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Nutrition of the Intervertebral Disc

Jill P.G. Urban, PhD,* Stanton Smith, DPhil,* and Jeremy C. T. Fairbank, MD, FRCS†

Study Design. A review of the literature on disc nutrition.
Objectives. To summarize the information on disc nu-

trition in relation to disc degeneration.
Summary of the Background Data. The disc is avas-

cular, and the disc cells depend on diffusion from blood
vessels at the disc’s margins to supply the nutrients es-
sential for cellular activity and viability and to remove
metabolic wastes such as lactic acid. The nutrient supply
can fail due to changes in blood supply, sclerosis of the
subchondral bone or endplate calcification, all of which
can block transport from blood supply to the disc or due
to changes in cellular demand.

Methods. A review of the studies on disc blood supply,
solute transport, studies of solute transport in animal and
human disc in vitro, and of theoretical modeling studies
that have examined factors affecting disc nutrition.

Results. Small nutrients such as oxygen and glucose
are supplied to the disc’s cells virtually entirely by diffu-
sion; convective transport, arising from load-induced
fluid movement in and out of the disc, has virtually no
direct influence on transport of these nutrients. Conse-
quently, there are steep concentration gradients of oxy-
gen, glucose, and lactic acid across the disc; oxygen and
glucose concentrations are lowest in the center of the
nucleus where lactic acid concentrations are greatest. The
actual levels of concentration depend on the balance be-
tween diffusive transport and cellular demand and can fall
to critical levels if the endplate calcifies or nutritional
demand increases.

Conclusions. Loss of nutrient supply can lead to cell
death, loss of matrix production, and increase in matrix
degradation and hence to disc degeneration.

Key words: oxygen concentration, glucose concentra-
tion, lactic acid concentration, pH, diffusion, cell density.
Spine 2004;29:2700–2709

The intervertebral disc is the largest avascular tissue in
the body, and maintenance of an adequate nutrient sup-
ply has long been regarded as essential for preventing
disc degeneration.1,2 Essential nutrients such as oxygen
and glucose and substrates for matrix production such as
amino acids and sulfate are supplied to the disc by the
blood supply at the disc’s margins3 (Figure 1). These
nutrients then move from the surrounding capillaries
through the dense extracellular matrix of the disc to the
cells, which, in the center of the nucleus in an adult hu-

man lumbar disc, may be 7 to 8 mm from the nearest
blood supply. Metabolic waste products are removed
from the tissue by the reverse route.4 The nutritional
environment of the cells thus varies throughout the disc,
with the oxygen concentration and pH around cells in
the disc center being different from that around cells at
the disc periphery.4 Here we will briefly review the evi-
dence relating loss of nutrient supply to the development
of disc degeneration, discuss in vivo and in vitro studies
on nutrient transport, outline the factors that regulate
the transport of nutrients and other molecules to and
from the cells of the disc, and show how use of mathe-
matical models can give insight into factors regulating
disc nutrition.

Epidemiological Evidence

There is strong evidence that a fall in nutrient supply is
associated with disc degeneration. The nutrient supply to
the nucleus cells can be disturbed at several points. Dis-
orders that affect the blood supply to the vertebral body
such as atherosclerosis of the abdominal aorta are asso-
ciated with disc degeneration and back pain.5,6 There is
some evidence that the capillaries of the endplate may be
blocked as the result of thrombophilic and hypofibrino-
lytic disorders such as sickle cell anemia,7 Caisson dis-
ease, and Gaucher disease8; these all appear to lead to a
significant increase in adverse changes in the vertebral
body and disc degeneration. Short-term exposure to vi-
bration9 or smoking10 appears to inhibit nutrient trans-
port possibly through regulation of capillary flow by
muscuranic receptors.11 Although the chronic effects of
exposure to these stimuli on disc nutrition was not mea-
sured, both are associated with disc degeneration.12,13

Apart from disturbances of the blood supply, nutrients
may not reach the disc cells if there is sclerosis of the
subchondral bone or if the cartilaginous endplate calci-
fies14; intense calcification of the endplate is seen in sco-
liotic discs, for instance. Furthermore, the permeability
of the subchondral bone-cartilaginous endplate was sig-
nificantly lower in degenerate discs.2 Further evidence
for disturbances of transport in degenerate discs are the
high levels of lactic acid and acid pH values measured in
degenerate discs.15,16 Direct measurements have shown
that transport of magnetic resonance imaging (MRI)
contrast media into the disc was inhibited in early degen-
eration,17 whereas in more degenerate discs, there were
noticeable disturbances of the endplate region. Loss of
transport of a gaseous tracer into scoliotic discs corre-
lated with loss of cell viability.18,19 Thus, the association
between disc degeneration and disturbances to nutrient
supply are strong. Whether loss of supply actually causes
disc degeneration, however, is not proven. In relation to
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endplate calcification, it is not clear whether calcification
preceded or followed degeneration. It seems apparent,
however, that some cases of disc degeneration arise di-
rectly because a fall in blood supply to the disc limits
nutrient supply.

In Vivo Observations of Nutrient Transport Into the
Disc

Animal Studies
The earliest studies of transport into the disc were carried
out in vivo with fluorescent or radioactive tracers where
the tracer was injected into the animal, the animal was
killed, and the disc examined. Such studies showed
clearly that the routes of tracer penetration into the disc
were from the vertebral body and from the tissue sur-
rounding the anulus periphery.20 Ageing was also found
to affect transport into the disc with transport into rabbit
discs falling as the animals matured and aged.21 In vitro
work22 confirmed that transport was slow and also
showed that disc shape and loading influenced the rate of
transport.23–25

Tracer studies have also shown that the changes to the
blood supply have a strong influence on transport of
small solutes in the disc. In a series of studies, Holm and
Nachemson investigated effects of both acute and
chronic changes on disc nutrition. They demonstrated
that exposure to cigarette smoke rapidly inhibited both
transport of oxygen into the disc and escape of lactic acid
from it because smoke constricted the microcirculation
that supplied nutrients to the disc.10 They showed that
although short-term exercise (6 hours) had no effect on
transport into the disc,26 long-term exercise (3 months)
significantly increased rates of sulfate and oxygen trans-
port into the disc, possibly because of remodeling of the
microcirculation at the vertebral body–disc interface.27

Spinal fusion, on the other hand, had little effect on
transport, although it decreased cellular activity signifi-
cantly.28

Animal studies also showed that the degree of solute
penetration depended on the characteristics of the solute,
with both solute size and charge affecting transport. Cat-

ions were shown to penetrate to a greater extent than
anions, as expected from the polyanionic nature of the
disc matrix,29 whereas, because of the low porosity of
normal disc, large solutes such as albumin and lysozyme
were virtually excluded from the disc.30 The relative ex-
clusion of anionic solutes from the disc has important
implications because negatively charged antibiotics such
as penicillin and cefuroxime have been found to pene-
trate far less effectively into the disc than positively
charged antibiotics such as gentamycin and aminoglyco-
sides.31–33

Magnetic Resonance Imaging Studies
In recent years, development in MRI has allowed almost
noninvasive investigations of transport into the disc in
animals and humans in vivo. Transport is determined
from the increase in signal intensity in the disc following
intravenous injection of paramagnetic medium; move-
ment of contrast medium into the disc gives an indication
of transport pathways. Charge of the contrast medium,
age of the animal, and time after injection all affected
penetration,34,35 in line with results from radioactive or
fluorescent tracers. For example, uncharged gadoteridol
moved into the disc more readily than negatively charged
contrast agents such gadopentetate because negatively
charges solutes are excluded by matrix charge.36 Mag-
netic resonance imaging studies have also been used to
show that degree of penetration depends on solute mo-
lecular weight; coupling contrast media to a high molec-
ular weight solute inhibited penetration.37 Because of the
noninvasive nature of MRI, it has been possible to un-
dertake longitudinal studies on transport into dog discs
after experimental maneuvers such as discectomy38; in
this case, a change in signal intensity after injection was
observed within 15 days of treatment, and signals re-
mained abnormal for the following 75 days.

More recently, transport into human discs has been
studied. For practical reasons, most of these investiga-
tions have been limited to short time intervals between
injection and imaging, hence contrast media only pene-
trated into the outer rim of the disc.17,39,40 Nevertheless,
studies on 19 human discs found that contrast enhance-
ment in the endplate regions was significantly lower in
discs that showed some degenerative changes,17 indicat-
ing that transport into these discs was impaired. A sepa-
rate study found that surgical treatment enhanced trans-
port significantly.40 Further studies using sophisticated
imaging protocols41 and mathematical modeling showed
transport into the human discs studies was governed pri-
marily by diffusion.

A comprehensive recent study42 has investigated
changes in intensity in discs for up to 24 hours following
injection of gadodiamide; the authors investigated discs
of 10 volunteers with no back problems and of 43 pa-
tients (in total 96 normal and 54 degenerate discs). Three
different regions were examined at each time point via
the vertebral body, endplate region, and disc center. Pen-
etration into discs was slow, with peak intensities in the

Figure 1. Schematic view of the routes supplying nutrients to the
avascular intervertebral disc. Adapted from: http://www.nucleoplasty.
com/dpat/dpat.aspx?s � 0201.
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nucleus reached after 6 hours and the signal persisting
the central disc for at least 24 hours. Age had a signifi-
cant effect, with intensities the greatest in young (�10
years) spines. In agreement with an earlier study,17 signal
intensity was lower in slightly degenerate than normal
discs. As the degeneration grade increased, changes in
signal intensity were variable, increasing in some discs,
whereas marked irregularities were found in the endplate
region in particular.

In these and other studies,41,43 MRI enhancement
studies have now been shown to be a powerful tool for
studying transport into the disc. However, interpretation
of results still requires some development. The contrast
media are relatively large molecules (�900 MW), thus
signal intensity is governed by both permeability of the
endplate-subchondral bone region and by the partition
coefficient; it is not apparent how these two effects can be
disentangled. Because the partition coefficient of gado-
linium in a disc that is somewhat degenerate and has lost
glycosaminoglycans will be greater than that in a normal
disc,36 a high signal in a disc could result from faster
transport into it because the endplate permeability was
high or, alternatively, it could indicate the disc was de-
generate and thus allowed greater penetration of con-
trast medium. Further development of MRI protocols
and application of theoretical models might allow disen-
tanglement of these effects.

Electrode Studies
Although MRI methods follow the movement of larger
solutes into the disc, measurement of transport using
microelectrodes has been developed to monitor move-
ment of dissolved gases into the disc.44 Such electrodes
have been used to monitor changes in oxygen concentra-
tions in dog discs following an increase in blood oxygen;
O2 tension in the disc increased only slowly, in line with
the diffusion theory.45 Electrodes have also been used to
determine H2 washout from discs after closing off the
different transport routes; these experiments showed
that most of the disc depended on transport from the
endplate, and only the outer sections of the anulus ob-
tained their nutrients from the blood vessels at the anulus

periphery.46 Nitrous oxide, administered as an anes-
thetic gas and monitored using microelectrodes, can also
be used as a tracer for determining transport of dissolved
gases; because it is small and freely soluble, unlike MRI
contrast media, it is not excluded from any area of the
disc and as it is not metabolized, its concentration reflects
transport considerations only. Nitrous oxide measure-
ments have shown that transport into scoliotic discs is
severely impeded particularly at the curve apex47 and at
the convexity possibly because endplate calcification acts
as a barrier to nutrient transport (Figure 2).

What Governs Nutrient Transport Into the Disc?

The in vivo studies described above have been able to
show some important features governing nutrient trans-
port into the disc. They have demonstrated that there are
two distinct routes into the disc via the endplate and the
anulus periphery (Figure 1) and that most of the disc
relies on nutrients supplied by the endplate route. They
have shown that changes to the blood supply or to the
endplate itself can have a marked effect on the supply of
solutes to the disc. These studies have also indicated the
importance of solute size and charge on transport
through the disc matrix and that solutes move through
the disc mainly by diffusion. Most important, they have
also been able to demonstrate that nutrient supply to the
disc is affected by disc pathology. These factors will be
discussed in more detail below.

Blood Supply to the Disc
There is little information on the nutrient supply to the
disc via the anulus periphery. However, this area of the
disc appears well vascularized, more so in children than
in adults.49 In infants, blood vessels penetrate into the
anulus but these disappear by late childhood apart from
some small capillaries, accompanied by lymph vessels, in
the outer 1 to 2 mm of the disc.48,49

The blood supply through the endplate appears more
at risk and is better described (Figure 2). The arterial and
venous systems feeding the vertebral bodies have been
well described by Crock et al and others.50–53 The outer
region of the vertebral body, the midanulus region, and

Figure 2. Schematic view of the
blood supply from the vertebral
body to the disc showing (a) de-
tails of the capillary bed at the
subchondral bone/nucleus junc-
tion (adapted from Crock and
Goldwasser56); (b) “holes” through
the subchondral plate allowing
capillary penetration with possible
evidence of partial blockage by
calcified cartilage (adapted from
Ayotte et al 92); and (c) schematic
section through the endplate-disc
bone junction showing the carti-
laginous endplate and calcified
cartilage (adapted from Roberts
et al 69).
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the central core of the vertebral body are each supplied
by different arteries; blood flow, measured by micro-
spheres in pigs, is highest into the cervical and lowest into
the lumbar vertebrae.54 The disc itself is supplied by cap-
illaries that are fed from these arteries and drain into the
subchondral venous network or into the veins of the mar-
row spaces of the vertebral bodies.55 These capillaries have
muscuranic receptors11 that regulate blood flow in re-
sponse to external signals, possibly explaining loss of nutri-
ent transport in response to smoking10 and vibration.9

The capillaries penetrate channels in the subchondral
plate and terminate in loops at the bone–cartilage junc-
tion55,56 (Figure 2). In the fetus and in infants, the sub-
chondral plate is also penetrated by regularly spaced nu-
trient canals similar to those seen in other growth
cartilages,57 but these disappear in childhood, leaving
residual “weak spots” that may later lead to Schmorl
nodes and even later, to sclerosis of the subchondral
plate.58 The density of the capillary bed is greatest in the
central region of the disc and diminishes towards the
outer anulus to disappear in the region of the apophyseal
ring. The density and integrity of these capillary beds
diminish with age59,60 and vary between species; the area
available for nutrient exchange was estimated to be
about 70% in greyhound dogs but only approximately
36% in adult humans.61,62 Injuries to the disc,63 sclerosis
of the subchondral plate,64 and mechanical environ-
ment27 are all reported to affect the architecture of the
capillary bed or the porosity of the subchondral plate
with important consequences for delivery of nutrients to
the disc.

Cartilaginous Endplate
Nutrients supplied by the capillaries and nutrient canals
have to penetrate a dense hyaline cartilage endplate be-
fore reaching the disc matrix. The composition of this
endplate in human adults is similar to that of other hya-
line cartilages, but it is less hydrated than hip or knee
cartilage.65,66 Like other cartilages, the endplate acts as a
selectively permeable barrier to solutes with both fall in
hydration and increase in proteoglycan concentration re-
stricting solute transport. Small, uncharged solutes (ox-

ygen, amino acids, water) diffused across the endplate
readily, but anions were partially excluded and the ex-
tent of steric exclusion of larger solutes increased with
molecular weight and was greater for linear than globu-
lar molecules.14

Calcification of the endplate can act as a significant
barrier to nutrient transport. The cartilaginous endplate
thickness diminishes with age and calcifies by unknown
mechanisms59; intense calcification has also been ob-
served in scoliotic discs.67 It has been shown both in vitro
and in vivo that calcification found in scoliotic discs can
impede transport of even small molecules14,47 (Figure 3).
In vitro tests have also shown that transport of dyes into
the disc across the endplate-subchondral bone was much
reduced in degenerate discs and in many cases, solutes
encountered a direct barrier to further penetration pos-
sibly arising because of subchondral sclerosis or endplate
calcification.2 It is clear that calcification will restrict nu-
trient supply to the disc cells. Whether calcification
causes disc degeneration because disc cells die or change
metabolism, or alternatively whether degenerative
changes cause alterations in the physical and mechanical
environment of endplate cells leading to calcification is
still not apparent.

Transport Through the Matrix
Transport through the matrix is governed by both prop-
erties of the matrix and of the solute. The matrix consists
mainly of a collagen network embedded in a dense poly-
anionic proteoglycan gel, which acts as a selective per-
meability barrier to entry of molecules into the disc. Only
low concentrations of large molecules (e.g., growth fac-
tors, protease inhibitors) can enter the disc; even glucose
(MW180) is restricted to some extent.29 Charge effects,
however, enhance the penetration of small cations such
as sodium in direct proportion to the proteoglycan con-
centration, whereas anions such as sulfate and chloride
are partially excluded.29 Because the proteoglycan con-
centration is higher in the nucleus than the outer anulus,
large solutes and negatively charged molecules can enter
into the anulus more readily than into the nucleus. The
rate at which molecules can diffuse through the matrix is

Figure 3. Effect of calcified layer
on transport into scoliotic discs
showing (a) dense layer of calci-
fied cartilage in a scoliotic spine
(arrows); and (b) relative nutrient
transport into scoliotic discs de-
pends on distance from the apex
with transport into the apical
disc most restricted (from Urban
et al 48)
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also affected by the composition of the matrix, particu-
larly by the concentration of proteoglycans. In general,
the diffusion coefficient of nutrients is only 40% to 50%
of that in free aqueous solutions; experimental work in
other tissues has shown that if proteoglycans are re-
moved enzymatically, solute diffusivity rises towards
that in external solutions68

Convection or Diffusion. Several tracer and MRI studies
support the view that nutrients move into the disc under
concentration gradients, which arise as the result of cel-
lular metabolism. Nevertheless, in view of the diurnal
loading cycle of the disc with consequent loss and regain
of around 25% of the disc’s fluid,69 it has long been
suggested that fluid movement is necessary for transport
of nutrients into the disc. Against this view is the finding
that for small solutes such as the sulfate ion and oxygen,
there is good correspondence between transport gradi-
ents predicted by diffusion theory and those measured
experimentally both for anesthetized and exercised ani-
mals.26,62,70 Theoretical and experimental consider-
ations support the finding that small molecules can move
through the matrix faster by diffusion than by convec-
tion.71–73 It thus seems that the cells rely on diffusion
rather than convection for their supply of essential nu-
trients such as oxygen and glucose. Indeed, if convective
transport of nutrients was faster than diffusion, because
convective transport is outward rather than inward dur-
ing the day’s activities, the cells could be deprived of
essential nutrients for a large part of the day. For large
solutes, however, such as growth factors, proteases, and
their inhibitors, which have a much lower diffusivity,74

convective movement may contribute significantly to
their movement through the matrix. The role of convec-
tion may also be important in governing movement of
newly synthesized matrix macromolecules through the
matrix and in determining the rate of loss of matrix
breakdown products.

The diurnal cycle of load-induced fluid expression and
regain, however, could have important consequences for
transport because factors affecting diffusion, such as sol-
ute diffusivities, partitions,74,75 and disc height (diffusion
distance), are sensitive to hydration. Changes in loading
arising could also affect capillary blood flow, but at
present, this area is unexplored. Thus, fluid movement in
and out of the disc and the consequent changes in matrix
properties could affect nutrient transport, even if not di-
rectly by entrainment; at present, its effects are unclear.

Cell Metabolism
Disc cells require nutrients to stay alive and to function.
Their main supply of energy is provided by glycoly-
sis4,76,77; thus, they consume glucose and produce lactic
acid at a relatively high rate. An adequate level of glucose
is essential for maintaining the viability of disc cells, and
if the glucose concentration drops below around 0.5
mmol/L for more than a few days, the cells begin to
die78,79 (Figure 4). Low pH (�6.4) resulting primarily
from accumulation of lactic acid, also compromises disc

cell viability78,79 (Figure 4). Less acidic conditions, al-
though not necessarily leading to cell death, are also det-
rimental to disc matrix integrity, as they reduce the rate
at which the cells synthesize matrix components but not
the rate at which they make active proteases, i.e., agents
able to break down the matrix.80 Disc cells also consume
oxygen at a substantial rate but produce relatively little
CO2,77 so it is not apparent how much of their energy is
provided by oxidative phosphorylation. They can sur-
vive many days (at least up to 14 days) with no oxygen
present78,79; under hypoxia, however, they are inactive
and matrix synthesis is severely reduced,76,78 although in
some studies, glycolysis appears stimulated (a positive
Pasteur effect).4,76,77 The role of oxygen in disc metabo-
lism, as in articular cartilage,81 is thus unclear.

Because disc cells use glucose to produce adenosine
triphosphate (ATP), with lactic acid as the resulting me-
tabolite, the concentrations of glucose and lactic acid are
necessarily coupled as are oxygen and lactic acid concen-
trations through the Pasteur effect.4,76 The center of the
disc thus experiences low oxygen concentrations to-
gether with low glucose and high lactic acid concentra-
tions4 (and hence acidic levels of pH16) (Figure 5).

This microenvironment, as well as affecting matrix
synthesis, also affects rates of energy metabolism. Both
oxygen consumption and lactate production rates are
strongly affected by both oxygen concentration and pH
particularly under acidic conditions and hypoxia.79

These rates of metabolism have a strong effect on the
local nutrient environment because nutrients are sup-
plied to the disc cells by diffusion under gradients set up
by cellular metabolism. The steepness of the gradient,
and thus the concentration of nutrient available to the
cell at any point in the disc, depends on the balance
between the rate at which the solute can move through
the tissue by diffusion and the rate at which it is con-
sumed. For example, the sulfate ion and glucose have
similar molecular weights and diffusivities, so they are

Figure 4. Effect of nutrient deprivation on death of disc nucleus
cells measured in culture in vitro. The figure shows a significant
loss of viability with 24 hours of culture in cells deprived of glucose
and at low pH both in the presence and absence of oxygen,
whereas with glucose present, cells survive even if pH is acidic
and oxygen is removed.93
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able to diffuse through the matrix at similar rates. In the
disc, the rate of consumption per volume of tissue of
glucose, the main source of cellular energy, is 10 to 100
times the rate of incorporation of sulfate, an essential
component of proteoglycans; the estimated gradient of
sulfate is hence flat because sulfate can be replenished
faster that it is used, whereas the concentration gradient
of glucose (and of lactic acid) is steep.61

Diffusional gradients are also directly regulated by cell
density, because the higher the cell number, the higher
the cellular demand. Conversely, cell density appears to
depend on nutrient supply. In situ, the cell density
throughout the disc is not uniform but is highest at the
anulus edge, which is closest to the nutrient supply and
then falls steeply with distance (Figure 6a).61 Average
cell density through the nucleus is highest in small ani-
mals where diffusional distances are small and falls ex-
ponentially with increase in disc height82 (Figure 6b), as
seen also in other avascular cartilages.83 A similar in-
verse relationship between viable cell density and diffu-
sional distance has been observed in cell culture in vitro.
The cell density in the disc thus appears to be regulated
by nutritional constraints i.e., the number of viable cells
that can be supported depends on the nutrient supply.
Loss of nutrient supply could thus lead to cell death, as is

seen in scoliotic discs, where endplate calcification14,47

(Figure 3) appears to lead to cell death.18,19

Modeling the Nutrient Supply

Because of lack of appropriate animal models and be-
cause of the difficulties in measurements in humans,
mathematical models of nutrient transport may give an
insight into the overall consequence of disturbances to
blood supply or endplate calcification that cannot be
acquired by other means. Because nutritional factors are
thought to be such an important factor in development
of disc degeneration, and yet experiments are difficult
and time consuming, it is surprising that there are so few
studies of modeling of transport. The few modeling stud-
ies so far carried out show the potential of such models
for elucidating how disturbances to nutrient supply or to
disc properties could influence the extracellular nutrient
microenvironment and hence affect cellular metabolism
and viability.

For an accurate, all-encompassing model of disc nu-
trition, some of the factors to be considered are: 1) the
disc’s avascular nature and the architecture and effi-
ciency of the peripheral vascular system; 2) its size and
shape; 3) its hydration and matrix composition; 4) its
transport parameters (such as hydraulic permeability)
and their hydration dependence; 5) the properties of the
solute of interest (e.g. binding, charge, diffusivity in the
disc); 6) the permeability of the cartilaginous endplate; 7)
distribution of cell phenotype and cell density; 8) cellular
metabolic activity; 9) the biomechanical loading effects
on disc shape, hydration, transport and cellular activity.
No model has yet undertaken to incorporate all these
variable and indeed, the quantitative data necessary for
building such a model are not available. However, the
simpler models developed over the past few decades have
provided some understanding of factors important in
regulating nutrient supply to the disc.

The earliest nutrient transport models were simple
one-dimensional analytical models that regarded cellular
consumption rate as a constant and only considered nu-
trient transport by diffusion. These calculations indi-
cated that the glucose supply to the central region of the
disc was precarious61 and that concentrations of both
oxygen and glucose in the center of the disc were low and

Figure 5. Schematic view of nutrient gradients across the disc
nucleus endplate-endplate. a, oxygen and glucose concentrations
fall and lactic acid concentrations rise towards the center of the
nucleus; hence, the center of the disc is at low glucose and
oxygen and is acidic. b, a sagittal section through a human lumbar
disc showing the dimensions of the disc and the direction of the
gradient shown in a.

Figure 6. Cell density in the disc:
(a) gradients in cell density from
the outer anulus towards the disc
center in 6 discs removed at sur-
gery from a 12-year-old human
scoliotic spine19; (b) average cell
density in the nucleus versus disc
height measured in a variety of dif-
ferent animal species.87
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of lactic acid were high in agreement with experimental
measurements. They also showed that experimental
measurements of oxygen gradients70 or of transport of
small solutes into the disc could be explained satisfacto-
rily by diffusion alone62 even under conditions of fluid
movement.70,84

These calculations did not investigate how changes in
nutrient delivery or in properties of the disc influenced
nutrient gradients. These problems were first explored by
Stairmand et al,85 who also considered the effects of a
concentration-dependent consumption rate using
Michaelis-Menton kinetics to describe oxygen consump-
tion rate and the published relationship between disc cell
density and disc thickness.82 The model was solved nu-
merically by a finite difference method. Oxygen gradients
compared well with data from dog disc experiments,4

and calculation showed how the nature of the oxygen
consumption term (i.e., fall in consumption rate with fall
in concentration) protected the central area from com-
plete oxygen depletion. This study highlighted the im-
portance of accurate exchange area, cell density, and disc
thickness incorporation into models.

Selard et al86 extended this model by considering dif-
fusive transport into the disc from both endplate and
anulus periphery with metabolic consumption of oxygen
and glucose and production of lactate. This diffusion-
reaction model showed that finite element models (FEM)
could be used for modeling disc nutrient transport. The
effects of endplate permeability (Figure 7), disc height, and
changes in metabolic rates and diffusivities were investi-
gated. Results showed that concentration gradients of ox-
ygen, glucose, and lactate (Figure 8) were all sensitive to
consumption rate and diffusivity as well as factors more
often considered as critical regulators of transport, such as
delivery of nutrients through the endplate (Figure 7).

The effect of fluid exchange and convective transport
were recently investigated by Ferguson et al.73 The
model considered transport of a range of solutes based
on reported solute diffusivity, but did not alter diffusion
coefficient with hydration fraction. The results show that
convective enhancement is generally insignificant for
molecules of size �1 kDa (oxygen, glucose, and lactate),
but extremely important for larger species such as
TIMP-1 (28 kDa), cytokines (10–40 kDa), and proteo-
glycans (�40 kDa). This theoretical size distinction thus
supported the assumption that convection was negligible
for transport of oxygen, glucose, and lactate and vali-
dates results of earlier models of nutrient transport.

In summary, gradients of oxygen, glucose, and lactic
acid exist throughout the disc (Figure 5), and the local
concentrations (particularly towards the center of the
disc, where they will be most extreme) have a strong
influence on metabolic rates, matrix production, and cell
survival76,79,80 and hence on the development of disc
degeneration. Rates of metabolism in conjunction with
variables such as endplate permeability,47 diffusion
coefficients,74cell density,19,61 and load-induced strains,
pressure rises, and fluid movement can be used to predict
profiles of nutrients and metabolites in the intervertebral
disc. Such models could lead to a better understanding of
the conditions occurring in the center of the avascular
disc and enable predictions to be made about the meta-
bolic state of the disc in vivo and conditions that promote

Figure 7. Variation of oxygen concentration through the disc with
variation in exchange area at the vertebral body– disc junction. a,
effect of fall in exchange area on oxygen concentration profiles
from the endplate to the center of the nucleus (direction shown by
green arrow)(adapted from Selard et al 88). b, human subchondral
bone surface exchange area (from Figure 2), i.e., fraction of total
area containing holes for capillary penetration.

Figure 8. Effect of cellular activity on concentration gradients from the endplate to the disc center; direction shown by arrows (adapted
from Selard et al88). a, effect of lactate production rate on lactate gradients; lactate concentrations in the center increase with increase
in production rate. b, effect of glucose consumption rate on glucose gradients; glucose concentrations in the center fall with increase in
glucose consumption rate.
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or disturb cell survival and disc integrity. However, these
models only have predictive capability if they are based
on good data, particularly in regard to cellular require-
ments and to cellular responses to environmental signals
such as growth factors, nutrient concentrations, and
loading. At present, there are few quantitative data in
this regard.

Consequences of Loss of Nutrient Supply

Both modeling and experimental work have demon-
strated the existence of steep gradients in oxygen concen-
tration and pH throughout the disc (Figures 5, 7, and 8),
so that concentrations of nutrients in the center of the
disc are much lower than those at the disc center. The
actual level to which oxygen and pH fall can have a
strong influence on matrix turnover. Rates of sulfated
glycosaminoglycan production appear to maximize at
around pH 7.0 and at 5% to 10% oxygen76,87 rather
than under the culture conditions commonly used in
vitro (21% oxygen, pH 7.4). The reasons for the fall in
matrix synthesis at higher oxygen and pH levels is un-
clear; perhaps because disc cells normally are not ex-
posed to high oxygen, they do not have adequate mech-
anisms for removing the reactive oxygen species
produced at 21% oxygen. Such results do indicate, how-
ever, the importance of studying the behavior of disc cells
under the physical and chemical conditions encountered
in situ.88

If, however, the nutrition of the disc is impaired so
that nutrient concentrations fall to critical levels (possi-
bly below 0.5 mmol/L glucose and pH6.3), disc cells will
die (Figure 6); acidic pH levels in this range have been
seen in degenerate and symptomatic discs.15,16 More-
over, even if nutrient concentrations do not fall below
critical values, low oxygen and acidic pH levels can have
adverse effects on matrix synthesis. In cell culture, matrix
synthesis rates fall rapidly once oxygen concentrations
fall below 5% oxygen76 or pH falls below 6.8.80 More-

over, under acidic conditions, disc cells continue to pro-
duce active matrix metalloproteinases, i.e., agents able to
break down the macromolecular constituents of the disc
matrix80 even though matrix production is inhibited.
Low pH could thus rapidly lead the disc down a destruc-
tive pathway (Figure 9) even if the cells remain viable.

Disc Repair and Disc Nutrition

There is now considerable interest in the possibility of
inducing disc repair by stimulating the native cell popu-
lation to greater activity by supplying exogenous growth
factors (reviewed by An et al in this issue of Spine) or
through gene therapy (reviewed by Kang et al in this
issue). Approaches based on the success of autologous
cartilage implantation89 are also being vigorously pur-
sued; here, repair of the matrix is induced by inserting a
disc or differentiated stem cells into the damaged or de-
generate disc; a clinical study using this approach is un-
derway.90 Even tissue-engineering approaches, where
disc cells are introduced into scaffolds and cultured in
vitro to produce disc matrix suitable for disc repair,91 are
under investigation. These approaches all seem to be suc-
cessful in animal studies where these maneuvers have
been found to restore disc height and matrix growth to
some extent. It should be noted, however, that the ani-
mal models of disc degeneration are all of relatively short
duration, induced in young and previously healthy ani-
mal discs where the effects of the induced degeneration
on disc nutrition are unknown, but in some cases at least,
these do not appear to be substantial.63

New methods of disc repair involving stimulation of
native cells or insertion of new cells or tissue-engineered
disc should, however, be used with caution in humans.
For successful disc repair, the newly inserted or stimu-
lated cells have to exist in conditions where they remain
viable and active. It is thus essential that the nutrient
supply to the disc is adequate and, moreover, that it can
support the increased nutritional demands these meth-

Figure 9. Relationship between
loss of nutrient supply and disc
degeneration: a flow chart show-
ing some possible pathways.
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ods induce; the disc will need more nutrients to support
inserted cells or cells for which the activity has been in-
creased by supplying growth factors. Because failure of
nutrient supply is thought to be a major cause of disc
degeneration (Figure 9) and a high proportion of degen-
erate discs do indeed appear to have an impaired nutrient
supply,2,42 it is unrealistic to expect that reimplantation
of cells into such discs would effect a repair. Before cell-
based therapies can be introduced successfully, some
method of selecting suitable patients on the basis of an
adequate nutrient supply to the affected disc appears ab-
solutely crucial.

Key Points

● The disc is avascular.
● Essential nutrients are supplied to the disc virtu-
ally entirely by diffusion.
● Cellular activity and viability depends on the
maintenance of adequate pericellular concentra-
tions of glucose and oxygen and on regulation of
pH at acceptable levels.
● Levels of nutrient throughout the disc are gov-
erned by the balance between factors regulating
supply of nutrients and those regulating cellular
demand.
● A critical area for nutrient supply appears to be
the subchondral bone– cartilage endplate– disc
junction, which can become blocked, causing nu-
trient concentrations throughout the disc to fall to
critically low levels.
● Loss of nutrient supply is likely to lead to matrix
degradation and to cell death and hence to disc
degeneration.
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