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REVIEW

Why Do Some Intervertebral Discs
Degenerate, When Others
(in the Same Spine) Do Not?

MICHAEL A. ADAMS,” POLLY LAMA, URUJ ZEHRA, ano PATRICIA DOLAN

Centre for Comparative and Clinical Anatomy, University of Bristol, United Kingdom

This review suggests why some discs degenerate rather than age normally.
Intervertebral discs are avascular pads of fibrocartilage that allow movement
between vertebral bodies. Human discs have a low cell density and a limited
ability to adapt to mechanical demands. With increasing age, the matrix
becomes yellowed, fibrous, and brittle, but if disc structure remains intact,
there is little impairment in function, and minimal ingrowth of blood vessels or
nerves. Approximately half of old lumbar discs degenerate in the sense of
becoming physically disrupted. The posterior annulus and lower lumbar discs
are most affected, presumably because they are most heavily loaded. Age and
genetic inheritance can weaken discs to such an extent that they are physically
disrupted during everyday activities. Damage to the endplate or annulus typi-
cally decompresses the nucleus, concentrates stress within the annulus, and
allows ingrowth of nerves and blood vessels. Matrix disruption progresses by
mechanical and biological means. The site of initial damage leads to two disc
degeneration “phenotypes”: endplate-driven degeneration is common in the
upper lumbar and thoracic spine, and annulus-driven degeneration is common
at L4-S1. Discogenic back pain can be initiated by tissue disruption, and ampli-
fied by inflammation and infection. Healing is possible in the outer annulus
only, where cell density is highest. We conclude that some discs degenerate
because they are disrupted by excessive mechanical loading. This can occur
without trauma if tissues are weakened by age and genetic inheritance. Moder-
ate mechanical loading, in contrast, strengthens all spinal tissues, including
discs. Clin. Anat. 00:000-000, 2014.  © 2014 Wiley Periodicals, Inc.
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INTRODUCTION regions? The purpose of this review is to distinguish
) ) “disc degeneration” from ageing, and to explain why
Intervertebral  disc  degeneration has been certain discs degenerate rather than age normally.

described as a genetically determined disorder (Battie
and Videman, 2006) that is “constitutional” in the
sense that it can hardly be distinguished from
“normal” ageing (Haefeli et al., 2006). This viewpoint
has important medico-legal implications, but it raises
several problems. Within a given spine, why should
some discs degenerate so much more than others
that share the same age, genetic inheritance, and
internal environment? And why do certain regions of
degenerated discs (such as the postero-lateral annu-
lus) usually show more advanced changes than other
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Fig. 1. A: Human lumbar spine showing interverte-
bral discs (ivd) lying between vertebral bodies (vb). Ante-
rior on left. Gravitational forces, and muscle forces acting
on the neural arches (arrows), can be summed to form a
resultant force (R), which has a component (C), which
compresses the disc, and another (S), which shears it. B:
Oblique diagram of an intervertebral disc. The nucleus
pulposus (np) behaves like a pressurized fluid, and is
restrained by tensile “hoop stresses” (T) in the surround-
ing annulus fibrosus (af). C: Expanded cut-away of annu-
lus, showing the alternating collagen fiber direction in
adjacent lamellae. Compare with photographs in Figure
4. [Adapted from Adams et al. The Biomechanics of Back
Pain (3rd Edition), 2013, Churchill Livingstone, repro-
duced by permission].

INTERVERTEBRAL DISC STRUCTURE
AND FUNCTION

Gross Anatomy

Intervertebral discs comprise a soft central nucleus
pulposus surrounded by 10-20 concentric lamellae of
the annulus fibrosus (Fig. 1). The nucleus is a
hydrated proteoglycan gel held together by a loose
network of collagen Type II fibrils, which can be
visualized using scanning electron microscopy (Iatridis
and Ap Gwynn, 2004). These fibrils resist large tissue
deformations, and coalesce in places to provide firm
attachments to the surrounding annulus and cartilage
endplate (Wade et al.,, 2012). Each lamella of the
annulus contains parallel arrays of coarse collagen
Type I fibers within a sparse proteoglycan gel. Fiber
direction is orientated at ~60° to the long axis of the
spine, and alternates in successive lamellae (Fig. 1C).
Adjacent lamellae are joined radially by discrete trans-
lamellar bridging fibers (Schollum et al., 2009), which
bind together collagen fiber bundles of adjacent
lamellae in a similar manner to logs that are strapped
together to form a raft (Fig. 2).

Endplates

Discs are separated from the vertebral bodies
above and below by “endplates,” which comprise a
thin layer of hyaline cartilage bonded to an even thin-
ner layer of perforated cortical bone (Fig. 3). The
bone layer contains many pores, typically 140-390

Fig. 2. A “translamellar bridging network” (arrows)
binds lamellae together in the annulus. Ovine annulus
fibrosus is viewed in an oblique plane using differential
interference contrast microscopy (Schollum et al., 2008).
Even-numbered and odd-numbered lamellae have colla-
gen fibers approximately perpendicular to and parallel to
(respectively) the plane of the image. (From Schollum
et al., Spine 2008, 33, 2702-2710, reproduced by per-
mission). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

um in diameter (Rodriguez et al., 2012). Pores tend to
be greater and more plentiful in central regions of the
endplate, opposite the disc nucleus, and they are suf-
ficiently large to allow free passage of metabolites
between the vertebral bone marrow and the nucleus.

Fig. 3. Intervertebral discs join the vertebral bodies
at the endplates. A: In this undamaged tissue (female 74
yrs), there is a straight junction between the hyaline car-
tilage endplate and the bony endplate above it (black
arrow), and a gradual transition from the cartilage end-
plate to the annulus fibrosus below (*). There are some
small calcified areas within the cartilage (white arrow). B:
In this degenerated disc, the bony endplate has a step
fracture (arrow), but the defect is filled by the hyaline car-
tilage endplate (*), and there is no growth of blood ves-
sels into the disc. (H & E staining; bar= 100 pm.). [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Fig. 4. A: Middle-aged, nondegenerated human lum-
bar intervertebral disc sectioned in the transverse plane,
showing typical signs of ageing, but not degeneration
(anterior on top). B: Similar disc to that shown in A, sec-
tioned in the mid-sagittal plane (anterior on left). C:
Young nondegenerated lumbar disc sectioned in the mid-
sagittal plane. [From Adams et al. The Biomechanics of
Back Pain (3rd Edition), 2013, Churchill Livingstone,
reproduced by permission]. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]

The cartilage endplate, which adheres to the bone on
the disc side, comprises a layer of hyaline cartilage,
~1 mm thick, which is thickest adjacent to the inner
annulus, thins toward the nucleus, and is very thin or
absent near the peripheral annulus (Moon et al,,
2013). The cartilage endplate is much less porous and
permeable than the underlying bone (Rodriguez et al.,
2011), especially when it is compressed by a high
hydrostatic pressure (Ayotte et al., 2001), so that it
serves both as a biological filter and as a means of
maintaining the water content and pressure within the
nucleus when the disc is compressed.

Discs Allow Movement and Distribute
Load

Intervertebral discs are too stiff to function as effi-
cient shock absorbers, but they are soft enough to
allow small intervertebral movements in bending and
axial rotation, and normally spread compressive load-
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ing ("C” in Fig. 1A) evenly on to the adjacent vertebral
bodies, even when the spine is flexed or extended
(Adams et al.,, 2000b). The high water content of the
nucleus causes it to act as a pressurized fluid (Adams
et al., 2000b), which is constrained by tension in the
surrounding annulus. When the spine is loaded vigo-
rously, nucleus pressure causes the vertebral end-
plates to bulge into the vertebral bodies (Brinckmann
et al., 1983). Human discs are protected by the neural
arch from excessive anterior shearing forces, axial
rotation, and backwards bending (Adams et al.,
2013). The neural arch also resists a variable propor-
tion of the compressive force acting down the long
axis of the spine: depending on posture and on disc
height (which is influenced by degeneration and time
of day) the neural arch resists 20-90% of the com-
pressive force (Pollintine et al., 2004).

METABOLIC PROBLEMS IN AGEING
CARTILAGE

Lack of a Blood Supply

Both hyaline and fibrocartilage are distinguished by
a high concentration of proteoglycan molecules in
their extracellular matrix. Proteoglycans inhibit the
ingrowth of blood vessels (Johnson et al., 2005) and
nerves (Johnson et al., 2002). They also attract water,
giving rise to a compressive turgor, which in loaded
tissue, manifests as a high physical pressure, which is
sufficient to collapse any blood vessels within it. Con-
sequently, cartilage becomes avascular and aneural in
early childhood, as the skeleton becomes weight-
bearing. Metabolite transport difficulties intensify as
cartilaginous structures grow, causing cell density to
decrease steadily up until skeletal maturity (Meller
et al., 2009; Liebscher et al., 2011). The fibrocartilagi-
nous intervertebral discs are worst affected because
they are the largest avascular structures in the body
(Maroudas et al., 1975). Problems are most severe in
the nucleus, where cell density falls to ~4000 mm? in
adults (Hastreiter et al., 2001).

Adaptation and Healing

Cartilage cell density does not normally decline
after skeletal maturity (Liebscher et al., 2011), and
the small cell population appears well adapted to the
anaerobic conditions that arise from poor metabolite
transport (Bibby et al., 2005). Matrix turnover is very
slow, but measurable (Sivan et al., 2008), and com-
parisons between the mechanical properties of human
disc tissues and their adjacent vertebrae suggest that
discs are capable of limited adaptation to mechanical
demands (Skrzypiec et al., 2007). However, the
extremely low cellularity of adult cartilage creates
problems if it is injured. In surgically injured sheep
discs, effective healing is observed in the outer annu-
lus but not in the nucleus or inner annulus (Osti et al.,
1990). In adult humans, the outer annulus has four
times the cell density of the nucleus (Hastreiter et al.,
2001), suggesting that it may have some ability to
heal (Adams et al., 2010).
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AGE-RELATED CHANGES IN
INTERVERTEBRAL DISCS

The following discussion will focus on intervertebral
discs, but much of it is applicable to articular cartilage
also (Temple et al., 2007).

Cell Senescence

Although disc cell density does not normally decline
after skeletal maturity, an increasing proportion of
cells in old discs become “senescent” in the sense that
they exhibit shortened DNA telomeres, which reduces
their ability to replicate (Le Maitre et al., 2007).

Ageing of the Extracellular Matrix

Reduced cell vitality affects the surrounding matrix.
Some proteoglycan molecules become fragmented
and are lost from the tissue, reducing tissue hydra-
tion, especially in the nucleus (Antoniou et al., 1996).
As a result, disc height typically reduces by 0.6% per
year in middle-aged men (Videman et al.,, 2008a).
Reduced hydration creates stress concentrations
(Adams et al.,, 1996a), which inevitably weaken the
matrix. In addition, collagen “turnover” becomes
slower (Sivan et al., 2008), allowing increased levels
of collagen crosslinking; in particular nonenzymatic
glycation (NEG) occurs as matrix proteins become
increasingly crosslinked with sugars. NEG can be rec-
ognized from the typical brownish appearance of the
ageing tissue (Figs. 4A and 4B), but its most impor-
tant effect is to make cartilage more brittle and vul-
nerable to injury (DeGroot et al.,, 2004). Coarse
collagen Type I fibers become more abundant and
encroach on the nucleus, reducing its size. Generally,
there is no blood vessel or nerve infiltration (Palmgren
et al.,, 1999).

Age-Related Changes in the Endplate

The bony endplate becomes thinner and more
porous with age, reflecting systemic osteopenia in
many older people, and increasing the overall perme-
ability of the endplate (Rodriguez et al., 2012). This is
consistent with previous work showing that the number
of very small (20-50 um) pores in the endplate
decreases with age and disc degeneration, as the num-
ber of larger holes increases (Benneker et al., 2005).
The central endplate often bulges more into the verte-
bral body (Fig. 5), presumably as a result of focal
defects and (possibly) of “creep” deformation of under-
mineralized bone (Pollintine et al., 2009). The cartilage
endplate also thins with age, and shows signs of NEG.
Porosity and permeability increase steadily with age,
both in the cartilage and bone layers (Rodriguez et al.,
2011), but typically there is no blood vessel or nerve
ingrowth into the disc (Fig. 3).

Impaired Function in Old Discs

Loss of proteoglycans and water reduces nucleus
pressure. In addition, stiffening of the annulus due to

Fig. 5. Micro-CT scan in the frontal plane of an old
cadaveric intervertebral disc and adjacent bone, showing
how the bony endplate typically deforms into the adjacent
vertebral body. In this specimen (female, 93 yrs) the
smooth curves (arrow) suggest time-dependent “creep”
deformation of bone rather than fracture.

increased collagen crosslinking and NEG causes it to
resist compression more strongly. These effects com-
bine to cause a shift in load-bearing from nucleus to
annulus (Adams et al., 1996b) and from the disc (over-
all) to the neural arch (Pollintine et al., 2004). The outer
annulus weakens (Skrzypiec et al., 2007), presumably
because of accumulating minor defects, including cir-
cumferential splits between lamellae. In the wedge-
shaped L4-L5 and L5-S1 discs, compressive stresses
become concentrated in the posterior annulus, espe-
cially in erect (upright) postures (Adams et al., 1996b).
This is probably because the reduced height of the pos-
terior annulus at these levels does not allow it to
deform vertically as much as the taller anterior annulus,
and so it becomes more severely loaded as nucleus
pressure and height decrease.

DEGENERATIVE CHANGES AFFECT
SOME INTERVERTEBRAL DISCS

What is Disc Degeneration?

Disc degeneration has traditionally been graded on
scales (e.g., 1-4) according to the presence or absence
of specific features (Adams et al., 1986; Thompson
et al., 1990), some of which refer to structural changes
such as endplate defects, annulus fissures, and annulus
collapse. Unfortunately, some milder “features” refer to
biochemical changes, which are present in all old discs,
creating confusion over what really constitutes
“degeneration,” and how it might be distinguished from
ageing. In 2006, Adams and Roughley suggested that
intervertebral disc degeneration should be defined as
“an aberrant, cell-mediated response to progressive
structural failure,” and that a degenerate disc is one with
“structural failure combined with accelerated or
advanced signs of ageing” (Adams and Roughley,
2006). The term “degenerative disc disease” should be
reserved for a degenerated disc, which is also painful.
According to this scheme, which has been widely cited,
some discs degenerate because they are so weakened
by age, and by an unfavorable genetic inheritance (Bat-
tie et al., 2008), that they sustain damage during normal
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Fig. 6. Cell clusters (arrows) are common in degen-
erated intervertebral discs. This thin section of inner
annulus fibrosus is from a degenerated human lumbar
disc removed at surgery for suspected discogenic back
pain. Note the disrupted matrix, which is almost acellular
apart from the clusters. (H & E staining; bar=50 um.).
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

every-day activity. In degenerated discs, abnormal cell
signaling (Shamiji et al., 2010), elevated enzyme activity
(Antoniou et al., 1996; Weiler et al., 2002), and cell clus-
tering (Fig. 6) are all consistent with attempted repair. It
is sometimes suggested that discs degenerate because
of altered cell signaling, or because of impaired regula-
tion of matrix-degrading enzymes, but this surely is
“putting the cart before the horse?”

Patterns of Structural Damage to
Intervertebral Discs

Circumferential tears or splits between lamellae in
the annulus affect all lumbar discs by the age of 40
yrs (Haefeli et al., 2006). Less common are radial fis-
sures (Haefeli et al., 2006), which progress from the
nucleus to the outer annulus, usually posteriorly or
posterolaterally (Fig. 7B), and which can sometimes
allow nucleus material to herniate within or through
them (Adams and Hutton, 1985). Vertebral endplates
often show signs of fracture (Fig. 7A), sometimes
accompanied by vertical herniation of disc material
into the vertebral body. Inwards bulging or collapse of
the inner annulus (Fig. 7A) is also common (Gunzburg
et al., 1992). All of these structural changes can be
created by severe or repetitive mechanical loading in
cadaveric and animal tissues (Adams et al.,, 2013),
but in living people, they may develop over much lon-
ger timescales (see below).

Two Disc Degeneration “"Phenotypes”

The course of disc degeneration depends on
whether the initial structural defect involves the end-
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Fig. 7. Degenerated human lumbar discs sectioned
in the mid-sagittal plane (anterior on left). A: In
“endplate-driven degeneration,” a bony endplate is frac-
tured, and the annulus is internally disrupted (arrow). B:
“Annulus-driven degeneration” involves direct damage to
the annulus: in this case, a complete radial fissure
(arrow) allows nucleus tissue to move peripherally, and
blood to move centrally. C: Herniation of nucleus pulpo-
sus down a radial fissure in response to severe mechani-
cal loading (From Adams et al., Spine, 2000a, 25, 1625-
1636, reproduced by permission). [Color figure can be
viewed in the online issue, which is available at wileyonli-
nelibrary.com.]

plate or annulus. Damage to a vertebral endplate
causes an immediate and large loss of pressure in the
nucleus, and high stress concentrations arise in the
annulus, especially posterior to the nucleus (Adams
et al., 1996b, 2000a). These effects are especially
large in lower thoracic and upper lumbar discs (Dolan
et al., 2013), and they can cause the annulus to col-
lapse into the decompressed nucleus as shown in Fig-
ure 7A (Adams et al.,, 2000a; Holm et al., 2004).
Nucleus decompression also impairs matrix synthesis
by nucleus cells (Ishihara et al.,, 1996), and high
stress concentrations in the annulus increase the
expression of matrix-degrading enzymes (Handa
et al., 1997). In this way, endplate damage drives disc
degeneration by biological as well as mechanical
means (Adams et al., 2009).

Alternatively, the annulus can be disrupted directly
by high or repetitive loading in bending and compres-
sion. This type of loading occurs typically during heavy
lifting activities (Dolan et al., 1994) and can cause the
nucleus to herniate into (or through) the stretched
region of annulus (Adams and Hutton, 1982, 1985) as
shown in Figure 7C. Disc herniation (or prolapse)
occurs most readily in lower lumbar discs in the age
range 40-50 yrs (Adams and Hutton, 1982) but cervi-
cal disc herniation is also common. Injuries to the
annulus have less effect than endplate damage on
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nucleus pressure or metabolism (Przybyla et al.,
2006). Nevertheless, they can cause a variety of
degenerative changes in the annulus, including disc
cell apoptosis and enzymatic degradation of the
matrix (Walter et al., 2011). Most of the
“degenerative” changes found in herniated disc mate-
rial removed at surgery probably occur after the her-
niation takes place, as a result of tissue swelling,
leaching of proteoglycans, and revascularization
(Lama et al., 2013). Recent developments suggest
that herniating disc tissue often pulls some cartilage
endplate away from the subchondral bone (Rajase-
karan et al., 2013), allowing free communication
between disc and vertebral body. This can lead to
inflammatory (“Modic”) changes in the endplate, and
bacterial infection in the disc (Albert et al., 2013a).

The initial injuries in endplate-driven and annulus-
driven degeneration are more likely to occur if the
disc has a substantial nucleus pressure, and yet both
injuries cause that pressure to fall. Hence, either
injury reduces the risk of the other, so the two disc
degeneration “phenotypes” can be viewed as distinct
(Adams and Dolan, 2012). Some discs, of course,
exhibit features of both phenotypes, possibly because
a particular injury has damaged the endplate and
annulus at the same time. Injuries to the annulus
mainly impair a motion segment’s resistance to bend-
ing and torsion, whereas injuries to the endplate
mainly impair resistance to compression, so repair
strategies for the two types of injury must be quite
different (Iatridis et al., 2013).

Severe Disc Degeneration: A Final
Common Pathway

Nucleus decompression and high annulus stresses
cause a degenerating disc to bulge “like a flat tyre”
and to lose height, typically by 3% per year (Hassett
et al., 2003), which is much faster than nondegener-
ated discs (Videman et al., 2008a). Disc degeneration
can be recognized on MRI scans 4 yrs after an initial
injury (Kerttula et al., 2000) and the 3% per year
height loss suggests that the degeneration process
may run its full course over 1-3 decades. Attempts at
disc repair, as evidenced by increased cell signaling,
enzyme activity, and increased matrix turnover (Anto-
niou et al., 1996; Sivan et al., 2006) are frustrated by
low cell density. Increasing stress gradients within the
degenerating annulus probably cause the structure to
delaminate (Stefanakis et al., 2014), and ultimately to
collapse. Up to 90% of compressive load bearing can
then be transferred from the disc to the neural arch
(Pollintine et al., 2004), with harmful consequences
for the apophyseal joints (Robson-Brown et al,,
2008). Disc narrowing also reduces tension in the
annulus and intervertebral ligaments, thereby reduc-
ing the spine’s resistance to bending, in the short
term (Adams et al., 1987; Zhao et al., 2005). Stability
is eventually restored by the growth of osteophytes
around the vertebral body margin (Al-Rawahi et al.,
2011) and in the apophyseal joints of the neural arch
(Tischer et al., 2006). Extreme loss of disc height can
obliterate the disc space, as the spine fuses.

TABLE 1. Disc Degeneration Increases with Age:
Data from 600 Cadaveric Discs (Miller et al., 1988)

Age (yrs) Grade 2 Grade 3 Grade 4
30-39 56 15 4
40-49 56 33 8
50-59 40 42 11
60-69 10 36 52
>70 7 49 42

The % of discs that had progressed to each grade of
“degeneration” (scale 1-4) is shown. Grade 4 discs
showed unambiguous  (structural) degeneration,
whereas Grade 2 discs showed age-related biochemical
changes with minimal structural changes. Grade 3 discs
showed a variable mixture of age-related changes and
“isolated” structural changes. Young and healthy Grade
1 discs (not shown in the Table) caused values for each
age-range to total 100%.

What Proportion of Old Discs Become
Degenerated?

The most reliable data are probably from the meta-
analysis of 600 cadaveric discs (Miller et al., 1988),
which were graded for degeneration on a scale of 1-4,
following dissection and direct visual observation. All
Grade 4 discs showed unambiguous “structural”
degeneration, and Grade 3 discs showed a mixture of
age-related biochemical changes (see above), possi-
bly with some “isolated” structural defects. As shown
in Table 1, unambiguous (Grade 4) degeneration
increased from 4% at age 30-39 yrs to 42% above
age 70 yrs. Marginal (Grade 3) degeneration
increased from 15 to 49% over the same age ranges.
Male discs were more likely than female to show
Grade 4 degeneration at an early age (<60 yrs) but
there were only minor sex differences in older discs
(Miller et al.,, 1988). Broadly, similar age-related
trends have been reported in other cadaveric studies
(Antoniou et al., 1996; Siemionow et al., 2011).

Imaging studies can reveal the prevalence of disc
degeneration in large populations, although the nature
of the “degeneration” is less certain than in cadavers.
Magnetic resonance imaging (MRI; Cheung et al.,
2009) and radiography (de Schepper et al.,, 2010)
both show increasing prevalence with age, and at
lower lumbar levels. Conventional MRI detects age-
related water loss better than structural changes in
the annulus and endplate (Videman et al., 2008b),
and so naturally overestimates the incidence of true
degeneration. Radiographs, in contrast, emphasize
disc narrowing, and vertebral osteophytes, and have
shown that the former feature is more common in
men, and the latter in women (de Schepper et al.,
2010).

WHY ARE SOME DEGENERATED DISCS
PAINFUL?
Recent imaging studies on large populations have

confirmed a strong statistical association between
back pain and increasing intervertebral disc
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Fig. 8. Invading capillaries follow free surfaces, and
splits between adjacent lamellae, in the annulus. In this
30 um-thick frozen section of surgically removed herni-
ated annulus fibrosus, immunofluorescence, and confocal
microscopy have been used to demonstrate the presence
of endothelial cells containing CD31 (stained red). Cell
nuclei are counterstained blue using DAPI. The orienta-
tion of annulus lamellae is parallel to the elongated nuclei.
(Bar =100 pm). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

degeneration, although many individuals with severe
disc degeneration report no back pain (Cheung et al,,
2009; de Schepper et al., 2010). These variable links
suggest that it is only certain features of disc degener-
ation that cause back pain. “Discogenic pain” is used
here to refer to pain that arises directly from interver-
tebral disc tissue.

Invasion of Blood Vessels and Nerves

Structural damage to the endplate or outer annulus
provides an opportunity for blood vessels and nerves
to invade the disc. Annulus fissures exhibit low com-
pressive stress (Stefanakis et al., 2012), so that blood
vessels can grow within them without collapsing. In
addition, fissures allow focal swelling, leading to a loss
of proteoglycans, which normally inhibit blood vessels
(Johnson et al., 2005) and nerves (Johnson et al.,
2002). Ingrowing capillaries, and chondrocyte-like
disc cells, can secrete neurotrophic factors, which
then encourage nerve ingrowth (Freemont et al,,
2002), especially in more degenerated discs (Purmes-
sur et al., 2008). In this way, structural defects in a
degenerating annulus are mechanically and chemically
conducive to revascularization and reinnervation (Fig.
8), and are associated with discogenic pain (Videman
and Nurminen, 2004; Peng et al., 2006). Similar argu-
ments probably apply to the endplate, which has also
been identified as a pain source (Peng et al.,, 2009).
Endplate defects show evidence of extra-dense inner-
vation (Fields et al., 2014), but endplate nerves are
unlikely to grow into the adjacent disc unless there is
a gross breach in the layer of hyaline cartilage, which
normally prohibits ingrowth (Fig. 3). Nerves are
reported to be more common in endplate defects than
in annular tears (Fields et al., 2014), but this may be
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because both structures were sampled close to the
mid-sagittal plane, and annulus tears commonly
extend to the posterolateral margins of the disc.

Sensitization of Nerves: Inflammation
and Infection

The severe and unremitting nature of much disco-
genic back pain and sciatica suggests that ingrowing
nerves, and irritated nerve roots, can become over-
sensitized to mechanical stimuli, probably by inflam-
matory mechanisms (Burke et al.,, 2002; Shamji
et al., 2010). Animal experiments have demonstrated
that tumor necrosis factor alpha (TNFa) can sensitize
nerves in this way, raising the hope that blocking this
inflammatory agent may help to relieve pain in
humans (Korhonen et al.,, 2006) as it does in animals
(Olmarker et al., 2003). Sensitization may also arise
from the presence of anaerobic bacteria, which infect
the nucleus of some herniated discs (Albert et al,,
2013a). This probably explains why antibiotic treat-
ments have been shown recently to reduce discogenic
back pain in certain patients (Albert et al., 2013b).

Provocation of Sensitized Nerves

A third likely factor in discogenic pain is the genera-
tion of stress concentrations within damaged and
degenerated disc tissues (Adams et al., 2000a). Even
if overall loading of a degenerated disc is normal,
stress concentrations can still create high local strains
(deformations) that could disturb sensitized nerves.

WHY DO SOME DISCS DEGENERATE
MORE THAN OTHERS?

Discs Degenerate Because They Are
Injured

As discussed above, physical damage to annulus or
endplate creates abnormal stress distributions within
a disc, which in turn lead to progressive structural col-
lapse accompanied by abnormal disc cell biology. Tis-
sue repair is frustrated by low cell density (Antoniou
etal., 1996; Adams and Roughley, 2006), and any fur-
ther physical disruption of disturbed tissue can pro-
voke severe inflammation (Ulrich et al.,, 2007)
involving “extrinsic” blood-borne cells. Lower lumbar
discs are affected most because they are subjected to
the highest mechanical stresses, including bending
(Adams and Dolan, 1991). Similarly, the posterior
annulus is affected more than the anterior because it
is usually loaded more severely (Adams et al., 2000a).
Animal models (Holm et al., 2004; Ulrich et al., 2007),
and follow-up studies in humans (Kerttula et al., 2000;
Carragee et al., 2009) confirm that injuries to annulus
or endplate lead inexorably to disc degeneration.

Are Degenerated Discs Often “Injured”?

Some spine scientists resist the concept of disc
injury. Other musculoskeletal tissues, including
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tendons, menisci and vertebrae, are acknowledged to
weaken with age (to an extent that depends on life-
style, hormones and genetic inheritance) so that they
can be damaged by everyday mechanical loading
(Myers and Wilson, 1997; Wang, 2006; Snoeker et al.,
2013). However, intervertebral discs are deemed only
to “degenerate,” or not. Resistance to the concept of
disc injury may arise from the misconception that
“injury” must be equated with “trauma,” but this is not
the case. Injury simply means that a structure has
been physically disrupted, and this can happen either
because it was extremely weak, or because it was
loaded severely, or because it was loaded repetitively
so that “fatigue” damage accumulated within it
(Adams and Hutton, 1985). Even a sudden injury can
occur in the absence of external violence, if internal
muscle forces are very high, as they are during sudden
or unexpected events (Mannion et al., 2000). As an
extreme example, uncontrolled co-contraction of
trunk muscles is known to cause vertebral fracture
during epileptic fits (Vascancelos, 1973). There is
ready acceptance that old and weak vertebrae can be
injured during everyday activities such as trying to
open a window (Myers and Wilson, 1997; Jiang et al.,
2010) but this is because radiographs provide unam-
biguous evidence of the disrupted structure. Our
appreciation of the role of injury in cartilage degenera-
tion would be greatly enhanced if MRI was able to visu-
alize cartilage damage as clearly as radiographs can
identify a fractured or deformed bone.

The epidemiological evidence is consistent with an
injury and fatigue “model” of disc degeneration.
Degeneration (including prolapse) is associated with
severe spinal loading (Videman et al., 1990; Schmitt
et al., 2004) especially activities which involve forward
bending (Kelsey et al., 1984; Seidler et al.,, 2003).
More generally, back pain is related to sudden injuries
and maximal efforts (Magora, 1973). But neither disc
degeneration nor back pain are strongly related to
moderately increased spinal loading arising from body
weight (Videman et al.,, 2010), occupation (Videman
et al.,, 2006), or leisure activities (Videman et al.,
2007), presumably because all skeletal tissues even-
tually adapt to moderate and habitual levels of loading
(Skrzypiec et al., 2007; Rumian et al., 2009;
Sugiyama et al., 2012). Cyclic loading of animal ten-
dons causes deterioration if the loading is severe, and
adaptation if it is moderate. (Andarawis-Puri et al.,
2012). In the words of Nietzsche: “What does not Kill
me makes me stronger!”
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