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Abstract Disc degeneration is a common disorder.
Although the back pain that can develop in association with
this is rarely life-threatening, the annual cost in terms of
morbidity, lost productivity, medical expenses and work-
ers’ compensation benefits is significant. Surgical
intervention as practised currently is directed towards
removing the damaged or altered tissue. Development of
new treatment modalities is critical as there is a growing
consensus that the strategies used currently for symptom-
atic degenerative disc disease may not be effective.
Accordingly, there is a need to develop an entirely new
way to treat this disorder; regenerative medicine and tissue
engineering approaches appear particularly promising in
this regard. This paper reviews some of the challenges that
currently are limiting the clinical application of this
approach to the treatment of disc degeneration.
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Introduction

The human spine consists of 33 vertebral bodies which
with the exception of Cl and C2, and the sacrum, are
separated by an intervertebral disc (IVD) [17]. This is a
specialized structure consisting of three interdependent
tissues, the annulus fibrosus (AF) and the nucleus pulposus
(NP) which are sandwiched in part between two cartilage
endplates (CEP) that are integrated to the adjacent vertebral
bodies [43, 104]. The outer annulus fibrosus is responsible
for withstanding tensile stresses primarily (circumferential,
longitudinal and torsion), the NP compressive stress and
the inner annulus a mixture of both [43, 104]. Together
these can handle more load than each tissue alone stressing
the importance of intact properly integrated structures. The
cartilage endplate plays a critical role in maintaining the
viability of nucleus pulposus cells [42, 74]. It also prevents
protrusion of the nucleus pulposus into the adjacent ver-
tebral body. Thus all three tissues are critical to the proper
functioning of the disc.

Disc degeneration is a common disorder. In an autopsy
study, 97% of individuals 50 years or older showed disc
degeneration, a disease process that involves the annulus
fibrosus, nucleus pulposus, and CEP [69]. The aetiology of
this disorder is unknown but may be due to the relative
avascularity of the tissue, mineralization of or trauma to the
cartilage endplate, mechanical factors, vertebral body
microfracture and loss of notochordal cells. Whatever the
exact pathway, disc degeneration is certainly associated
with aging and has a strong genetic component [1, 10, 96,
109, 115, 120]. The back pain that can develop either in
association with or as a result of this disease has a lifetime
prevalence of 80%. Approximately 1 in 50 Canadians
become disabled by back pain and 40% of all workplace
absences in Canada are due to back pain [46, 59, 86].
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Although back pain is rarely life-threatening, the annual
cost in terms of lost productivity, medical expenses and
workers’ compensation benefits was estimated at $50 bil-
lion in 1998 in the United States alone [27]. Surgical
intervention as practised currently is directed towards
removing the damaged or altered tissue. Discectomy,
which although may relieve pain, does not restore disc
height or its original load bearing capacity [83], the loss of
which has been implicated in the pathogenesis of this
disease. Spinal fusion, a commonly performed surgical
procedure (200,000 spinal fusions in 2002 in the US [16]),
is not an optimal treatment as it is not always successful
[53] and can result in limited flexibility, in addition to
possibly inducing degenerative changes in adjacent verte-
brae [48, 70, 79]. In an attempt to preserve motion, other
approaches have been developed [89] such as partial or
total disc replacement [53, 87, 103, 107, 119, 126]. As
there are numerous clinical contraindications to artificial
disc implant surgery and as the complications can be
catastrophic, the confirmation of the utility of this approach
awaits long term outcome data.

Tissue engineering and the intervertebral disc

New treatment modalities are critical as there is a growing
consensus that the strategies used currently for symptom-
atic degenerative disc disease are not effective.
Accordingly, there is a need to develop an entirely new
way to treat this disorder; regenerative medicine and tissue
engineering approaches appear particularly promising in
this regard [6, 19, 78, 89].

Cell-based therapies avoid the functional impact on the
adjacent tissues, in terms of the consequences of metal
fatigue and reaction to wear debris that can result after
prosthesis implantation, and importantly the regenerated
tissue can remodel and respond to load in a way synthetic
prostheses can not. Clearly unlike articulating joints, where
only cartilage and in some settings bone, need to be
repaired, in the disc there are three tissues, the nucleus
pulposus, annulus fibrosus, and the CEP, all of which can
be involved in the disease process, and may require repair.
This adds a level of complexity to biological disc repair.
Nevertheless there are now both animal and human studies
into cell therapies for the disc, suggesting that this
approach may be feasible. It has been shown that reinser-
tion of autologous nucleus pulposus cells or stem cells
delays degeneration in experimental models of disc
degeneration [32, 39, 65, 80, 98, 108] and injection of
autologous nucleus pulposus cells are being used in
humans with herniated discs [65]. However, it is not yet
clear what the optimal implant will be. For example it
could be that transplantation of tissue rather than cells may

be a better approach as a study in rabbits demonstrated that
insertion of nucleus pulposus tissue was more effective
than nucleus pulposus cells in delaying the development of
degenerative disc disease [77]. However, implantation of
cells alone, or even nucleus pulposus tissue, will not
reverse changes such as CEP calcification, which may be
the cause of the disease process nor will it be able to restore
structural functionality when all three tissues are degener-
ated. In these settings the optimal approach would be to
replace the entire disc. Furthermore, an IVD replacement
will restore load sharing and natural kinematics and so by
preserving spinal motion will prevent development of
adjacent segment disease. Thus, although repairing the
nucleus pulposus may be effective in the short term
replacement of the entire spinal unit may be necessary for
long-term efficacy in some settings.

IVD and vertebral body graft transplants have been used
successfully in animal models [26, 61, 81] and more
recently in humans [95] and serve as proof-of-concept for
biological disc replacement. As autografts are not an option
and use of allografts is limited by availability and their
ability to transmit disease, research groups have been
developing methods to generate a functional spinal unit
using tissue-engineering principles. Mizuno et al. have
generated a model of an intervertebral disc using nude mice
as the bioreactor. However, similar to many animal studies,
it has not been possible to translate this knowledge into
clinical practice [71, 72]. Others have taken a different
approach and are working towards generating an IVD in
vitro. For example, Kandel and co-workers have been able
to show that it is possible to form the inner portion of this
disc consisting of nucleus pulposus tissue adherent to a
subjacent layer of cartilaginous tissue (representing the
CEP), which is integrated with a biodegradable porous
bone substitute material [36, 101]. The bone substitute will
allow for fixation of the construct into the vertebral body
by bone ingrowth into the pores, not filled by cartilage,
following implantation. However, forming the multi-
lamellar annulus fibrosus has been more challenging
because of the complex organization of this tissue [82] but
ongoing studies (Fig. 1) suggest that this will be possible
via synthesis of aligned and oriented scaffolds. For exam-
ple, weaving or electrospinning can produce aligned fibres,
such as those found in natural annulus fibrosus (Fig. 1).
These techniques show promise for providing scaffolds
mimicking the highly organised natural annulus fibrosus
and in some settings can have mechanical properties
approximating that of a single annulus lamella (oriented
silk fibres or polyurethane naofibrous scaffolds; unpub-
lished data) [76].

At present there is no consensus as to which approach,
whether implantation of cells, tissues or an entire disc, will
be optimal. It is likely that the treatment offered will be
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Fig. 1 Annulus fibrosus tissue
engineering: a Scanning
electron micrograph showing
aligned electrospun
polyurethane nanofibrous
scaffold. b Annulus fibrosus
tissue formation (asterisk) in
vitro on aligned silk fibrous
scaffolds (filled triangle).
(Photographs courtesy of G.
Chang, R. Kandel et al.)

personalized to the individual and reflect the extent of
disease. For example when early symptomatic degenera-
tion is present and changes occur only in the nucleus
pulposus then it may be appropriate to use cells alone.
However, when the disease affects both the nucleus pul-
posus and annulus fibrosus, the use of cells or nucleus
pulposus alone is unlikely to be sufficient and in that set-
ting disc replacement may be more suitable. Clearly we are
only in the infancy of biological disc repair and more
studies are required before we can delineate the appropriate
treatment paradigm. Concomitant with these studies it will
also be important to understand the mechanism(s) leading
to back pain to ensure that biological treatment will be
effective in ameliorating this symptom.

Source of cells

One of the major issues limiting the clinical application of
biological disc repair is the identification of a suitable
source of cells. There are clearly many aspects to consider.
Should the cells be autologous, allogeneic or even xeno-
geneic? Should they be cultured extensively in vitro to
provide a large number of cells, or should they be primed
in any way or ‘conditioned’ by growing in an environment
similar to that into which they will be implanted? Should
the implanted cells be sourced from the same location that
we are trying to repair? Should stem cells be used and if so,
from what source: embryonic, or adult and if it is the latter
from which site should they be obtained bone marrow,
adipose tissue, or from some other location? As yet there is
no consensus of the optimal cell type or source, as each
potential option has some apparent limitations as discussed
below.

@ Springer

Disc cells

The intervertebral disc as a source of autologous cells
poses some difficulties, partly due to the low cell number
of the tissue (especially the nucleus pulposus), the variety
of cell phenotypes within the disc and also the difficulty of
accessing the cells. A biopsy of healthy disc from which to
extract the cells, as happens in autologous chondrocyte
implantation (ACI) for cartilage repair [20], would inevi-
tably mean puncturing the annulus fibrosus and nucleus
pulposus thereby damaging structures and thus mechanical
function. In addition, removal of disc tissue might be
likely to have detrimental effects and lead to further
nuclear degeneration, if the situation in the human
resembles several animal species where this is used as a
means to induce disc degeneration [5]. There are believed
to be at least two discrete populations of cells within the
adult human disc, the more fibroblastic cells of the annulus
fibrosus and the more rounded cells of the nucleus pul-
posus [93]. These two cell types differ considerably, not
only in their morphology, but also in their metabolism
[41]. In addition the cartilage endplate is likely to be
populated by another distinct cell type. Hence the
phenotype sought for cell therapy would ultimately depend
on what approach was being taken to tissue engineering
and what region(s) of the disc was to be repaired or
regenerated.

The viability and metabolic activity which could be
anticipated from adult human disc cells is another cause for
concern if autologous disc cells are to be used. A large
proportion of disc cells are reported to be dead or dying
[18], either via necrosis [114] or apoptosis [30]. Cell
senescence has been demonstrated as a frequent occurrence
in adult human disc cells [30, 31, 56, 92], a phenomenon
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which is known to alter cell metabolism, often unfavour-
ably. Interestingly, a recent study demonstrated that matrix
retention by nucleus pulposus cells obtained from cows
(adolescent) is impaired compared to those obtained from
younger animals (calves). Furthermore disc cell matrix
gene expression is decreased. If these changes occur in
human cells as well, the use of disc cells could be limited
[52].

Stem cells

Autologous stem cells could be obtained from bone
marrow (marrow stromal cells, MSCs) or adipose tissue
(adipose-derived stem cells; ADSC) or possibly other
tissues [4, 15, 127]. MSCs are known to have the
capability to differentiate into several different cell types
including hyaline cartilage, bone, adipose tissue or mus-
cle. There is little known about the characteristic
molecular profile of the AF and nucleus pulposus cells so
it is not known whether MSCs can differentiate into the
disc cell phenotypes. Steck et al. has suggested that
MSCs can adopt a gene expression profile resembling
native disc cells but the molecules they examined for are
also found in cartilage tissue [111]. Co-culturing MSC
with disc cells appears to speed up the conversion to a
chondrogenic/discogenic phenotype [57, 90, 118], possi-
bly via paracrine effects or cell-cell interactions. The
effect of implantation of MSCs or adipose derived stem
cells have been studied in vivo in animal models and
appear promising but have not as yet been used to repair
human discs [97, 108, 125]. Haematopoetic precursor
stem cells, however, have been used clinically. Cells
isolated from bone marrow (but with no characterisation
of the cells) were injected into human discs of indivi-
duals with discogenic pain [38]. This treatment was
followed by 2 weeks of hyperbaric oxygen therapy,
nominally to improve the oxygen supply to the implanted
cells. Twelve months following treatment there was no
relief in back pain in the treated patients and 75% pro-
gressed to a spinal fusion indicating that these are not
likely to be an appropriate source of cells. Embryonic
stem cells (hESC) have the capacity to produce inter-
vertebral disc tissue, though very little work has been
carried out in this area. It is obviously a source of cells
totally unacceptable to a large proportion of the world’s
population, due to religious and ethical reasons [4]. Stem
cells from umbilical cord blood may be more acceptable,
and increasingly available as cord blood banks are
established, but again little is known about their capacity
to undertake a disc cell phenotype [15]. Similarly
inducible progenitor cells hold much promise but their
role in disc tissue engineering has not yet been investi-
gated [75, 124].

Notochordal cells

Another group of cells which have been investigated in
terms of tissue engineering, is notochordal cells. These cells
are present in the embryonic human nucleus pulposus [44].
Soon after birth, however, the number diminishes very
rapidly in humans and by early adulthood they have virtually
disappeared. In contrast, in some animals, such as rabbits
and rodents, they are present throughout life [5]. Some
breeds of dogs which do not present commonly with disc
prolapse and degenerative disc disease, non-chondrodys-
trophoid dogs, also retain notochordal cells all through
adulthood. This, together with the fact that they have been
shown to stimulate the production of proteoglycans when
co-cultured with mature nucleus pulposus cells [3], has
given rise to a belief that they may be a useful cell type to
consider in disc tissue engineering. In reality, however, there
is no human source for these cells readily available [44].

Identification of disc cells

Research into directing stem cells or notochordal cells
towards a discogenic phenotype is hindered by lack of
specific markers which can distinguish nucleus pulposus
(or even annulus fibrosus or CEP) cells from articular
chondrocytes or nucleus cells from annulus cells [23, 58].
Markers commonly used for showing conversion of stem
cells to a disc cell phenotype are expression of aggrecan
and type II collagen and of SOX-9 [91]; these are no dif-
ferent, however, from those used to identify articular
chondrocytes. Other markers such as HIF-1o and GLUT-1
expression have been suggested but these are constitutively
expressed by most cell types and their use as markers for
disc cells has not been validated, nor have other markers
which have been suggested such as CD-44 and cytokeratin
[58, 85, 91]. It is important that cells used for repairing the
disc differentiate to the correct phenotype as even though
the major macromolecular components of the nucleus
pulposus, cartilage endplate and articular cartilage are very
similar, the organisation of the extracellular matrix and
their biomechanical properties are very different in the
three tissues. Several groups are currently searching for
specific markers to identify disc cell phenotypes but whe-
ther these will be the same across species remains to be
seen. This is particularly important as factors such as
co-culture, growth factors and/or mechanical stresses could
be used to influence stem cell differentiation to disc cells,
as has been done for chondrocytes. However, as we have
not yet delineated characteristic biomarkers of either the
annulus fibrosus or nucleus pulposus phenotypes we do not
yet know which factors will be effective in influencing
differentiation into disc cells.
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Expansion of cell number and in vitro culture

In cell therapies for other musculoskeletal tissues the
number of cells introduced per defect is in the range of 5—
10 million cells [7]. If similar numbers of cells are
required for cell therapy of one disc there would be a
requirement to expand cells in culture, both MSC or dif-
ferentiated cells, typically by growing them in monolayer
to encourage cell proliferation. In ACI the number of
passages is restricted to 2, or at maximum to 3 (repre-
senting approximately 3—-6 population doublings), prior to
cell implantation. This could be difficult to accomplish for
autologous disc cell therapy, due to the low cell density in
the tissue. If nucleus pulposus cells are being cultured in
monolayer then there is likely to be divergence from the
nucleus pulposus phenotype, with increasing culture time
in monolayer which might alter the way the cells behaved
when re-implanted into the disc. Simply changing the
morphology of the cells in vitro (from rounded in vivo to
flattened cells in monolayer) leads to dedifferentiation and
alters matrix production [41]. Mignotte et al. [68] has also
shown that cells can dedifferentiate in regard to energy
metabolism when cultured in monolayer; however, what
happens when these cells are then placed in a 3D culture is
not known.

There are additional concerns with extensive culture and
population doublings in that cells can become senescent or
the cell karyotype can even become altered. For example, a
subpopulation of cells in human MSC culture was noted to
appear morphologically distinct from typical MSCs [122].
These cells showed a high level of telomerase activity
compared with typical MSCs and formed tumours with
aggressive growth when transplanted into NOD/SCID
mice.

Other potential problems with growing the cells in vitro
prior to implantation could arise due to their contact with
animal cells or products. The most commonly used animal
product in cell culture is foetal calf serum; this could pose a
risk of cross-contamination, induce an immune response, or
be an infection risk [37]. There is great interest in deve-
loping alternatives to calf serum to avoid these problems
such as culturing the cells in the patient’s own serum [37,
55, 102] or using human platelet lysate as an alternative
[100]. hESC are commonly cultured on a layer of murine
feeder cells which at present together with issues of his-
tocompatability restricts their clinical use currently.

Any way of minimising the time that cells, to be
implanted into a patient, spend in culture, and the degree of
manipulation (especially if under different conditions from
that which the cells experience in vivo), may be advanta-
geous in terms of patient safety. The exact risks remain
poorly characterised at this time and are likely to be better
identified as experience with cell therapies increases.

@ Springer

What is the right scaffold?

Various approaches have been developed to form the dif-
ferent tissues of the disc and can be divided broadly into
two groups, scaffold-free or scaffold-containing. The
scaffold can have a variety of roles such as to help retain
the cells in the desired location, to provide mechanical
properties (sufficient for weight bearing as the disc is
always loaded) and/or biochemical cues to the tissue as it is
developing or to facilitate and guide tissue ingrowth [45].

The choice of scaffold is critical as it can affect the
tissue that forms. Scaffold fibre diameter and stiffness can
influence cell function and proliferation. It can also influ-
ence cell orientation and the molecules by which the cell
attaches, all of which can have profound effects on the cell
[9, 24, 60]. In addition the presence of the scaffold can
influence the recipient tissue reaction after implantation.
For example the polylactic/glycolic acid systems used
currently for tissue engineering purposes release acid as
they degrade and the lowered pH can affect cell synthesis
[88].

It is clear that different scaffolds will be required for
tissue engineering repair of nucleus, annulus and endplate
but no rational choice is yet possible as at present infor-
mation on optimal cell seeding numbers, how cells react to
different scaffolds, and how the scaffolds affect matrix
accumulation is still very limited. Moreover, most studies
on scaffolds for repair of the nucleus, for example, have not
considered the biomechanical requirements of this tissue.
To date, a variety of scaffolds have been utilized to support
formation of the different components of the disc such as
chitosan, silk, collagen, alginate, and fibrin just to list a few
[21, 33, 35, 78, 94]. The suitability of these scaffolds for
the most part have been determined in vitro by evaluating
parameters such as collagen and aggrecan gene expression,
proteoglycan and collagen content, features that provide
limited assessment of the cells/tissue and how they will
function after implantation. There have been several stud-
ies in which cell seeded scaffolds were placed in vivo and
then evaluated [71, 99]. In one study an IVD was deve-
loped; a polylactic acid scaffold was used for the annulus
fibrosus and was seeded with annulus fibrosus cells
whereas the nucleus was generated using agarose seeded
with nucleus pulposus cells. After one day of culture the
construct was implanted subcutaneously in athymic mice
[71, 72]. After 12 weeks the cells were viable, formed
tissue but the collagen content was low, and the mechanical
properties were about 50% of the in vivo disc. There is
clearly a long way to go before we identify the optimal
scaffold.

It may be that under certain conditions it is not even
necessary to use a scaffold. Scaffold-free tissue engineer-
ing is particularly suitable for proteoglycan-rich tissues,
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such as the nucleus pulposus and CEP, where the thickness
of the tissue to be regenerated is limited. It has been pos-
sible to generate scaffold-free nucleus pulposus tissue in
vitro [101, 112]. Seguin et al. [101], using a calcium
polyphosphate substrate on which the cells grow, showed
that the scaffold-free tissue that formed had proteoglycan
content and compressive mechanical properties similar to
the tissue from which the cells were obtained. This
approach has also been utilized to generate cartilaginous
tissue in vitro as well [121]. In vivo sheep studies have
demonstrated that following implantation into focal defects
in the joint, cartilage tissue thickness increases and its
mechanical properties improve, confirming the utility of a
scaffold-free tissue engineering approach [51]. Interest-
ingly this approach can be used to form composite tissues,
such as nucleus pulposus/cartilage (CEP) which is neces-
sary for disc tissue engineering [36]. In vivo testing in the
spine is required to confirm the success of this approach.

Methods of insertion

The method of insertion of a tissue engineered product to
the site of delivery will depend largely on whether it is a
complete disc or only part of it. For example, if a complete
intervertebral disc has been engineered, with a composite
nucleus pulposus and annulus fibrosus structure, it will
require more invasive surgery to implant than, for example,
cell therapy to replace the nucleus alone. The latter could
simply be delivered via a needle, into the central nucleus
pulposus, if the carrier was adequately fluid. Such a method
of disc cell therapy is currently being utilized [65].

Implantation of a tissue engineered annulus fibrosus
alone to the in vivo tissue could prove more challenging,
and the requirements to accomplish this would depend to
some extent on the clinical situation. If the product was
being applied to ‘seal’ the AF after disc herniation, it may
require some form of ‘patch’ which could be inserted and
applied via ‘keyhole’ type of instrumentation. Tissue
engineered annulus fibrosus may be designed to retain a
nuclear implant aimed at restoring disc height. Any such
‘patch’, however, would require good adherence to the
native annulus fibrosus in order to retain the inserted
implant and would also have to be strong enough to survive
the mechanical forces generated in the disc during loading
and movement.

The technique required to insert a complete tissue
engineered intervertebral disc would also depend on its
exact structure. If it contained something resembling a
bony ‘endplate’ [36] then its insertion would require sur-
gical interventions similar to that used for prosthetic disc
implants, usually via anterior exposure and surgery. It
would be anticipated that the endplate would interface and

ultimately integrate with the vertebral bone by bone
ingrowth and ensure the correct location and attachment, at
least superiorly and inferiorly. Composite structures of
annulus fibrosus and nucleus pulposus alone may be
inserted into a disc space, relying on being ‘contained’
between the two vertebral bodies. The insertion and
application of tissue engineered products in vivo is an
important area which is perhaps not always given adequate
consideration in the overall design of tissue engineered
constructs. It will certainly have a great influence on
whether the tissue engineered product succeeds in the
clinic.

Some in vivo challenges

Cell therapies for intervertebral disc repair will only be
successful if transplanted cells or tissue engineered disc are
introduced into an environment conducive to maintaining
and encouraging cell activity. Unlike other organs,
ingrowth of vessels into the implanted tissue is not a
requirement as the adult healthy disc is largely avascular.
However, the local environment is important. Two envi-
ronmental factors which need to be considered are nutrient
supply and mechanical load; these are generally not trou-
blesome in cell or tissue culture in vitro but could be of
major concern in vivo as discussed below.

Disc nutrition

Disc cells require nutrients to function and maintain via-
bility. Mature disc nucleus cells appear to generate ATP
virtually only by glycolysis. They thus use glucose and
produce lactic acid at a high rate [13, 110]. Although they
do not require oxygen to remain alive, cellular activity and
matrix synthesis is reduced significantly at low oxygen
concentrations [42, 47]. Cells from the annulus also appear
to require little oxygen and like nucleus cells produce their
energy primarily by glycolysis [2, 40, 47]. In vitro studies
have shown that because of the high demand for glucose,
the viability of disc cells in 3D culture is compromised if
glucose levels fall below 0.2 mM glucose and some cell
death is seen even below 0.5 mM glucose [14]. Low pH
arising from accumulation of lactic acid (pH < 6.7) is also
detrimental to disc cell survival [14]. Maintenance of
adequate levels of glucose and pH in cell culture in the
laboratory can be readily achieved; however, this is not
necessarily the case in the disc in situ. Indeed loss of
nutrient supply leading to fall in glucose levels and accu-
mulation of lactic acid is thought to contribute to the
development of disc degeneration [74].

As the adult disc is avascular, the cells rely on blood
vessels outside the disc to supply them with the glucose
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and oxygen (and other nutrients) they require and to
remove metabolic wastes [34]. Most of the disc, apart from
the outer annulus, is supplied with nutrients by capillaries
arising from blood vessels of the vertebral body; these
capillaries penetrate the subchondral plate and terminate at
the cartilaginous endplate. Nutrients then diffuse through
this thin layer of cartilage and through the dense disc
matrix to the cells which may lie as much as 8 mm from
the nearest blood vessels. The nutritional situation of these
cells is thus precarious and loss of nutrient supply has long
been thought to be a major cause of cell death and disc
degeneration [116]. This hypothesis has been confirmed by
a recent in vivo MRI study on 150 human discs which
showed that nutrient supply is diminished significantly
even in moderately degenerated discs although it can
increase markedly in end stage disease as the result of
vascular invasion [84]. This loss of nutrient supply appears
to arise mainly because of calcification of the cartilaginous
endplate or because of endplate sclerosis which increases
with age and degree of degeneration [11].

Calcification of the endplate thus poses a major prob-
lem for the success of cell-based therapies for
regenerating or repairing the disc, even if moderately
degenerated. If degeneration occurred or progressed
because the calcified endplates blocked nutrient supply to
the cells which then became inactive or died, implanted
cells will suffer the same fate. In line with this, injection
of factors to stimulate endogenous cell biosynthesis will
also not be effective as the cells still have inadequate
nutrition. Thus unless it can be assured that a degenerate
disc has a nutrient supply which can support the
implanted cells, treatment using a cell therapy approach is
both pointless and unethical. The way forward in the
short-term is to identify patients who have an adequate
nutrient supply and hence may be able to benefit from
these treatments. In the long term treatment may be
possible for others through replacement or repair of the
calcified endplate and nutrient supply sources.

Mechanical loading

In vivo, the disc is always under load from body weight and
muscle activity. Even when lying down the pressure in the
lumbar discs is ~0.2 MPa [73, 123]; it increases 3-5 fold
when rising and changes with posture and movement. The
disc thus has to withstand these loads and allow the spine to
bend, extend and rotate; maintenance of normal biome-
chanical responses to loading is one of the main rationales
behind tissue engineering of the disc. However, disc bio-
mechanical behaviour ultimately depends on the
organisation and composition of the macromolecules
which make up the tissue; full physiological responses to
external loads may not thus be achieved in a tissue-

@ Springer

engineered disc until concentrations and network archi-
tecture of the various macromolecules reach those found in
vivo. Matrix production and turnover is slow in normal and
degenerate human discs with aggrecan half-lives being
~12 and ~8 years, respectively and that of collagen
>90 years [105, 106]. In animals, repair of the outer layers
of the annulus is similarly slow [66]. Thus it may take the
implanted cells months or perhaps years to regenerate the
nucleus pulposus so that it has a similar amount of matrix
molecules to that present in healthy adult animal discs [28],
although the level of regeneration required to achieve a
clinically successful repair is as yet unknown.

The large loads the disc experiences in vivo also provide
a challenge for success of cell therapies. If biomechanically
immature tissues or cells alone are implanted, the disc may
not be able to withstand the loads routinely experienced
and may collapse if not protected; the consequent abnormal
forces on the disc cells may lead them to produce an
abnormal matrix. In addition, other spinal structures such
as the facet joints would also be exposed to inappropriate
loads during the extended period of time before disc height
and properties were restored, possibly leading to their
degeneration also [50]. Growing the disc in vitro until
sufficiently mature to carry load is possible. Further
development is required before such an approach can be
used clinically. Another approach would be to create a
scaffold, biodegradable or otherwise, capable of contrib-
uting to biomechanical function until the tissue has
regrown sufficiently to support disc loading.

How do we assess success?

At present, there has been little discussion on how the
performance of disc cell therapies can be monitored in
humans in vivo. Apart from assessment of the effect of
these therapies on the clinical symptoms of the patients, it
would be useful if changes in disc composition, disc cell
number and viability, and disc biomechanical behaviour
could be monitored in relation to the original condition of
the disc and time after treatment. This information would
give an indication of whether the cells were alive and
functioning and whether they were producing appropriate
matrix macromolecules to restore disc height and biome-
chanical behaviour. Cartilage repair has been assessed
through biopsies but since even needle puncture, depending
on its size, can lead to disc degeneration [25, 54] biopsies
are unlikely to be used to assess disc repair clinically.
Changes in disc height are one method of assessing
success and can be carried out by radiological imaging.
This method has been used for monitoring changes in
animal models of disc regeneration [63]. However, repe-
ated X-rays for monitoring changes in disc height are not
possible for assessing repair rates in humans and the
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sensitivity may be inadequate for the slow rate of repair in
humans if only one or two time points can be imaged.

MRI seems to be an ideal method for assessing changes
in disc hydration and composition because of its non-
invasive nature and routine clinical use [64]. However, it
has proved difficult to correlate proton T1 and T2 images
directly with aggrecan, water or collagen contents because
of the complex relationships between these parameters and
matrix biochemistry and organization [29]. T1,,,-weighted
MRI images are claimed to be able to assess aggrecan
content of tissues; they do appear sensitive to degenerative
changes in human discs and indeed detect changes before
morphological signs are visible [49] but whether variations
in the signal can be accounted for by variations in aggrecan
alone is questionable [67]. Thus MRI imaging in its present
state, though able to assess some qualities of the newly
produced matrix, does not appear able to determine whe-
ther implanted cells or tissues are producing a matrix of the
desired composition. MRI moreover, is usually measured
when lying prone when the discs are relatively unloaded.
Thus standard MRIs give little information on the biome-
chanical behaviour of discs treated with cell therapy and
also on whether they are able to maintain disc height under
load. Standing or upright MRIs, available in only a few
centres at present, would give more useful information in
this regard and a trial should be considered once cell
therapies are used clinically.

Even though future developments in MRI might give
more accurate information about the composition of the
disc, because turnover of matrix is very slow [105, 106],
MRIs cannot give information on the current state of the

cells. Indeed, even if most of the disc cells were dead, it
might be several years before the composition of the tissue
changed enough for it to be detected biochemically by MRI.
For instance the GAG/collagen ratio measured in scoliotic
and non-scoliotic discs was similar even though scoliotic
discs contained very few viable cells [117]. For monitoring
success, measures of viability are thus essential but are
difficult partly because of the disc’s low cell density. One
possible method of measuring cell viability is through the
determination of nutrient gradients. These are steep in
normal healthy discs but are flat in discs with no functioning
cells. Nutrient gradients have been measured in humans in
vivo and in discs in vitro using needle microelectrodes [8,
12]. The technique is however, invasive (though no more
than discography); whether it would be ethically acceptable
for assessing the health of tissue engineered discs in vivo if
these treatments come into routine clinical use is ques-
tionable. Clinically useful means of assessing cellular
activity in vivo thus still requires development.

Recently methods of tracking cells, using MRI or optical
imaging methods, have been shown to be possible in set-
tings such as heart attacks and stroke [22, 62, 113]. This
holds much promise for evaluating where injected cells end
up residing which will be particularly important for
assessing the validity of cell-based treatments.

It should be noted however, that whether the disc is
repaired or not, success of these biological techniques must
also be evaluated by determining the benefit to the patient
and whether there has been relief of symptomatology. Thus
some effort should be directed toward determining which
patients will actually benefit from these treatments.
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Summary

Clearly many challenges will have to be overcome before
biological repair of the intervertebral disc is successful and
can be used clinically for routine treatment of back pain
and other spinal disorders (Fig. 2). Issues as discussed in
this review, such as cell source, cell expansion, the
necessity for and the type of scaffold, nutrient supply, and
clinical assessment of effectiveness both structurally and in
terms of patient morbidity are just some of them. Impor-
tantly all work done in disc tissue engineering to date has
assumed that repairing the disc will automatically relieve
symptoms including pain. As we are just beginning to
understand the pathogenesis of back pain, it is essential that
an approach able to identify those patients who will
respond should be developed. Otherwise treatments may be
offered to patients who will not benefit from it, placing a
potentially useful procedure into disrepute.
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