;15:113-125.

Kopecek J, Yang J. Hydrogels as smart materials. Polym Int
2007,56:1078-1098.

Matyjaszewski K, Davis TP, editors. Handbook of Radical Poly-
merization. New York: Wiley; 2002.

Okumura Y, Ito K. The polyrotaxane gels: A topological gel by
figure-of-eight cross-links. Adv Mater 2001;13:485-487.

Gong JP, Katsuyama Y, Kurokawa T, Osada Y. Double-network
hydrogels with extremely high mechanical strength. Adv Mater
2003;15:1155-1158.

Haraguchi K, Takehisa T. Nanocomposite hydrogels: A unique
organic-inorganic network structure with extraordinary mechani-
cal, optical, and swelling/de-swelling properties. Adv Mater
2002;14:1120-1124.

Nowak AP, Breedveld V, Pakstis L, Ozbas B, Pine DJ, Pochan D,
Deming TJ. Rapidly recovering hydrogel scaffolds from self-
assembling diblock copolypeptide amphiphiles. Nature 2002;417:
424-428.

Freemont TJ, Saunders BR. pH-responsive microgel dispersions
for repairing damaged load-bearing soft tissue. Soft Mater 2008;
4:919-924.

Shen W, Kornfeld JA, Tirrell DA. Structure and mechanical prop-
erties of artificial protein hydrogels assembled through aggrega-
tion of leucine zipper domains. Soft Mater 2007;3:99-107.
Murakami Y, Maeda M. DNA-responsive hydrogels that can
shrink or swell. Biomacromolecules 2005;6:2927-2929.

Yasuda K, Gong JP, Katsuyama Y, Nakayama A, Tanabe Y,
Kondo E, Ueno M, Osada Y. Biomechanical properties of high-
toughness dual-network hydrogels. Biomaterials 2005;26:
4468-4475.

Azuma C, Yasuda K, Tanabe Y, Taniguro H, Kanaya F, Nakayama
A, Chen YM, Gong JP, Osada Y. Biodegradation of high-tough-
ness double-network hydrogels as potential materials for articu-
lar cartilage. J Biomed Mater Res A 2007;81: 2007;373-380.
Tanabe Y, Yasuda K, Azuma C, Taniguro H, Onodera S, Suzuki A,
Chen YM, Gong JP, Osada Y. Biological responses of novel high-
toughness double-network hydrogels in muscle and the subcuta-
neous tissues. J Mater Sci: Mater Med 2008;19:1379-1387.
Laumard NV, Bauman JA, Weisshaar CL, Guarino BB, Welch
WC, Winkelstein BA. Contact pressure in the facet joint during
sagittal bending of the cadaveric cervical spine. J Biomech Eng
2011;133:071004-1-071004-9.

Lewis G. Contact stress at articular surfaces in total joint replace-
ments. |. Experimental methods. Biomed Mater Eng 1998;8:
91-110.

Wendell B, Rietzel D, Kuhnlein F, Feulner G, Hulder G, Schmach-
tenberg E. Additive processing of polymers. Macromol Mater
Eng 2008;293:799-809.

Liska R, Schuster M, Infuhr R, Tureeek C, Fritscher C, Seidi B,
Schmidt V, Kuna L, Haase A, Varga F. Photopolymers for rapid
prototyping. J Coat Technol Res 2007;4:505-510.

de Zee M, Hansen L, Wong C, Rasmussen J, Simonsen EB. A
generic detailed rigid-body lumbar spine model. J Biomech
2007;40:1219-1227.

Ramsay JW, Hunter BV, Gonzalez RV. Muscle moment arm and
normalized moment contributions as reference data for muscu-
loskeletal elbow and wrist joint models. J Biomech 2009;42:
463-473.

Vasavada AN, Li S, Delp SL. Influence of muscle morphometry
and moment arms on the moment-generating capacity of
human neck muscles. Spine 1998;23:412-422.

Christophy M, Senan NAF, Lotz JC, O'Reilly OM. A musculoskel-
etal model for the lumbar spine. Biomech Model Mechanobiol
2012;11:19-34.

LEWIS

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Tchako A, Sadegh A. Stress changes in intervertebral discs of
the cervical spine due to partial discectomies and fusion. J Bio-
mech Eng 2009;131:051013-1-051013-11.

Ulrich D, van Rietbergen B, Laib A, Ruegsegger P. The ability of
three-dimensional structural indices to reflect mechanical
aspects of trabecular bone. Bone 1999;25:55-60.

Kumaresan S, Yoganandan N, Pintar FA. Finite element analysis
of anterior cervical spine interbody fusion. Biomed Mater Eng
1997,7:221-230.

Schmidt H, Heuer F, Simon U, Kettler A, Rohlmann A, Claes L,
Wilke H-J. Application of a new calibration method for a three-
dimensional finite element model of a human lumbar annulus
fibrosus. Clin Biomech 2006;21:337-344.

Ha SK. Finite element modeling of multi-level cervical spinal
segments (C3-C6) and biomechanical analysis of an elastomer-
type prosthetic disc. Med Eng Phys 2006;28:534-541.

Noailly J, Wilke H-J, Planell JA, Lacroix D. How does the geome-
try affect the internal biomechanics of a lumbar spine bi-seg-
ment finite element model? Consequences on the validation
process. J Biomech 2007;40:2414-2425.

Yoganandan N, Kumaresan SC, Voo L, Pintar FA, Larson SJ. Fi-
nite element modeling of the C4-C6 cervical spine unit. Med Eng
Phys 1996;16:569-574.

Lin C-Y, Kang H, Rouleau JP, Hollister SJ, La Marca F. Stress anal-
ysis of the interface between cervical vertebrae end plates and the
Bryan, Prestige LP, and ProDisc-C cervical prostheses: An in vitro
image-based finite element study. Spine 2009;34:1554-1560.
Schmidt H, Kettler A, Rohlmann A, Claes L, Wilke H-J. The risk
of disc prolapses with complex loading in different degrees of
disc degeneration- a finite element analysis. Clin Biomech 2007;
22:988-998.

Kim YE, Goel VK, Weinstein JN, Lim T-H. Effect of disc degener-
ation at one level on the adjacent level in axial mode. Spine
1991;16:331-335.

Urayama K, Takigawa T, Masuda T. Poisson’s ratio of poly (vinyl
alcohol) gels. Macromolecules 1993;26:3092-3096.

Johnson HD, Beebe DJ, Crone WC. Effects of swelling on the
mechanical properties of a pH-sensitive hydrogel for use in
microfluidic devices. Mater Sci Eng C 2004;24:578-581.

Takigawa T, Yamasaki S, Uyarama K, Takahashi M, Masuda T.
Stress-strain behavior of segmented polyurethanes under pure
shear deformation. Rheol Acta 1996;35:288-295.

Argoubi M, Shirazi-Adl A. Poroelastic creep response analysis of
a lumbar motion segment in compression. J Biomech 1996;29:
1331-1339.

Natarajan RN, William JR, Lavender SA, An HS, Anderson GB.
Relationship between disc injury and manual lifting: A poroelas-
tic finite element model study. Proc Inst Mech Eng [H] 2008;222:
195-207.

Thompson JP, Pearce RH, Schechter MT, Adams ME, Tsang IK,
Bishop PB. Preliminary evaluation of a scheme for grading the
gross morphology of the human intervertebral disc. Spine 1990;
15:411-415.

Johannessen W, Elliot DM. Effects of degeneration on the bipha-
sic material properties of human nucleus pulposus in confined
compression. Spine 2005;30:E724-E729.

latridis JC, Setton LA, Foster RJ, Rawlins BA, Weidenbaum M,
Mow VC. Degeneration affects the anisotropic and nonlinear
behaviors of human anulus fibrosus in compression. J Biomech
1998;31:535-544.

Gu WY, Mao XG, Foster RJ, Weidenbaum M, Mow VC, Rawlins
BA. The anisotropic hydraulic permeability of human lumbar
anulus fibrosus. Influence of age, degeneration, direction, and
water content. Spine 1999;24:2449-2455.

Lee KK, Teo EC. Poroelastic analysis of lumbar spinal stability in
combined compression and anterior shear. J Spinal Disord Tech
2004;17:429-438.

Walsh AJ, Bradford DS, Lotz JC. In vivo growth factor treatment
of degenerated intervertebral discs. Spine 2004;29:156-163.
Tomita M. Adipose-derived stem cells: Current findings and
future perspectives. Discov Med 2011;11:160-170.

Choi KS, Cohn MJ, Harfe BD. Identification of nucleus pulposus
precursor cells and notochordal remnants in the mouse:

NULEUS PULPOSUS REPLACEMENT OR REGENERATION TECHNOLOGIES



189.

190.

192.

193.

194.

195.

196.

197.

198.

199.

200.

202.

203.

Implications for disk regeneration and chordoma formation. Dev
Dyn 2008;237:3953-3958.

Murugesan S, Xie J, Linhardt RJ. Immobilization of heparin:
Approaches and applications. Curr Top Med Chem 2008;8:
80-100.

Li J, Zhu B, Shao Y, Liu X, Yang X, Yu Q. Construction of antico-
agulant poly (lactic acid) films via surface covalent graft of hepa-
rin-carrying microcapsules. Colloids Surf Biointerfaces 2009;70:
15-19.

. Oliveira JM, Costa SA, Leonor IB, Malafaya PB, Mano JF, Reis

RL. Novel hydroxyapatite/carboxymethylchitosan composite
scaffolds prepared through an innovative “autocatalytic: Electro-
less coprecipitation” route. J Biomed Mater Res A 2009;88:
470-480.

Ko Y-G, Kawazoe N, Tateishi T, Chen G. Preparation of chitosan
scaffolds with a hierarchical porous structure. J Biomed Mater
Res Part B: Appl Biomater 2010;93:341-350.

Wang J-Z, Huang X-B, Xiao J, Yu W-T, Wang W, Xie W-Y, Zhang
Y, Ma X-J. Hydro-spinning: A novel technology for making algi-
nate/chitosan fibrous scaffold. J Biomed Mater Res A 2010;93:
910-919.

Liu Y, Kim J-H, Young D, Kim S, Nishimoto SK, Yang Y. Novel
template-casting technique for fabricating p-tricalcium phos-
phate scaffolds with high interconnectivity and mechanical
strength and in vitro cell responses. J Biomed Mater Res A 2010;
92:997-1006.

Liu CZ, Xia ZD, Han ZW, Hudley PA, Triffitt JT, Czernuszka JT.
Novel 3D collagen scaffolds fabricated by indirect printing tech-
nique for tissue engineering. J Biomed Mater Res Part B: Appl
Biomater 2008;85:519-528.

Al-Ahmad A, Schubert C, Carvalho C, Thoman Y, Wittmer A,
Metzger M, Hellwig E, Swieszkowski W, Wiedmann-Al-Ahmad
M. Comparison of bacterial adhesion and cellular proliferation
on newly developed three-dimensional scaffolds manufactured
by rapid prototyping technology. J Biomed Mater Res A 2011;98:
303-311.

Yang HY, Thompson |, Yang SF, Chi XP, Evans JRG, Cook RJ.
Dissolution characteristics of extrusion freeformed hydroxyapa-
tite-tricalcium phosphate scaffolds. J Mater Sci: Mater Med 2008;
19:3345-3353.

Lim TC, Chian KS, Leong KF. Cryogenic prototyping of chitosan
scaffolds with controlled micro and macro architecture and their
effect on in vivo neo-vascularization and cellular infiltration. J
Biomed Mater Res A 2020;94:1303-1311.

Leong KF, Chua CK, Sudamadji N, Yeong WY. Engineering func-
tionally graded tissue engineering scaffolds. J Mech Behav
Biomed Mater 2008;1:140-152.

Thomas V, Zhang X, Catledge SA, Vohra YK. Functionally graded
electrospun scaffolds with tunable mechanical properties for
vascular tissue regeneration. Biomed Mater 2007;2:224-232.

. Oh SH, Park IK, Kim JM, Lee JH. In vitro and in vivo characteris-

tics of PCL scaffolds with pore size gradient fabricated by a cen-
trifugation method. Biomaterials 2008;28:1664-1671.

Ozkan S, Kalyon DM, Yu X. Functionally graded B-TCP/PCL nano-
composite scaffolds: In vitro evaluation with human fetal osteo-
blast cells for bone tissue engineering. J Biomed Mater Res A
2010;92:1007-1018.

Sherwood JK, Riley SL, Palazzolo R, Brown SC, Monkhouse DC,
Coates M, Griffith LG, Landeen LK, Ratcliffe A. A three-dimen-

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214,

215.

216.

217.

218.

219.

REVIEW ARTICLE

sional osteochondral composite scaffold for articular cartilage
repair. Biomaterials 2002;23:4739-4751.

Woodfield TBF, van Litterswijl CA, Riesle J, de Wijn J, Sims TJ, Hol-
lander AP. Polymer scaffolds fabricated with pore-size gradients as
a model for studying the zonal organization within tissue-engi-
neered cartilage constructs. Tissue Eng 2005;11:1297-1311.

Challis VJ, Roberts AP, Grotowski JF, Zhang L-C, Sercombe TB.
Prototypes for bone implant scaffolds designed via topology
optimization and manufactured by solid freeform fabrication.
Adv Eng Mater 2010;12:1106-1110.

de Amorin Almeida H, da Silva Bartolo PJ. Virtual topological
optimization of scaffolds for rapid prototyping. Med Eng Phys
2010;32:775-782.

Chen Y, Cadman J, Zhou S, Li Q. Computer-based design and
fabrication of bio-mimetic materials and scaffold micro-struc-
tures. Adv Mater Res 2011;213:628-632.

Yoon ST. Molecular therapy of the intervertebral disc. Spine J
2005;5:280S-286S.

An HS, Masuda K. Relevance of in vitro and in vivo models for
intervertebral disc degeneration. J Bone Joint Surg Am 2006;
88(Suppl 2):88-94.

Thompson JP, Oegema TR Jr, Bradford DS. Stimulation of
mature canine intervertebral disc by growth factors. Spine 1991;
16:253-260.

Mackay AM, Beck SC, Murphy JM, Barry FP, Chichester CO, Pit-
tenger MF. Chondrogenic differentiation of cultured human mes-
enchymal stem cells from marrow. Tissue Eng 1998;4:415-428.
Chujo T, An HS, Akeda K, Miyamoto K, Muehlenan C, Attaiwa
M, Andersson G, Masuda K. Effects of growth differentiation fac-
tor-5 on the intervertebral disc—In vitro bovine study and in
vivo rabbit disc degeneration model study. Spine 2006;31:
2909-2917.

Miyazaki T, Takeno K, Meir A, Urban J, Baba H. A phenotypic
comparison of proteoglycan production of intervertebral disc
cells isolated from rats, rabbits, and bovine tails: Which animal
model is most suitable to study tissue engineering and biologi-
cal repair of human disc disorders? Tissue Eng A 2009;15:
3835-3846.

Alini M, Eisentein SM, Ito K, Little C, Kettler AA, Masuda K, Mel-
rose J, Ralphs J, Stokes |, Wilke HJ. Are animal models useful
for studying human disc disorders/degeneration? Eur Spine J
2008;17:2-19.

Erwin WM, Inman RD. Notochord cells regulate intervertebral
disc chondrocyte proteoglycan production and cell proliferation.
Spine 2006;31:1094-1099.

Rodriguez R, Redman R. Balancing the generation and elimina-
tion of reactive oxygen species. Proc Natl Acad Sci USA 2005;
102:3175-3176.

Furusawa N, Baba H, Miyoshi N, Maezawa Y, Uchida K, Kokubo
Y, Fukuda M. Herniation of cervical intervertebral disc: Immuno-
histochemical examination and measurement of nitric oxide pro-
duction. Spine 2001;26:1110-1116.

Kohyama K, Saura R, Doita M, Mizuno K. Intervertebral disc cell
apoptosis by nitric oxide: Biological understanding of interverte-
bral disc degeneration. Kobe J Med Sci 2000;46:283-295.

Liu GZ, Ishihara H, Osada R, Kimura T, Tsuji H. Nitric oxide
mediates the change of proteoglycan synthesis in the human
intervertebral disc in response to hydrostatic pressure. Spine
2001;26:134-141.

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH B: APPLIED BIOMATERIALS | MONTH 2012 VOL 00B, ISSUE 00 19



