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ABSTRACT

The research of the aetiology of low back pain has been mainly focused on the
study of the innervation pattern and degenerative changes of different human spinal
tissues. Particular emphasis has been laid on the prevalence of sensory nerve
structures in the intervertebral disc. In patients with anamnestic low back pain and
degenerative disc disease, immunohistochemical studies have demonstrated sensory
nerve structures in the outer part of the intervertebral disc as well as in the
ligamentous structures and facet joints. Only a few studies report nerve structures
in the nucleus pulposus.

The functional spinal unit consists of the intervertebral disc, the superior and
inferior vertebrae, the right and left facet joint, and the interconnecting ligaments.
Degeneration of the intervertebral disc as well as fusion of the intervertebral disc
space using rigid metal devices have been shown to induce degeneration in the
spinal unit on both the same and adjacent levels. Discectomy also induces
degenerative changes in the corresponding spinal unit and in the spinal units of the
adjacent levels. Degenerative changes of the spinal unit result in altered kinematics
of the spine as a whole.

In order to avoid the complications associated with traditional rigid metal
implants, there has been increasing interest in bioabsorbable devices in spinal surgery.
As an alternative to rigid fusion, replacement of the degenerated disc with a disc
prosthesis has been proposed. The use of a disc prosthesis has also been presented
as an alternative to discectomy for the disc prolapse disease. Artificial disc
replacement could minimize the postoperative anatomical and kinematic changes
of the spine. Several disc prostheses have been developed. No bioabsorbable
prostheses have been presented.

In the present study, the type and topography of the innervation of normal and
prolapsed human lumbar intervertebral disc tissue were studied immuno-
histochemically. Furthermore bioabsorbable implants for replacement of the
intervertebral disc were evaluated. Self-reinforced poly-L-lactide screws and a
cylindrical implant of polylactide polymers, bioactive glass and Polyactive™, were
used for replacement of the lumbar intervertebral disc in growing pigs. The facet
joints of the spinal units were studied for degenerative changes.

According to the present results, the outermost layers of the annulus fibrosus in
a normal human lumbar intervertebral disc are sparsely innervated by autonomic
and sensory nerve structures. The nucleus pulposus of a normal disc seems to be
aneural. Also in prolapsed human lumbar intervertebral disc tissue, autonomic and
sensory nerve structures were demonstrated in the annulus fibrosus, but not in the
nucleus pulposus. A comparison between previous studies and the present one
reveals that the annulus fibrosus of painful and injured discs seems to be more
densely innervated than that of the normal discs. This could be of relevance in the
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pathogenesis of low back pain. Replacement of a disc with a bioabsorbable cylindrical
implant showed better preservation of the width of the lumbar intervertebral space
in pigs compared to a discectomized space with screws as disc implant or to a
discectomized space without any implant. The use of a bioabsorbable disc implant
could minimize the shortcomings associated with metal devices in spinal surgery.
Degenerative changes were demonstrated in the facet joints corresponding to the
intervertebral spaces with both of the bioabsorbable implants and also in the facet
joints corresponding to the emptied spaces without any kind of implant.
Degeneration was also observed in the facet joints corresponding to normal
intervertebral spaces. The facet joint appears to be a structure sensitive both to
normally occurring and surgically induced structural changes in the intervertebral
space.
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1. INTRODUCTION

The human spine has two distinct roles. First, the series of vertebrae provides a
strong but yet mobile axis onto which the skeleton and the muscles are attached.
Secondly, it protects the nerves coursing from the brain to the periphery. This
compromise of mobility and stability is realized by a series of functional spinal
units, each consisting of the intervertebral disc, the superior and inferior vertebrae,
the interconnecting right and left facet joint, and the surrounding ligaments (Bao et
al. 1996).

Due to ageing and degeneration, there are structural changes occurring in the
spine. In the intervertebral disc, the degenerative changes are more dramatic than
in any other component of the spine or in any other musculoskeletal structure in
the human body. The disc also degenerates earlier in life than any other tissue of
the human body. In the degenerating intervertebral disc, the vascularization pattern
alters. As a result of changes in the nutritional supply, the structure of the cellular
and extracellular matrix alters. Consequently, there are changes in the tensile and
shock-absorbing functions of the intervertebral disc. The innervation of different
tissues of the spine has been widely studied with particular interest in the sensory
innervation of degenerative and painful intervertebral discs. According to recent
results, the innervation pattern also seems to alter with the extent of degeneration
(Buckwalter et al. 1993, Coppes 1997, Johnson et al. 2001, Gruber and Hanley 2002).

Surgery of the intervertebral space disturbes its normal anatomy and the
mechanical load distribution of the other components of the functional spinal unit
in a similar fashion as do ageing and degeneration (Panjabi et al. 1984, Lee 1988).
Changes in load transmissions also occur on the adjacent levels of the spine. Along
with degeneration of the different components of the spine, the kinematics of the
spine changes as a whole (Kirkady-Willis et al. 1978, Eck et al. 1999).

When using a rigid device for fixation, associated complications such as stress
shielding and device displacement have been reported. There might also be a need
for later hardware removal surgery. To avoid these problems, alternatives to rigid
devices have been developed and studied for fracture fixation and osteotomy fixation
in other fields of orthopaedics and traumatology. The use of bioabsorbable implants
is widely accepted, and the indications have continued to increase (Rokkanen et al.
2000). Bioabsorbable devices in the form of SR-PLLA-rods have also been clinically
used in diaphyseal fractures in small animals with good or excellent clinical results
(Räihä et al. 1993). Since the 1990s bioabsorbable alternatives to rigid metal fusion
devices have been developed also for spinal surgery (Vaccaro and Madigan 2002).
By using bioabsorbable devices it is possible to preserve the normal anatomical
and kinematic conditions and prevent subsequent degeneration of the nearby
structures. From the 1990s on, also artificial disc replacement has been discussed as
an alternative to fusion and for use in disc herniation surgery, and prosthetic discs
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have been presented (Szpalski et al. 2002).
The aetiology of low back pain has been a matter of discussion and research in

the literature. In addition to intervertebral disc degeneration, facet joint degeneration
has been mentioned as a possible aetiologic factor (Wiberg 1949, Hirsch et al. 1963,
Kuslich et al. 1991). In the present work, immunohistochemical studies of the
innervation pattern, topography and type, of normal and prolapsed human lumbar
intervertebral disc tissue were performed. The results of the present study were
compared to those of the previous ones of disc tissue of different status to understand
the significance of the changes in the innervation pattern of the intervertebral disc
in low back pain. The present study also deals with the question of artificial disc
replacement in the intervertebral disc disease. Bioabsorbable intervertebral disc
implants have not been presented so far. In this work, two kinds of bioabsorbable
devices for lumbar intervertebral disc replacement were experimentally evaluated
in growing pigs; self-reinforced poly-L-lactice full-threaded (SR-PLLA) screws and
a cylindrical implant consisting of polylactide polymers, bioactive glass and
Polyactive™. Complications associated with rigid metal devices may possibly be
avoided by using bioabsorbable implants strong enough to maintain the height of
the disc space and capable of inducing tissue regeneration in the disc space.
Degeneration of the facet joint cartilages in the spinal units operated on was studied
histologically in order to evaluate the changes in the other parts of the spinal unit.
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2. REVIEW OF THE LITERATURE

The first systematical dissections of the human body and the beginning of scientific
studies on the spine date back to the great medical school of Alexandria which
flourished from about 300 BC until the death of the last ruler of Ptolemaic Egypt,
Cleopatra, in 30 BC. In the first century of the Christian era, Galen studied spinal
diseases by dissecting pigs and he divided the human spine into three main regions;
the cervical, thoracal, and lumbar spine (Galeno 1950). Luschka was the first to
describe the human intervertebral disc in detail (Lushka 1858).

2.1. ANATOMY AND KINEMATICS OF THE HUMAN SPINE;
THE FUNCTIONAL SPINAL UNIT

The functional spinal unit is made up of an intervertebral disc, the adjacent superior
and inferior vertebra, the interconnecting right and left facet joint, and the
surrounding ligamentous tissue. The two adjacent vertebrae are linked by three
joints; the intervertebral joint, and the right and left facet joints (Fig. 1). This joint
complex allows three-dimensional movements: flexion-extension, axial rotation, and
lateral bending (Yong- Hing and Kirkady-Willis 1990). In vivo studies on
asymptomatic human lumbar spines have demostrated a total range of active flexion-
extension of approximately 14 degrees and an axial rotation of approximately two
degrees in an intervertebral joint, the lower levels being slightly more mobile than
the upper. Active lateral bending of approximately ten degrees has been measured
at the levels L1-L2 to L3-L4, while the levels L4-L5 and L5-S1 showed less movement
of six and three degrees, respectively (Pearcy et al. 1984, Pearcy and Tibrewal 1984).
Coupled rotatory or translatory motions of smaller magnitude are associated to the
main motion of the intervertebral joint and occur simultaneously in the other parts
of the functional spinal unit (Panjabi et al. 1994).

Figure 1. Schematic illustration of the three joint complex formed by a functional
spinal unit consisting of the intervertebral disc, the superior and inferior vertebra, the
right and left facet joint, and the interconnecting ligaments (not shown in the
illustration).

Superior articular process

Intervertebral disk

Facet joints
(zygapophyseal

joints)

Interior articular processLateral view Posterior view
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2.1.1. The intervertebral disc

The intervertebral disc consists of the nucleus pulposus and the annulus fibrosus.
The gel-like nucleus pulposus core is made up of disc cells surrounded by an
extracellular matrix rich in proteoglycans and with a water content of 70-90 %. A
healthy extracellular matrix of the nucleus pulposus provides the intervertebral
disc with its biomechanical tensile and shock-absorbing functions. The annulus
fibrosus fibrocartilage shell is made up of disc cells among concentric lamellae rich
in collagen and with a water content of 60-70 %. The disc is covered inferiorly and
superiorly by layers of vertebral cartilage end-plates. Anteriorly and posteriorly,
the annulus fibrosus conjoins with the anterior longitudinal and posterior
longitudinal ligament. The discovertebral joint with the elastic disc transmits
compressive load to nearby tissues, simultaneously providing stability of the spine
(Antoniou et al. 1996, Bao et al. 1996, Bogduk 1997).

The intervertebral disc of a newborn is richly vascularized by small vessels between
the outer lamellae of the annulus fibrosus, occasionally penetrating more deeply.
This pattern of vascularization diminishes after three years of age (Hirsch and
Schajowicz 1953, Taylor 1974, Buckwalter 1995). Beyond that point, the nutrition
and viability of the disc cells, especially in the inner part of the annulus fibrosus and
the nucleus pulposus, are more dependent on diffusion from vertebral body
capillaries that terminate above the cartilage end-plates (Urban et al. 1979, Holm
et al. 1981, Crock and Goldwasser 1984, Horner and Urban 2001).

Early studies on the innervation anatomy of the human lumbar spine have
demonstrated the following innervation pattern of the disc and adjacent ligaments:
the sinuvertebral nerve is formed by union of a somatic root from the ventral ramus
and an autonomic root from the grey ramus communicans on each spinal level. The
sinuvertebral nerve forms transverse, descending, and ascending branches. The
transverse and descending branches innervate the posterior longitudinal ligament
and the underlying posterior part of the annulus fibrosus of the disc on the entry
level. The ascending branch overlaps the transverse and descending branches from
the sinuvertebral nerve on the superior level. The lateral and anterior parts of the
annulus fibrosus with the adjacent longitudinal ligament are innervated by nerves
from the sympathetic nervous system as well as by the ventral rami and its branches
(Fig. 2) (Roofe 1940, Pedersen et al. 1956, Bogduk et al. 1981, Bogduk 1983).
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2.1.2. The facet joints

The facet joints are lined with hyaline cartilage. The facet joints allow a small degree
of flexion and extension. By limiting rotation, they protect the intervertebral disc
from shear stress (Antoniou et al. 1996, Bao et al. 1996, Bogduk 1997). The nerve
supply of the facet joints comes from branches from the dorsal rami which also
innervate the ligamentum flavum (Fig. 2) (Roofe 1940, Pedersen et al. 1956, Bogduk
et al. 1981, Bogduk 1983).

2.2. DEGENERATIVE CHANGES OF THE SPINE

Low back pain is an increasing problem in western countries, being associated with
substantial economic losses (Frymoyer and Cats-Baril 1991). The possible sources
of low back pain have been a matter of speculation. The intervertebral disc disease
alone or in combination with facet joint degeneration has been discussed as a source
of low back pain. It has been reported that perioperative mechanical stimulation of
especially the posterior portion of the intervertebral disc and the injection of
hypertonic saline in the facet joints cause low back pain (Wiberg 1949, Hirsch et al.
1963, Kuslich et al. 1991). The facet joint intra-articular anaesthetic injection has
been shown to relieve low back pain (Lippitt 1984, Lewinnek and Warfield 1986).

Figure 2. Schematic illustration of the innervation of the intervertebral disc and nearby
structures. 1. intervertebral disc. 2. facet joint. 3. conus medullaris. 4. sinuvertebral
nerve. 5. ventral ramus with ventral and dorsal root. 6. gray ramus communicans. 7.
dorsal ramus.  8. sympathetic ganglion and nerve.
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2.2.1. Ageing and degeneration

The loss of intervertebral disc space height due to decreased tension in the
degenerated nucleus pulposus causes narrowing of the neuroforamina and thus less
space for the nerve roots. The narrowing of the diseased disc space also increases
the pressure in the facet joints of the corresponding level. As a result, there is abrasion
of the articular cartilage of the facet joints (Dunlop et al. 1984, Yang et al. 1984). By
this mechanism, disc pathology has been shown to precede (Butler et al. 1990,
Fujiwara et al. 1999) and induce facet degeneration on the same level (Moore et al.
1999, Gries et al. 2000) and on the adjacent levels (Gotfried et al. 1986). The more
sagittally the facet joints are oriented, the more prone they are to degeneration
(Boden et al. 1996, Grogan et al. 1997, Fujiwara et al. 2000, Fujiwara et al. 2001).
Consequently, the load transmission to the adjacent disc is disturbed and its
degeneration accelerated (Haher et al. 1994). Due to degenerative structural changes
of the components of the spinal unit, there are pathological movements between
the vertebrae leading to instability of the spinal unit. As a result, the components of
the spinal unit hypertrophy in order to maintain stability. (Kirkady-Willis et al. 1978,
Yong- Hing and Kirkady-Willis 1990, Dunlop et al. 1984, Farfan and Gracovetrsky
1984). Thresholds of the main movements that indicate clinical instability have been
proposed (Posner et al. 1982). The coupled movements are thought to represent the
quality of movement and may therefore be better indicators of spinal instability
(Stokes and Frymoyer 1987).

2.2.1.1. Histological degenerative changes of the intervertebral disc

The first degenerative changes of the disc occur in the normally soft nucleus pulposus.
The water content and proteoglycan content of the extracellular matrix decrease,
causing accumulation of the matrix around the disc cells of the nucleus pulposus.
The nucleus becomes more fibrous, begins to fissure, and blends more intimately
with the annulus fibrosus. Changes in the ultrastructure of the disc cells, which
produce the extracellular matrix, are not as evident. The proportion of viable disc
cells decreases during ageing, though, possibly due to changes in vascularity. This
results in the decrease and fissuring of the lamellar layers of the annulus. The water
content of the annulus remains relatively constant. The degradation of one of the
major collagens of the annulus, type II, increases. The nucleus is prone to prolapse
through the fissures of the annulus. These events lead to altered biomechanical
properties of the intervertebral disc (Antoniou et al. 1994, Buckwalter 1995, Gruber
and Hanley 1998, Horner and Urban 2001, Gruber and Hanley 2002). Along with
increased degeneration of the disc, histological examination has revealed increased
vascularity of the annulus fibrosus. The vascular changes seem to appear prior to
degeneration (Kauppila 1995).
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2.2.1.2. Histological degenerative changes of the facet joints

According to Lewin, the appearance and order of the degenerative changes in the
lumbar facet joint cartilages are the same as in the osteoarthritis of the other
extremital joints (Lewin 1964). The first degenerative signs are cracking of the
cartilage surface and a disturbed chondrocyte proliferation pattern. Subsequently,
there are osteoarthritic changes of the subchondral bone and joint capsule: formation
of new bone that remodels the subchondral zone, marginal osteophytes, and
fibrotization of the synovial capsule. Finally, necrotic areas as well as fibrosis and
calcification of the articular cartilage appear. The age-relation of the degeneration
signs observed in for example human hip joint cartilage or in the intervertebral disc
have not been as clearly observed in facet joint cartilage (Ziv et al. 1993). The osmotic
pressure of the proteoglycans is the main factor determining the resistance to
compressive loads. In facet joint cartilage, a significant drop in the proteoglycan
content is observed in young to middle-aged people. This drop is not as significant
in middle-aged and elderly people. In both hip joint and facet joint cartilage,
fibrillation of the surface and dehydration increase up to 30 years of age, after which
these signs of degeneration increase with age in the hip joints but remain rather
constant in the facet joints (Ziv et al. 1993).

2.3. EFFECTS OF SURGERY

In human spine cadaver studies rigid fusion has been shown to cause altered stress
transmissions and degeneration of the adjacent segments due to altered movements
at the level operated on. (Lee and Langrana 1984, Kanayama et al. 2001). The same
has been seen in human clinical studies (Lee 1988, Hambly et al. 1998, Eck et al.
1999). Experimental and clinical studies have demonstrated that also discectomy,
both total and subtotal, for disc herniation leads to changes in motion on the
operation level. Particularly total discectomy causes a degeneration cascade of also
the adjacent levels (Panjabi et al. 1984, Goel et al. 1985, Tibrewal et al. 1985, Goel et
al. 1986, Kambin et al. 1995). The relevance and role of these postoperative adjacent
segment failures as a cause of relapsing lumbar back pain after surgery have been
discussed.

2.4. IMMUNOHISTOCHEMICAL STUDIES ON THE INNERVATION OF
SPINAL TISSUES

In animal models, immunohistochemical studies of nerve structures focusing on the
anatomical-pathological basis for low back pain have demonstrated sensory nerve
structures in the dura mater and in the periosteum of the vertebral body (Ahmed et
al. 1991), in the anterior and posterior longitudinal ligaments (Ahmed et al. 1991,
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Cavanaugh et al. 1995, Kumar et al. 1996, Sekine et al. 2001), within the outermost
lamellae of the annulus fibrosus (Weinstein et al. 1988, McCarthy et al. 1991, Ahmed
et al. 1991, Kääpä et al. 1994, Cavanaugh et al. 1995, Nakamura et al. 1996), and in
the facet joints (Suseki et al. 1997). Experimentally induced annulus fibrosus lesions
have been shown to induce nerve ingrowth into the annulus fibrosus, associated
with vascular ingrowth (Melrose et al. 2002). No nerve ingrowth into the nucleus
pulposus has been reported.

Early studies on human cadaver tissue have shown sensory neural structures at
the junction of the posterior longitudinal ligament and the annulus fibrosus as well
as in the anterior longitudinal ligament (Roofe 1940, Wiberg 1949). A study
containing also prolapsed intervertebral disc tissue specimens showed that nerve
fibres located in the outermost layers of the annulus do not penetrate into the nucleus
pulposus (Hirsch et al. 1963). In lumbar tissue of different age groups, nerve
structures were detected in the locations mentioned above, in the facet joint capsules,
and sparsely in the ligamentum flavum and interspinous ligaments. There was no
significant increase of nerve structures in the intervertebral disc along with
degeneration (Malinsky 1959, Jackson et al. 1966).

Later, more specific analyses of nerve structures in different spinal tissues from
patients with anamnestic low back pain and disc degeneration have been of particular
interest. The neuropeptides substance P (SP) and calcitonin gene-related peptide
(CGRP) are possible sensory transmitters (Takahashi et al. 1975, Henry 1982, Lee
et al. 1985, Oku et al. 1987, Santavirta et al. 1990). It has been shown that SP-
immunoreactive nerve structures penetrate deeper in the annulus of degenerated
than of normal discs, the SP-immunoreactive structures not being observed in the
nucleus pulposus (Coppes et al. 1997, Johnson et al. 2001). Disc tissue from the pain
level of back pain patients demonstrated SP- and CGRP-immunopositive nerve
structures in the annulus fibrosus, but not in the nucleus pulposus (Ashton et al.
1994). However, there are also reports of SP-immunopositive nerve ingrowth into
the nucleus pulposus of painful discs (Freemont et al. 1997). Nerve structures in the
anterior and posterior longitudinal ligaments and in the outer half of the annulus
fibrosus have been demonstrated with the use of the silver-impregnation technique.
There was no difference in the network of nerves when comparing the outer annulus
of degenerated and normal intervertebral discs (Yoshizawa et al. 1980). The presence
of Scwann cells (Johnson et al. 2001), of the intervertebral disc glycosaminoglycan
aggrecan (Johnson et al. 2002) or the production of the nerve growth factor by
vascularization of the degenerated disc (Freemont et al. 2002) may regulate sensory
nerve growth in health and disease in intervertebral discs. Mechanoreceptors with
a possible nociceptive function have been demonstrated in the outer lamellae of
the annulus fibrosus (Roberts et al. 1995). Also the facet joint capsule is innervated
by sensory nerves (SP, CRGP) in back pain patients (Giles and Taylor 1987, Grönblad
et al. 1991, Ashton et al. 1992), as is the posterior longitudinal ligament in sciatica
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patients (Korkala et al. 1985, Konttinen et al. 1990). The vertebral end-plate of the
spinal units with disc degeneration (Brown et al. 1997) and the vertebral body from
patients without a history of back pain also contain sensory (CGRP) nerve structures
(Antonacci et al. 1998).

2.5. ARTIFICIAL DISC REPLACEMENT

The relation between degenerative lesions of the spine and the need for fusion is
difficult to define (Nachemson 1996). The pain caused by a degenerative joint is
linked to its mobility. Supression of the movements by fusion induces pain relief at
the cost of impaired function. Therefore the standard treatment of arthrotic joints
has been fusion, until the advent of reliable arthroplasty techniques. This theory is
presently appealing also in spinal surgery: a degenerated disc can be replaced instead
of fusing the degenerated segment (Szpalski et al. 2002). The degenerative disc
disease with low-grade instability and no associated facet joint disease is a proposed
indication for artificial disc replacement (ADR) (Kirkaldy-Willis 1983, Klara and
Ray 2002). Artificial disc implants of different materials and different designs have
been presented (Szpalski et al. 2002). Numerous implants have been tested
experimentally in animal studies or on human cadavers but never been used clinically
(Hoffman-Daimler 1974, Froning 1975, Edeland 1981, Hedman et al. 1988, Ojima et
al. 1989, Main et al. 1990, Lee et al. 1991, Parsons et al. 1992, Baumgartner 1992,
Baumgartner 1994, Vuono-Hawkins et al. 1994, Oka et al. 1995, Bao et al. 1996,
Dumas et al. 1996, Graf 1999, Kotani et al. 2002). Furthermore, facet joint prostheses
have been developed and experimentally tested (Fitz 1996, Martin 2000).

Only a few artificial disc implants have reached the level of clinical use in humans.
The first human implantation of an artificial disc was a metal ball (Fernström 1966).
It was withdrawn due to a tendency to subside into the vertebral end-plates and
bodies. A silicon device implanted in patients in 1977 was also withdrawn, because
of subsidence in the vertebral end-plates and a destructive posterior approach (Fassio
and Ginestie 1978). The Acroflex artificial disc has been presented in several
generations. The first, consisting of polyolefin rubber and titanium, was withdrawn
because of possible carcinogenic properties of a chemical used in the rubber
vulcanization process (Steffee 1992, Enker et al. 1993). The later generations were
neither successful, due to defects in the rubber demonstrated on computed
tomography scans after one or two years postoperatively (Fraser et al. 2000). The
SB Charité prosthesis designed in the 1980s has been designed in three versions.
The first and second versions were withdrawn because of problems with device
migration and metal fatique fractures (Buttner-Janz et al. 1989). The third version
has been widely used. It consists of a high-molecular-weight polyethylene nucleus
containing a radiolucent metallic ring and cobalt-chromium end-plates coated with
titanium and hydroxyapatite. Clinical studies have shown improvement in the pain
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intensity of patients with degenerated disc disease (Griffith et al. 1994, Cinotti et al.
1996, Lemaire et al. 1997, Zeegers et al. 1999, Buttner-Janz et al. 2002, Hochschuler
et al. 2002, Hopf et al. 2002). The artificial discs, Pro-Disc consisting of polyethylene
core and metal end-plates (Marnay 1994) and Maverick, a metal/metal device
(Mathews et al. 2002) are under clinical trial. Merely replacement of the nucleus
pulposus has also been presented (Schönmayr et al. 1999, Klara et al. 2002, Ray et
al. 2002) After modifications of the device consisting of a hydrogel core, enclosed in
an elastic woven polyethylene jacket, the success rate has improved significantly.

More controversial is the ADR in the intervertebral disc prolapse disease.
Promising results from experimental studies (Eysel et al. 1999, Meakin and Hukins
2001, Zollner et al. 2001) and a clinical study (Moshida et al. 1996), where the central
nucleus was preserved in herniectomy, are reported. The decrease in disc height,
the increase in intervertebral instability, and the changes in signal intensity of the
disc were not as significant as with the complete removal of the disc.

2.6. NEW DIRECTIONS IN THE DEVELOPMENT OF SURGICAL
BIOABSORBABLE IMPLANT MATERIALS

The function of implants used in orthopaedic surgery is to help to maintain bony
alignment, improve the rate of healing, and decrease the need for external
immobilization. The traditional metallic implants are not without shortcomings:
implant migration, stress shielding, and an eventual need for a second surgery for
hardware removal. Several bioabsorbable materials have been developed and
studied. Materials of particular interest are the poly-alpha-hydroxy-acid family
members, polyglycolide (PGA) and polylactide (PLA), because of their strength.
They have been under research for development of osteosynthesis devices since
the 1960s (Kulkarni et al. 1966). Bioactive glass was introduced in the 1970s in
purpose to create a material with a direct chemical bone-bonding ability (Hench et
al. 1972). Polyactive™ is a recently introduced copolymer of polyetylene oxide (PEO)
and polybytulene terephtalate (PBT), with bone-bonding and calcification properties
(Bakker et al. 1989).
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2.6.1. Polylactide (PLA)

2.6.1.1. Chemistry

PLA is a hard and semi-crystalline, high-molecular-weight polymer with thermo-
plastic properties, introduced in 1955 (Fig. 3) (Schneider 1955). High-molecular-
weight PLA is synthesized with a ring-opening polymerization technique of cyclic
diesters of lactic acid (Lowe 1954, Scneider 1955, Jamshidi 1984, Hyon et al. 1997).
Lactic acid has two enantiomeric forms, L-lactide and D-lactide. L-lactide is found
in the carbohydrate metabolism in living organisms, especially in muscles (Cori
1931). D-lactide is found in human blood and it originates from dietary intake and
colonic bacterial fermentation (Brandt et al. 1980). The ring-polymerization method
results in two enantiomeric forms of the PLA, poly-L-lactide (PLLA) and poly-D-
lactide (PDLA) with opposite configurational structures. These polymers have
molecular weights of hundreds of thousands of daltons. The highly crystalline PLLA
is hydrophobic due to a methyl group. PDLA is amorphous, resulting in a weaker
and more rapidly degrading material (Vert et al. 1981, Majola et al. 1991). Self-
reinforcing (SR) techniques further improve the mechanical properties of the
polymers (Törmälä et al. 1987, Törmälä 1992). By these methods, the PLA polymer
matrix is reinforced with oriented fibres of the same polymer material leading even
to a mechanically stronger polymer structure.

PLA is degraded via the citric acid cycle to produce energy, carbon dioxide, and
water (Kulkarni et al. 1966, Lehninger 1982, Hollinger et al. 1986). The majority of
the degradation products are excreted through the lungs as carbon dioxide (97 %)
and, to a lesser extent, via urine and faeces (Kulkarni et al. 1966, Brandt et al. 1984).
The degradation rate varies with the molecular weight, enantiomeric composition of
the polymer, size and shape of implant, environmental factors, methods of processing,
and methods of sterilization (Nakamura et al. 1989). PLLA has been shown to degrade
most slowly, the final degradation time still being a matter of investigation. Signs of
only peripheral degradation have been observed as late as three to four years after
implantation (Vert et al. 1981, Reed et al. 1981, Vert et al. 1986).

Figure 3. Repeating chemical structure of polylactide acid.
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2.6.1.2. Biocompatibility

In experimental studies, the foreign-body reaction of PLA implants has been shown
to be histologically favourable in the cancellous bone area (Eitenmueller et al. 1987,
Majola et al. 1991, Matsutsue et al. 1991, Päivärinta et al. 1993, Bergsma et al. 1996,
Nordström et al. 1998, Van der Elst et al. 1999). In animal experiments, no clinical
foreign-body reaction could be detected after a 24- or 52-week follow-up,
respectively, in the cancellous bone area (Peltoniemi et al. 1998, Peltoniemi et al.
1999). Good biocompatibility was also demonstrated in sheep femoral osteotomy
fixation with SR-PLLA screws seven years postoperatively: the implants had been
degraded and replaced by tight bone, and no other tissue reactions were observed
(Jukkala–Partio et al. 2002). The biocompatibility of PLLA for spinal surgery was
demonstrated by implanting PLLA films in the intervertebral space of rabbits
(Matsumoto et al. 2002). No histologic changes in the spinal cord or in the nerve
root were seen, and no inflammatory cell infiltration into the epidural space around
the films was observed.

2.6.1.3. Human clinical applications with PLA

SR-PLLA fixation devices have been used in facial fractures and osteotomies
(Kallela 1999, Ashammakhi et al. 2001) and in ankle fractures and artrodesis (Partio
1992a, Partio et al. 1992b, Partio et al. 1992c, Bucholz et al. 1994, Pihlajamäki et al.
1994, Böstman et al. 1995, Eitenmueller et al. 1996, Hovis et al. 2002). In knee trauma
surgery they have been used in meniscus lesions (Albrecht-Olsen et al. 1999, Hurel
et al. 2000), for fixation of osteochondral fragments (Matsutsue et al. 1996, Tuompo
et al. 2000), in anterior cruciate ligament reconstruction (Tuompo et al. 1999a), and
for patellar fracture fixation (Juutilainen et al. 1995a). Femoral neck fractures have
been fixed with SR-PLLA screws (Jukkala-Partio et al. 2000). SR-PLLA devices
have been used in trauma surgery of the hand and foot, and in small joint arthrodese
of the hand and foot (Pihjalamäki et al. 1992, Juutilainen and Pätiälä 1995b,
Juutilainen et al. 1996, Voutilainen 2002). Common features of all these studies were
promising results concerning healing and only a few reports on foreign-body
reactions.

2.6.1.4. Spinal applications with PLA

For spinal fusion, bioabsorbable cages have been studied in animal experiments.
Promising results compared to metallic cages, concerning fusion rates, absorption,
and replacement of the implant with trabecular bone, are reported (Van Dijk et al.
2001, Van Dijk et al. 2002, Toth et al. 2002). Anterior plate fixation in conjuction
with fusion cages has shown decrease in local motion and a stabilatory effect, possibly
promoting fusion (DiAngelo 2002). The containment of the cancellous bone graft
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within a bioabsorbable bone graft scaffold protected and enhanced fusion of an
intervertebral space (Poynton et al. 2002).

Potential human clinical spinal applications with PLA are now being realized.
Bone graft harvesting from the iliac crest is commonly performed during spinal
surgery, and bone graft donor site morbidity up to 21 % has been reported (Laurie
et al. 1984). Bone graft harvest site reconstruction with a bioresorbable sheet to
inhibit ingrowth of other tissue showed less morbidity compared to standard soft
tissue closure (Wang et al. 2001). Facet joint fixation rods for posterolateral fusion
showed satisfactory healing after one year (Johnsson et al. 1997). Bioabsorbable
bone graft cages filled with autologous bone graft showed maintenance of the disc
space and the foraminal diameter in a six-month follow-up in patients with
degenerative spondylosis or spondylolisthesis (Subach et al. 2002). Patients operated
on for degenerative disc disease with the use of bioabsorbable cages containing
anautologous bone graft showed favourable symptomatic relief after a short follow-
up time of mean 4.7 months (Lowe and Coe 2002).

2.6.2. Bioactive glass

2.6.2.1. Chemistry

Bioactive glasses are composed of SiO2, CaO, Na2O, and P2O5. The proportions of
the components differ in the glasses, giving them different properties. Glasses
containing more than 60 mol% SiO2 or with a molar ratio of Ca to P lower than 5:1
are reported not to bond to bone (Hench and Wilson 1984, Hench 1986, Hench
1988). The bone-bonding reaction results from a sequence of reactions in the glass
and at its surface (Hench and Wilson 1984). Bioactive glasses are divided into five
types depending on their surface reactions. Type I and II are inert. Type III is
bioactive; a Ca-P-reaction layer is developed on a silica-rich surface. Type IV is
resorbable; a silica-rich layer develops on the glass surface, but its silica content is
too low to protect the material bulk, leading to the dissolving of the glass. Type V is
completely soluble (Hench and Wilson 1984, Hench 1986). Colonization of
osteoblast-like cells producing a collagenous extracellular matrix has been observed
on glass-ionomer bone substitutes (Brook et al. 1992), the attachment and
proliferation being better on bioactive glass than on non-reactive glass
(Vrouwenvelder et al. 1992, Suzuki et al. 1999). The role of silicone is known to be
essential also for chondrogenesis (Carlisle et al. 1980), thus making bioactive glasses
an interesting option in tissue engineering.
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2.6.2.2. Biocompatibility

Bioactive glasses have shown no or only mild inflammatory responses in the
surrounding tissue in histological in vivo studies (Aho et al. 1993). However, bioactive
glasses are surface-active, and the reaction has been an object of studies. The glasses
have been shown to induce reactive oxygen metabolite-production of human
neutrophils in in vitro studies, the production being related to the durability and,
hence, to the composition of the bioactive glass. The bioactivitity of the glass has
not been seen to influence the reactive oxygen metabolite-production (Lindfors et
al. 1999). Many biomolecules are prone to damage due to oxidative reactions, and
many diseases, such as malignancies and fibrotic lung disease, have been associated
with this phenomenon (Brink 1997).

2.6.2.3. Human clinical applications with bioactive glass

Bioactive glasses have been used in lumbar fusion (Ido et al. 2000), in the obliteration
of frontal sinuses in complicated sinuitis (Suonpää et al. 1997, Peltola et al. 2000), in
the reconstruction of the iliac crest defect after bone graft harvesting (Asano et al.
1994), in the treatment of periodontal bone defects (Zamet et al. 1997, Leonetti et
al. 2000), in the reconstruction of facial bone defects (Suominen and Kinnunen
1996), in tympanoplastic reconstruction (Niparko et al. 1988), and as filling material
in benign bone tumour surgery (Heikkilä et al. 1995). Promising results are reported.

2.6.3. Polyactive ™

2.6.3.1. Chemistry

Figure 4. Chemical structure of a polyethylene-oxide/polybutylene-terephtalate- (PEO/
PBT)-copolymer. A: chemical formula; PEO above and PBT beneath. B: schematic
three-dimensional representation; PEO=amorphous and PBT= crystalline.
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The elastomeric hydrogel Polyactive™ is a recently introduced biodegradable
segmented block polyether/polyester copolymer which is presently under active
research in several tissue-engineering projects. The copolymer consists of variable
proportions of amorphous soft polyethylene oxide (PEO) and crystalline hard
polybutylene terephthalate (PBT) (Fig. 4) (van Blitterswijk et al. 1991a, van
Blitterswijk et al. 1991b). PEO is hydrophilic, but PBT shows more hydrophobic
properties (Adams and Hoeschele 1987). By varying the proportions of PEO and
PBT, Polyactive™ materials with different biological, mechanical, and physico-
chemical properties can be produced. Most studies on PEO/PBT copolymers have,
so far, been performed on Polyactive™ with a 55/45 PEO/PBT proportion. The
reactions of the material, when in contact with bone, are seen as an electron-dense
layer at the interface between the material and bone in electron microscopy (van
Blitterswijk et al. 1991a, van Blitterswijk et al. 1991b). Further analyses of the layer
have demonstrated electron-dense calcium phosphate-containing crystals both in
the bone and in the Polyactive™, forming this continuity. This is due to the ability
of the hydrophilic PEO to absorb calcium ions (Thoma et al. 1987). Polyactive™
also absorbs water creating a swelling pressure of the material, depending on the
PEO proportion of the material (van Blitterswijk et al. 1993). The uptake of calcium
ions is considered to initiate the calcification within the material, continuing into
the bone, a phenomenon considered to explain the bone-bonding properties of
Polyactive™ seen in experimental studies (Okumura et al. 1992a, Okumura et al.
1992b). The swelling pressure created by the water uptake has been shown to produce
forces ensuring an intimate implantation in a space, which could be compared to
press-fit implantation without negative effects such as tissue necrosis (van
Blitterswijk et al. 1993). PEO/PBT copolymers are also highly permeable to
macromolecules, making it possible for cell nutrients to pass through (van
Blitterswijk et al. 1993). Hydrolysis is the main mechanism of degradation of the
PEO/PBT polymers, the degradation process being relatively slow (Reed and Gilding
1981a, 1981b).

2.6.3.2. Biocompatibility

In in vitro experiments, the PEO/PBT copolymers have shown satisfactory
biocompatibility (Bakker et al. 1988, van Loon 1995). In experimental studies on
rats, where deep dermal wounds were treated with cell-seeded skin substitutes
consisting of Polyactive™, there was replacement of the dermal defect by neodermal
tissue, and no marked foreign-body reaction was seen either locally or systematically
(Beumer 1993). PEO/PBT copolymers as bone-filling material have shown good
bone-bonding due to the swelling pressure and a promising calcification of the
Polyactive™ material (Radder et al. 1994, Meijer et al. 1996, Kuijer et al. 1998, Sakker
et al. 2000, Du et al. 2002). Polyactive™ dental implants have been reported to
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function favourably in experimental studies on dogs, due to flexibility resembling
that of natural teeth (Meijer et al. 1997). Polyactive™ has demonstrated tissue
regenerating properties when experimentally used as tympanic membrane
reconstruction scaffold (Bakker 1988, Grote et al. 1991).

2.6.3.3. Human clinical applications with Polyactive™

Polyactive™ has been used in cement restrictor plugs (Bulstra et al. 1996).
Concerning skin tissue engineering using Polyactive™, exploratory human studies
are reported.

2.6.4. Artificial disc replacement with bioabsorbable implants

To the knowledge of the present author, no bioabsorbable intervertebral disc implant
has been presented so far. Bioabsorbable spinal devices for other purposes, for
example bioabsorbable bone graft cages and facet joint fixation rods, have been
presented (Johnsson et al. 1997, Ido et al. 2000, Van Dijk et al. 2001, DiAngelo 2002,
Poynton et al. 2002, Subach et al. 2002, Toth et al. 2002, Van Dijk et al. 2002).
Preliminary mechanical results of the use of two parallel SR-PLLA screws and a
cylindrical implant consisting of polylactice polymers, bioactive glass and
Polyactive™, developed for this experimental study for replacement of the
intervertebral discs, have been presented (Ellä et al. unpublished results). A
compression test was performed by compression between two parallel polished steel
plates at a rate of 1 mm/min. The cylindrical implants were tested up to 9.3 kN and
the screws up to 9.5 kN. The compression tests for human spinal cadaver region
samples Th 11-L 3, with four intervertebral discs present, have shown shortening
from 3.0 mm to 5.8 mm of the region with 2 kN compression. With 4 kN and 6 kN
compression, the shortening was 4.8 – 7.7 mm and 6.5 – 8.3 mm, respectively
(Bedzinski 1997). A human cervical intervertebral disc stands 2kN of compression,
a thoracic 2-4 kN, and a lumbar 4.5 – 8.3 kN, before breakage (White and Panjabi
1978). In the compression tests, the behaviour of the cylindrical implants in 0-2 kN
and 2-4 kN compressions was comparable to human spinal intervertebral disc
behaviour. With the screws, the compression strength was sufficient for the human
cervical spine but not for the thoracic and lumbar spine.
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3. AIMS OF THE PRESENT STUDY

The aims of the present study were to answer the following questions:

1. Which types of nerve structures are present in human lumbar normal and
herniated intervertebral disc tissue, respectively? Is it possible to draw
conclusions of relevance in the aetiology of low back pain from variations in
the innervation pattern between normal and pathological intervertebral disc
tissue?

2. Can the height of the intervertebral disc space be preserved and the disc space
stabilized by new tissue formation after discectomy and replacement with either
bioabsorbable SR-PLLA screws or bioabsorbable cylindrical intervertebral
disc implants consisting of polylactide polymers, bioactive glass, and
Polyactive™?

3. What is the extent of histologically observed degeneration in the facet joint
cartilages of a spinal unit after disc replacement with a bioabsorbable implant,
after discectomy not followed by disc replacement, and in the facet joint
cartilages of normal spinal units?
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4. MATERIALS AND METHODS

4.1. HUMAN DISC TISSUE

4.1.1. Tissue sampling

Nine macroscopically normal human lumbar intervertebral disc tissue specimens
consisting mainly of annulus fibrosus, both posterior and anterior annulus specimens,
were obtained from five tissue donors. Microscopically, the collagen fibres could
clearly be observed oriented as circumferential lamellae. The mean age of the tissue
donors (one male and four females) was 34.6 years (range 13-53 years). The
anamnestic data of the back pain symptoms of the donors was not available. No
radiological investigation results of the lumbar spines of the tissue donors were
available; neither were any such investigations performed for this study.

Thirty-five human lumbar disc herniation tissue specimens consisting mainly of
annulus fibrosus, removed at surgery, were collected. Twelve (34 %) of the tissue
samples were sequestrated discs, 17 (49 %) were extrusions, and six ( 17 %) were
protrusions. The mean age of the donor patients (24 males and 11 females) was 41.4
years (range 24-62 years). The mean duration of the radicular symptoms of the
patient before surgery was 6.4 months (range from one week to four years). Five
patients had undergone a previous back operation; three had recurrent prolapsed
discs, and two had been operated on earlier for disc herniation on a different level.

4.1.2. Fixation and preparation

All the freshly-obtained intervertebral disc specimens were rinsed in saline, fixed
in Zamboni fixative (Zamboni and DeMartino 1967), and cryoprotected in 15 %
sucrose-phosphate buffer. They were immediately rapidly frozen and stored at –
70°C before immunostaining.

For immunostaining, the disc herniation specimens were cut in eight-micrometre
(µm)-thick parallel, horizontally oriented sections; three from each specimen, one
for each of the antibody to be used. The normal disc tissue samples were cut in ten-
µm-thick parallel, horizontally oriented sections; four from each specimen, one for
each of the antibody to be used. The specimens were cut on a cryostat (Frigocut;
Reichert-Jung, Nussloch, Germany).

4.1.3. Immunostaining methods

The tissue sections were placed on microscope slides (Vectabond™, Vector
Laboratories, Burlingame, California) and air-dried. The specimens were washed in
phosphate-buffered saline (PBS) and then in 0.2 % Triton X-100 (Riedel-de Haen
AG™, Seelze, Germany). Non-specific binding was inhibited by incubation with
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normal goat serum in PBS for 20 minutes at room temperature. Endogenous
peroxidase acitivity was inhibited by incubation with 0.3 % H2O2 for 30 minutes at
room temperature. From every normal disc tissue specimen, one section was
incubated with one of the following primary antibodies: synaptophysin (SYN),
protein gene product 9.5 (PGP 9.5), substance P (SP), and c-flanking peptide of
neuropeptide Y (CPON), all diluted 1:3000 in PBS. From every disc herniation
specimen, one section was incubated with one of the following primary antibodies:
SYN, SP, and CPON, all diluted 1:2000 in PBS. After that, incubation with the
secondary antibody (biotinylated goat anti-rabbit), and subsequently incubation
with the avidin-biotin-peroxidase complex reagent (ABC Elite™, Vector
Laboratories Inc., Burlingame, California, USA) were performed. Incubation with
a cromogen (glucose oxidase-3.3‘diaminobenzidine-nickel-sulfate; DAB, Vector™,
Laboratories Inc., Burlingame, California, USA) was then performed for
amplification of the peroxidase reaction product. Between each incubation step,
the slides were rinsed in PBS. Before microscopic examination, counterstaining with
Weigert‘s hematoxylin and mounting (Aquamount™, BDH Limited, Poole, United
Kingdom) were performed.

In the normal disc tissue study and the disc herniation tissue study, negative control
sections were stained in the same manner but omitting the specific primary antibody.
In these sections no immunoreactivity was detected. As positive controls for neural
immunostaining, human skin tissue specimens were immunostained as described
with all the antisera. Nerve structures were observed with all the antisera.

4.1.4. Methods of analysis

The slides were examined under a microscope (Leitz Diaplan, Heerbrugg,
Switzerland) using a magnification of original x 740.

In the normal intervertebral disc tissue samples, immunoreactivity to PGP 9.5
and SYN, was evaluated as an indication for nerve structures in general. PGP 9.5 is
a major component of neuronal cytoplasm (Thompson et al. 1983). SYN is a general
marker for presynaptic and sensory nerve endings, previously used for quantitation
of nerve terminals in pathologic conditions ( Wiedenmann and Franke 1985,
DeCamilli et al. 1988, Waalas et al. 1988, Kar et al. 1989, Masliah et al. 1990, Masliah
et al. 1991). Immunoreactivity to SP and CPON was sought for in order to classify
the nerve endings further as either sensory or sympathetic (Takahashi et al. 1975,
Henry 1982, Lee et al. 1985, Oku et al. 1987, Santavirta et al. 1990). CPON is present
in postganglionic sympatethic neurones in peripheral tissue and it is possibly involved
in the production of pain and inflammation (Levine et al. 1986, Potter 1988). The
depth at which the immunoreactivities were observed was measured with a
morphometric scale attached to the microscope; a minimum distance of 0.01 mm
could be measured.
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In the disc herniation tissue samples, the immunoreactivity to SYN was evaluated.
The immunoreactivity to SP to locate sensory nerve structures and to CPON for
location of sympathetic nerve structures was then studied to determine more
specifically the type of the nerve structures.

Photographs of the slides with herniated and normal intervertebral disc tissue
were taken with a Wild Photoautomat MPS 45 (Heerbrugg, Switzerland) using Ilford
50 ASA black-and-white film.

4.2. BIOABSORBABLE INTERVERTEBRAL DISC IMPLANTS

Two different bioabsorbable intervertebral disc implants were studied. Self-
reinforced poly-L-lactide (SR-PLLA) full-threaded screws with a diameter of 4.5
mm and with a length of 25 mm (Bionx Implants Ltd, Tampere, Finland) were used
in parallel pairs of two to replace one removed intervertebral disc (Fig. 5).

Figure 5. Implant used for lumbar intervertebral disc
replacement in pigs. A pair of two parallel SR-PLLA-screws.

A cylindrical intervertebral disc implant (Institute of Biomaterials, Tampere
University of Technology, Tampere) with dimensions of 17.2 –18.5 mm (length),
13.9 – 14.8 mm (width), and 5.20 – 5.75 mm (height), was manufactured for this
study. One implant was used to replace one removed intervertebral disc (Fig. 6).
The implant consisted of two softer core rods consisting of bioactive glass and
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Polyactive™. The composition of the bioactive glass particles was six weight per
cent (wt-%) Na2O, 12 wt-% K2O, five wt-% MgO, 20 wt-% CaO, four wt-% P2O 2,

and 53 wt-% SiO2. The PEO/PBT relation of the Polyactive™ was 70/30. The core
rods were surrounded by a harder porous shell (knitted poly-L,D-lactide; P(L/D)LA,
L/D-relation 96/4) impregnated by a mixture of poly-L,DL-lactide (P(L/DL)LA;
L/DL-relation 70/30) and bioactive glass of the composition mentioned. The structure
of the implant with its softer core and harder shell was to resemble that of the
natural intervertebral disc with its nucleus pulposus and annulus fibrosus.

Figure 6. Implant used for lumbar intervertebral disc replacement in pigs. A cylindrical
implant (core rods: Polyactive™ and bioactive glass, shell: poly-L,D-lactide, poly-
L,DL-lactide and bioactive glass).

Both of the devices were gammasterilized.
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4.3. EXPERIMENTAL PIGS

4.3.1. Surgical technique and anaesthesia

The pig has been assumed to be an useful experimental animal in orthopaedic
research concerning vertebral studies. Similarities have been found between the
anatomy and the function of especially the porcine cervical spine and the human
lumbar spine (Oxland et al. 1991, Yingling et al. 1999)

After approval of an animal wellfare committee, eight eight-week-old pigs of
Finnish landrace breed of both sexes, with a mean weight of 33 kg (range 25-46 kg),
were operated on. As premedication, atropine 0.05 mg/kg (Atropine™, Leiras, Turku,
Finland), ketamine hydrochloride 10 mg/kg (Ketalar™, Parke-Davis, Solna, Sweden),
diazepam 0.2 mg/kg (Diapam™, Orion, Espoo, Finland), and atzaperon 5 mg/kg
(Stresnil™, Janssen-Cilag, Wien, Austria) were injected intramuscularly. Anaesthesia
was induced with thiopental 6 mg/kg (Penthotal™, Abbot, North Chicago, USA)
and maintained by oxygen-halothane (halothane concentration 1.5 %). During the
operation, physiologic saline-solution was administered intravenously.

As infection prophylaxis, a preoperative intramuscular injection of benzyl-
penicillin procaine 60 000 IU/kg (Ethacillin™ 300 000 IU/ml, Novo Industri AS,
Copenhagen, Denmark) was administered.

With the pig in spinal recumbency, and with a pillow under the lumbar region,
the abdomen was opened by a mid-line incision in the hypogastric region. The
intestines were tamponed superiorly intracorporarly in towels moistured with saline
solution. The retroperitoneal space was opened by an incision to the left of the
lumbar spine and the abdominal aorta. The attachments of the peritoneum and the
long ventral ligament to the vertebrae were bluntly dissected. The intervertebral
spaces L3-4, L4-5 and L5-6 were identified .

In four pigs, the spaces L3-4 and L4-5 were discectomized using a curette and a
mini-drill. Two SR-PLLA screws were parallelly screwed into the emptied spaces in
an ventral-dorsal direction (Fig. 7). In another four pigs, the intervertebral discs of
the same levels were replaced by a cylindrical implant (Fig. 7), and the intervertebral
spaces L5-6 were discectomized without disc replacement with any kind of an
implant. However, in one of these pigs the space was left intact as a normal control
due to anatomical difficulties in disc removal and the risk of damaging the aorta.
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The abdominal contents were replaced, and the peritoneum was closed with a
running absorbable suture and the muscle layer and the skin by absorbable stitches.
Pain was postoperatively controlled by a veterinarian with flunixin meglumine 2.2
mg/kg intramuscular injection (Finadyne™ 50 mg/ml, Schering-Plough A/S,
Denmark).

4.3.2. Postoperative care, clinical findings and slaughter

Two pigs, one with screw implants and the other with cylindrical implants, died
immediately postoperatively. The cause of death was, according to the autopsy
reports, pneumonia/haemorrhagic enteritis and acute heart insufficiency, respectively,
possibly caused by anaesthesia-induced stress. These two pigs were excluded from

Figure 7. Schematic illustration showing the location of the implants in the lumbar
intervertebral space of a pig. A pair of SR-PLLA-screws to the right, a cylindrical
implant to the left. A: from above. B: lateral view.
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the study. The postoperative follow-up time was 15 weeks, during which the pigs
were kept in single stalls with a ceramic tile floor covered with shopped straw. They
were able to move freely. A commercial feed concentrate was used in accordance
with the instructions of the manufacturer. One pig with cylindrical disc implants
developed weakness of the right hindfoot that persisted, and atrophy of the
quadriceps muscle was observed. Otherwise the mobilization of the pigs was
uneventful. No infections of the operation wounds were observed. At 11 weeks,
oxytetracycline (OTC) 50 mg/kg, (Terramycin™ 100mg/ml, Pfizer Oy, Animal Health,
Espoo, Finland) was injected for bone labelling studies (Milch et al. 1958). The pigs
were killed by electric shocks and then bloodshed.

4.3.3. Methods of analysis

Six pigs were used in the data analysis. Six intervertebral spaces with a pair of SR-
PLLA screws, six intervertebral spaces containing a cylindrical implant, and two
merely emptied spaces without any kind of implant were evaluated in the study.
The number of normal intervertebral spaces evaluated radiologically in the study
was ten. Four of the normal spaces were prepared together with the operated
intervertebral spaces for further microscopical studies. From all prepared
intervertebral disc spaces, six with SR-PLLA screws, six with cylindrical implant,
two merely emptied, and four untouched normal spaces, the corresponding right
and left facet joint were prepared for histological analysis of the facet joint cartilage.

4.3.3.1. Radiographic evaluation

Anterioposterior and lateral view radiographs of the lumbar spines were taken using
Siemens Gigantos 1012 MP equipment. The radiographs were taken immediately
after the operation, at six weeks postoperatively, and at 15 weeks after killing the
experimental pigs and detachment of the lumbar spines. The width of the
intervertebral disc spaces including both anterior and posterior end-plates was
measured in millimetres in the anterio-posterior radiographs immediately
postoperatively and at 15 weeks. All the disc spaces containing one of the implants
and the merely emptied intervertebral disc space were measured. The untouched
intervertebral spaces L2-3 and L5-6 in all pigs were measured as normal controls.

4.3.3.2. Preparation of the specimens

After detachment and radiographing of the fresh lumbar spines, further preparation
proceded immediately. Initially, the spinal units with some kind of implant, the merely
emptied L5-6 levels, and the normal control intervertebral disc spaces L5-6 were
dissected en bloc. The facet joints were then sawed off. Each specimen containing
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an intervertebral disc space and the adjacent vertebrae were sagittally split in the
middle perpendicular to the disc space. Each facet joint specimen was split
perpendicular to and in the longitudinal axis of the joint surface line.

All the specimens were fixed in 70 % ethanol, dehydrated in increasing
concentrations of ethanol, and embedded in methylmetacrylate (Schenk 1965). No
decalcification procedure was done in order to preserve the structure of the bone
in the specimens.

For histological studies, the intervertebral disc space specimens were cut in five-
µm-thick sections, one from each specimen, with a Polycut S microtome (Reichert-
Jung, Nussloch, Germany). The sections were stained with Masson-Goldner stain
(Goldner 1938). For microradiographic and bone-labelling studies, the intervertebral
disc space specimens were cut in 80-µm-thick sections with a Leitz 1600 saw
microtome (Ernst Leitz Wetzlar, Wetzlar, Germany), one section from each specimen.
The microradiographs were made using the Faxitron X-ray system, Model 43855 A
(Hewlett-Packard, McMinnville, Orlando, USA) and high resolution plates, ultraflat,
type 1A (Imtec Products, Sunnyvale, California, USA).

The facet joint specimens were cut in five-µm-thick sections. They were stained
with safranin-O-stain (Rosenberg 1971) for histological evaluation of the
degradation of the facet joint cartilage.

4.3.3.3. Histological studies

In the histological studies of the emptied intervertebral spaces without an implant
and of the untouched intervertebral spaces, the structure of the disc space and the
osteogenic activity of the anterior and posterior end-plates and cartilagenous growth
zones in the form of osteoblasts and new bone formation were evaluated. In the
disc spaces with implants, the location of the implants and the grade of absorption/
fragmentation of the implants were observed. The tissue regeneration at the site of
the fragmented/partly absorbed implants was observed by evaluating the presence
of granulation tissue and fibrotic tissue. The osteogenic activity of the anterior and
posterior end-plates and of the cartilagenous growth zones was evaluated by the
amount of osteoblasts and new bone formation.

Four subgroups of facet joint specimens were studied: the specimens
corresponding to normal intervertebral spaces and those corresponding to emptied
spaces, and the specimens corresponding to discectomized spaces with screw implants
and those corresponding to discectomized spaces with cylindrical disc implants. The
parameters evaluated in the cartilage zone, in the osteochondral junction, and in
the area of capsular attachment are presented in Table 4. The degree of histologically
observed degeneration of the parameters was graded according to the following
scale: – = normal histology, + = some degenerative changes, ++ = obvious
degenerative changes. The scale was created by the present author and a senior
patologist, based on the observations by Lewin (Lewin 1964).
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Photographs to illustrate the histological findings in the specimens were taken
with a colour view 12 soft imaging systems digital camera coupled to an Olympus
BH-2 microscope.

4.3.3.4. Bone labelling and microradiographic studies

The calcification in the intervertebral disc spaces, in the cartilagenous growth zones,
and in the end-plates was analysed by evaluation of the OTC-uptake in fluorescence
microscopy, and by evaluation of new formation of bone trabeculae in the
microradiographs.

Photographs to illustrate the fluorescence findings and the microradiographic
findings in the specimens were taken with a colour view 12 soft imaging systems
digital camera coupled to an Olympus BH-2 microscope.
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5. RESULTS

5.1. IMMUNOHISTOCHEMICAL STUDIES OF NERVE STRUCTURES IN
HUMAN LUMBAR INTERVERTEBRAL DISC TISSUE

5.1.1. Normal intervertebral disc tissue

In the tissue specimens incubated with the general nerve marker SYN, minute
immunopositive dots were searched for to locate varicose nerve endings. Immuno-
reactivity to the other general nerve marker PGP 9.5 used in this study was also
studied to locate nerve structures in general. The tissue specimens incubated with
the antibodies to the specific neuropeptides SP (sensory) and CPON (sympathetic)
were evaluated to classify more specifically the nerve structures. The immunore-
activity in the specimens was in general very sparse; immunoreactivity to at least
one antibody was, however, noted in all nine specimens. The observed nerve structures
were mostly seen coursing parallel to the circular lamellae in the outer parts of the
annulus fibrosus (Figs. 8, 9, 10, and 11). In the deeper areas of the annulus fibrosus
immunopositive areas were sparsely observed. The observations of the different
cathegories of immunoreactivity to the antibodies are presented in Table 1.

Figure 8. SYN-immunopositive nerve structures (arrows) coursing parallel to outer
annulus fibrosus lamellae in a human normal intervertebral disc tissue specimen.
Avidin-biotin-peroxidase-complex immunostaining with glucose-oxidase-diamino-
benzidine-nickel-sulphate amplification of peroxidase reaction product. Original
magnification x 740.
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Figure 9. PGP-immunopositive nerve structures (arrows) coursing parallel to outer
annulus fibrosus lamellae in a human normal intervertebral disc tissue specimen.
Avidin-biotin-peroxidase-complex immunostaining with glucose-oxidase-
diaminobenzidine-nickel-sulphate amplification of peroxidase reaction product.
Original magnification x 740.

Figure 10. SP-immunopositive nerve structures (arrows) coursing parallel to outer
annulus fibrosus lamellae in a human normal intervertebral disc tissue specimen.
Avidin-biotin-peroxidase-complex immunostaining with glucose-oxidase-
diaminobenzidine-nickel-sulphate amplification of peroxidase reaction product.
Original magnification x 740.
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Figure 11. CPON-immunopositive nerve structures (arrows) coursing parallel to outer
annulus fibrosus lamellae in a human normal intervertebral disc tissue specimen.
Avidin-biotin-peroxidase-complex immunostaining with glucose-oxidase-
diaminobenzidine-nickel-sulphate amplification of peroxidase reaction product.
Original magnification x 740.

Tissue Age(years)/sex Level Immunoreactivity to nerve markers
specimen SYN PGP 9.5 CPON SP

1 41/F L1-L2 + + + +
2 41/F L1-L2 – + – –
3 13/F L5-S1 – – + +
4 13/F L5-S1 + – + +
5 31/F L2-L3 – + +  +
6 53/F L2-L3 – + +  +
7 53/F L3-L4 + + + –
8 53/F L3-L4 + + + +
9 53/M L1-L2 + + + +

Abbreviations: F = female. M = male.  + = immunoreactivity observed.
– = no immunoreactivity observed.

Table 1. Patient data and immunoreactivity to synaptophysin (SYN), proteine gene
product 9,5 (PGP 9.5), C-flanking peptide of neuropeptide Y (CPON), and substance
P (SP) in human lumbar normal disc tissue speciments.
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The depth at which immunoreactivity was observed in all specimens was measured
for each of the antibodies used. The mean penetration depth of neural structures in
general in the anterior annulus was 0.64 mm (range 0.01-3.5 mm) and in the posterior
annulus 0.25 mm (range 0.01-1.1 mm). Immunoreactivity for the general nerve
markers SYN and PGP 9.5 was observed deeper in the annulus fibrosus than for
the more specific nerve markers SP and CPON. Of the specific neuropeptides SP
and CPON, sympathetic CPON immunopositivity was observed deeper than sensory
SP immunopositivity (Table 2).

Tissue Penetration depth of different nerve types
specimen SYN PGP 9.5 CPON SP

1 3,50 0,85 0,50 0,10
2  – 1,10  –  –
3  –  – 0,12 0,02
4  –  – 0,12 0,20
5  – 0,10 0,35 0,50
6  – 0,65 0,50 0,35
7 0,50 0,18 0,20  –
8 1,50 0,25 0,90 0,01
9 0,10 0,02 0,02 0,01

Table 2. Penetration depth in millimetres of nerve structures in normal human lumbar
disc tissue specimens. – = no immunoreactivity observed.

5.1.2. Herniated intervertebral disc tissue

The tissue specimens incubated with an antibody to the general nerve marker SYN
were observed for small punctate immunopositive dots implicating varicose nerve
endings. The tissue specimens incubated with antibodies to SP and CPON were
studied to determine further the type of the nerve structures as either sensory (SP)
or sympathetic (CPON). In 29 of the 35 specimens, immunoreactivity to at least
one of the three antibodies was seen. The immunopositive areas were small, and
mostly located along tears and in the periphery of the annulus fibrosus, as shown in
Figure 12, demonstrating immunopositivity for SP. In some specimens, nerve
terminals were observed in close association with disc cells, especially those
immunopositive for SYN (Fig. 13) or CPON (Fig. 14). The observations of the
different cathegories of nerve terminals in the specimens, together with the patient
data, are presented in Table 3.
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Figure 12. SP-immunopositive nerve structures (arrows) observed in the periphery
of a human disc herniation disc tissue specimen. Avidin-biotin-peroxidase-complex
immunostaining with glucose-oxidase-diaminobenzidine-nickel-sulphate
amplification of peroxidase reaction product. Original magnification x 740.

Figure 13. SYN-immunopositive nerve structures (thin arrow) observed in a human
disc herniation disc tissue specimen, in close vicinity (thick arrow) to disc cells (D).
Avidin-biotin-peroxidase-complex immunostaining with glucose-oxidase-
diaminobenzidine-nickel-sulphate amplification of peroxidase reaction product.
Original magnification x 740.

➛
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➛D
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Figure 14. CPON-immunopositive nerve structures (thin arrow) observed in a human
disc herniation disc tissue specimen, in the proximity of (thick arrow) disc cells (D).
Avidin-biotin-peroxidase-complex immunostaining with glucose-oxidase-
diaminobenzidine-nickel-sulphate amplification of peroxidase reaction product.
Original magnification x 740.
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Table 3. Patient data and immunostaining results using antibodies for synaptophysin
(SYN), substance P (SP), and C-flanking peptide of neuropeptide Y (CPON) in 35
human lumbar intervertebral disc herniation tissue specimens.

Patient Age(years) Duration of Herniation Immunoreactivity to nerve markers
/sex pain in months type SYN SP CPON

1 33/M 4,0 ext + – –
2 30/M 5,0 ext + – –
3 24/M 4,0 ext + – –
4 48/M 0,5 seq – – +
5 40/F 2,5 ext – + –
6 37/F 4,0 ext + – –
7 34/M 4,0 prot – +  +
8 31/M 2,0 seq + – –
9 57/F 3,0 ext – – –

10 48/F 5,0 prot – – –
11 36/M 0,8 ext – – +
12 62/M 1,0 seq + – +
13 41/F 3,0 seq – + –
14 43/F 24,0 seq – +  +
15 50/M 3,0 seq + – +
16 48/F 2,5 ext +  + +
17 44/F 10,0 ext – + –
18 45/F 1,5 seq – + –
19 27/M 4,0 seq – +  +
20 41/M 3,0 ext – +  +
21 32/M 1,5 ext – +  +
22 44/M 5,0 seq – – –
23 41/M 10,0 prot – – +
24 53/M 4,0 seq +  + –
25 54/F 0,3 seq +  + –
26 35/M 6,0 prot +  + –
27 41/M 8,0 prot +  + +
28 48/M 24,0 ext + – –
29 58/M no report prot – – –
30 24/M 48,0 ext +  + +
31 30/M 6,0 ext + – –
32 48/M 6,0 seq – – –
33 37/M 3,5 ext – – –
34 51/M 5,0 ext +  + –
35 35/M 4,0 ext + – –

Abbreviations: M = male. F= female. ext = extrusion. seq = sequester. prot = protrusion.
+ = immunoreactivity observed.– = no immunoreactivity observed.
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5.2. LUMBAR INTERVERTEBRAL DISC REPLACEMENT WITH
BIOABSORBABLE IMPLANTS

5.2.1. Biocompatibility of the implants

In two pigs with screw implants, a purulent inflammation reaction was observed in
one of the intervertebral disc spaces containing two SR-PLLA screws.
Macroscopically pus was observed. In the four histological specimens prepared from
them, clusters of leukocytes and macrophages were microscopically seen surrounding
the fragmented screws. This tissue reaction was classified as a purulent inflammation
contrary to a foreign-body reaction. Microscopically, no inflammatory tissue reaction
characterized as a foreign-body reaction to PLA was observed in the intervertebral
spaces with screw implants. In the intervertebral spaces containing cylindrical
implants, no inflammatory tissue reaction characterized as a foreign-body reaction
was either seen.

5.2.2. Radiographic evaluation

The greatest mean narrowing of 5 mm (range –10 – 0 mm), was measured in the
emptied intervertebral spaces without an implant (N=2). The same amount of
narrowing, mean 5 mm (range –7 – (-)4 mm), was observed in the screw-implanted
spaces (N=6). The width of those spaces where the intervertebral disc had been
replaced by a cylindrical implant (N=6) was better preserved, the mean narrowing
being 2.8 mm (range –6 – 0 mm). Also in the normal intervertebral spaces (N=9),
some narrowing was seen; mean 1.2 mm (range –3 – (+)1 mm).

5.2.3. Histological studies

After the follow-up time of 15 weeks, the intervertebral discs of the untouched
intervertebral spaces histologically showed a regular gel-like nucleus pulposus
surrounded by regular annulus fibrosus lamellae (Fig. 15-A). No marked osteogenic
activity in the form of presence of osteoblasts and new bone formation was observed
in the end-plates or growth zones of the normal intervertebral spaces. The emptied
spaces without disc implant showed an unorganized structure of the nucleus pulposus
and annulus fibrosus (Fig. 16-A). A low grade of osteogenic activity in the end-
plates and growth zones was observed in the histological specimens.

In three of the 12 SR-PLLA screw specimens, fragmentation of the screw was
seen. In these tissue regeneration in the form of granulation tissue, collagen-like
lamellae, and occasional ossification areas in between the clearly detectable SR-
PLLA fragments were observed (Fig. 17-A). In nine specimens, no marked tissue
regeneration was observed at the site of the only minimally fragmented SR-PLLA
screw. In all the end-plates and cartilagenous growth zones of the screw specimens,
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new bone formation and osteoblasts were observed as signs of osteogenic activity.
In two of the four specimens with a purulent inflammatory reaction, the screw was
displaced. In all the other screw specimens the screws were seen properly located in
the intervertebral space.

In all 12 cylindrical implant specimens, granulation tissue and collagen-like
structures were observed among the polylactide fibres and vacuoles of bioactive
glass of the partly fragmented implant in the intervertebral space. The outer border
of the implant was obscured, and some PLA fibres were occasionally seen with
polarizing light in the adjacent tissue. In some of the specimens, a swelling of the
core of the implant was observed. In the end-plates of all 12 specimens in this group,
new bone formation and osteoblasts were detected. The cartilagenous growth zones
of all specimens also showed osteogenic activity. The implants were located anteriorly
in the intervertebral space where they had been placed (Fig. 18-A).

5.2.4. Bone labelling and microradiographic studies

In the normal intervertebral disc specimens, no increased OTC-uptake was observed
in the end-plates or in the cartilagenous growth zones. The microradiographs showed
no increase of bone trabeculae (Fig. 15-B). All of the emptied intervertebral disc
specimens showed some increased OTC-uptake in the end-plates, but not in the
cartilagenous growth zone. In one of the emptied intervertebral spaces, some OTC-
uptake was observed in the destroyed disc. In the microradiographs denser bone
trabeculae were seen in the end-plates (Fig. 16-B).

In the end-plates of all specimens with a pair of SR-PLLA screws or a cylindrical
implant, there was increased OTC-uptake as a sign of calcification. The cartilagenous
growth zones showed no increased fluorescense. At the site of the implant in the
intervertebral space, increased fluorescence was observed in one of the 12 screw
specimens and in nine of the specimens with a cylindrical implant. In the
microradiographs of the screw specimens and of the specimens with cylindrical
implants, calcification was seen in the partly destroyed end-plates (Fig. 17-B, Fig.
18-B).
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Figure 15-B. Microradiograph of a normal intervertebral space from a pig at 15 weeks.

Figure 15-A. A sagittally cut normal intervertebral space from a pig at 15 weeks,
showing well organized structures. 1. Nucleus pulposus. 2. Annulus fibrosus. 3. End-
plates. 4. Vertebral bodies. Masson-Goldner-stain.
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Figure 16-B. Microradiograph of an emptied intervertebral space from a pig at 15
weeks. The width of the intervertebral space is narrowed . Increased ossification is
seen in the partly destroyed end-plates.

Figure 16-A. A sagittally cut emptied intervertebral space from a pig at 15 weeks,
showing unorganized structures. 1. Nucleus pulposus in a narrowed space, where
annulus fibrosus cannot be clearly distinguished. 2. End-plates. Masson-Goldner-
stain.
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Figure 17-B. Microradiograph of an intervertebral space with an SR-PLLA-screw
implant from a pig at 15 weeks. The intervertebral space is slightly narrowed. Increased
ossification is seen in the partly destroyed end-plates.

Figure 17-A. A sagittally cut intervertebral space with an SR-PLLA-screw implant
from a pig at 15 weeks, showing a partially fragmented and partially degraded implant.
1. SR-PLLA-fragments in between trabecles of regenerating tissue. 2. End-plates.
Masson-Goldner-stain.
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Figure 18-B. Microradiograph of an intervertebral space with a cylindrical implant
from a pig at 15 weeks. The implant is anteriorly located in the intervertebral space,
the width of the space is slightly narrowed, and signs of ossification are seen in the
endplates.

Figure 18-A. A sagittally cut intervertebral space with a cylindrical implant of
polylactide polymers, bioactive glass and Polyactive™ from a pig at 15 weeks, showing
an implant with partly obscured margins (1), and a press-fit implantation of the implant
due to swelling of the core (2). Masson-Goldner-stain.
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5.3. HISTOLOGICAL STUDIES OF THE FACET JOINT CARTILAGE

The parameters evaluated in the cartilage zone, in the osteochondral junction, and
in the area of capsular attachment are presented in Table 4.

Some degenenerative changes, especially of the cartilage zone in the form of
fissuring and fibrillation of the surface and disturbance of the chondrocyte
proliferation pattern, were seen in a majority of the specimens from all four sub-
groups of facet joints. The extent of degeneration varied between the specimens
within the same subgroup. The histological findings of one specific parameter
occasionally showed variation also in different zones of the same specimen. In the
cartilage zone, all parameters except calcification demonstrated some degree of
degeneration in a majority of the specimens. Some difference was also noticed
between the subgroups in the osteochondral junction. The osteochondral junction
zone was best preserved in the facets from normal spinal units. Disturbances in the
regularity of the osteochondral junction zone as well as in its trabecular and vascular
pattern were seen to some extent in the facet joints from units with some kind of an
implant; no significant difference was seen between the two implant groups. The
ostechondral junction in the facets from emptied spaces had most signs of
degeneration. The area of capsular attachment was most spared of obvious
degenerative signs, though slight synovial proliferation was observed in a majority
of specimens from all subgroups (Figs. 19, 20, 21, and 22).

Figure 19. A facet joint from a normal spinal unit. This specimen demonstrates a
regular thickness of the cartilage and no fissuring of the surface. The chondrocyte
proliferation pattern is undisturbed. The osteochondral junction is regular. Safranin-
O-stain. Original magnification x 20.
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Figure 20. A facet joint from a spinal unit with an emptied intervertebral space showing
an osteophyte in the area of capsular attachment in the inferior joint line. Some synovial
proliferation pattern is also seen. The peripheral cartilage shows some variation in
thickness, and especially the superior osteochondral junction is irregular. The surface of
the cartilage is slighty fissured. Chondrocytes are seen throughout the cartilage thickness
as a sign of enhanced proliferation. Safranin-O- stain. Original magnification x 4.

Figure 21. A facet joint from a spinal unit with an SR-PLLA-screw-implant for
intervertebral disc replacement. There are fissuring of both the superior and inferior
cartilage occasionally extending to the irregular osteochondral junction and variation
in the cartilage thickness. Chondrocytes are seen throughout the cartilage thickness
as a sign of enhanced proliferation. Safranin-O-stain. Original magnification x4.
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Figure 22. A facet joint from a spinal unit with a cylindrical implant for intervertebral
disc replacement. Duplications of the cartilage are seen as an artefact. The surface of
the cartilage is smooth, and occasionally there are clones of chondrocytes indicating
some degnerative changes. Slight variation in cartilage thickness and some irregularity
of the osteochondral junction are seen. Safranin-O- stain. Original magnificationx 4.
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normal space
1 ++ + + + – + – – + ++
2 ++ + + + – + – – – –
3 + + + + – + – – – –
4 + – ++ ++ – ++ – – – –
5 + – ++ – – + – – – –

emptied space
1 + ++ ++ ++ – + – – + ++
2 ++ ++ ++ + – ++ – + – ++
3 + + ++ ++ – + – – ++ +
4 ++ ++ – ++ – + – + – ++

screw implant
1 + + + + – – – – – +
2 ++ + – – – + + – + ++
3 + – + – – + – – + +
4 ++ + – ++ – + – – – –
5 + ++ + ++ – + – – + +
6 + + + ++ – – – – + +
7 + – + + – – – – + –
8 + – + + – + – – – –
9 + + + + – + – – – –

10 ++ + + ++ – + – – + –
cylindrical

implant
1 ++ + + ++ – + – – – –
2 + – ++ + – – – – + –
3 + – ++ + – + – – – –
4 + – ++ ++ – + – – – –
5 + – ++ + – – – – + ++
6 + ++ + + – – – – – ++
7 ++ ++ ++ ++ – + – – + ++
8 – ++ ++ + – + – – – –
9 + – ++ ++ – + – – – –

10 + + ++ ++ – ++ – – + –
11 + – ++ + – + – + + +

 – = no changes, normal histology. + = some changes observed, indicationg slight degeneration.
++ = obvious degenerative changes

FACET JOINT CARTILAGE FEATURES CAPSULAR OSTEOCHONDRAL
TISSUE SAMPLE ATTACHMENTS JUNCTION
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Table 4. Histological microscopic features of facet joints of spinal units with normal
or emptied intervertebral spaces, with SR-PLLA screws or cylindrical implant for
intervertebral disc replacement.
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6. DISCUSSION

The intervertebral disc undergoes alterations in structure with increasing age, which
changes the mechanical properties of the spine as a whole.The frequence of disabling
low back pain among children and adolescents is low, but in middle-aged and older
people low back pain is a very common cause of impairment. The relationship
between the age-related structural changes of the intervertebral disc and of other
spinal tissues focusing on innervation and clinical low back pain has been speculated
by numerous investigators. The early studies on neural structures in spinal tissues
were performed using silver -, gold -, methylene blue – and cholinesterase staining
methods (Roofe 1940, Wiberg 1949, Malinsky 1959, Hirsch et al. 1963, Jackson et al.
1966). The development of more specific immunohistochemical methods for
visualisazion of neural structures has made more detailed studies of the innervation
of back tissues possible.

The vascularization density of the intervertebral disc has been shown to increase
due to ageing and degeneration. The relatively dense vascularization of the disc of
a newborn diminishes remarkably after four years of age (Taylor 1974) and increases
again in herniated (Virri et al. 1996) and degenerated (Hirsch and Schajowicz 1953,
Kauppila 1980) intervertebral disc tissue. Concerning innervation of the
intervertebral disc, the disc of a newborn has been shown to contain numerous
pain-sensitive nerve endings (Malinsky 1959). Other early studies on the innervation
of discs from foetuses and adults have demonstrated innervation of the outer layers
of the annulus fibrosus (Roofe 1940, Hirsch et al. 1963). Recently, only a few studies
on the innervation of normal human lumbar intervertebral disc tissue have been
presented. Freemont and co-workers demonstrated immunopositivity for the general
nerve marker PGP 9.5 and for the sensory neuropeptide SP in the annulus fibrosus
and also in the nucleus pulposus of the disc specimens from painless intervertebral
levels of patients with low back pain (Freemont et al. 1997). More studies have
been performed on the innervation of diseased intervertebral disc tissue. According
to them, there is a sensory innervation of the annulus fibrosus (Yoshizawa et al.
1980, Ashton et al. 1994, Coppes et al. 1997, Johnson et al. 2001) which, according to
Freemont and co-workers, also penetrates into the nucleus pulposus (Freemont et
al. 1997). Herniated intervertebal disc tissue has not been widely studied.

In the present study, nerve structures immunopositive for the general nerve
markers PGP 9.5 and SYN were sparsely demonstrated in the annulus fibrosus of
macroscopically normal human lumbar disc tissue. Also the prevalence of sensory
SP and sympathetic CPON immunopositive neural structures was sparse. The
immunopositivity was observed mostly in the outer layers of the annulus fibrosus.
Immunopositivity could not be demonstrated in the nucleus pulposus. Prolapsed
human intervertebral disc tissue consisting mainly of annulus fibrosus showed
immunopositivity for both sensory and sympathetic nerve structures, the penetration
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depth, prevalence, and co-existence of the different neuropeptides being highly
variable.

By using well-established immunohistochemical methods for the study and
characterization of neural elements in the human lumbar intervertebral disc the
present results could be reliably compared to those of previous studies. The present
results add important data to the innervation pattern of different kinds of human
lumbar intervertebral tissue. When comparing the present and previous studies on
the innervation of different kinds of lumbar disc tissue, the variation in the
innervation pattern seems to resemble that of the vascularization pattern;
degenerative and diseased disc tissues show both more dense vascularization and
innervation compared to normal disc tissue.

The suggested role of the sympathetic nerve structures has been vasoregulatory;
these structures have been observed to be closely related to blood vessels (Ashton
et al. 1994). In this study, the co-location of sympathetic nerve structures (CPON)
with vascular structures by means of an endothelial cell blood vessel marker was
not successful. With both the general nerve marker SYN and the sympathetic
neuropeptide CPON, immunopositive nerve structures were observed close to disc
cells. This supports a disc cell regulatory role of the sympathetic nerves. Especially
the regulation of extracellular matrix production by sympathetic nerves has been
suggested (Antoniou et al. 1994).

The increased prevalence of sensory nerve structures in diseased and injured
intervertebral disc tissue could be a possible aetiology of back pain, since these
structures may “sensitize” the disc, causing the sensation of pain induced by structural
or chemical factors. The concept of a sensitized disc has been discussed by Ashton
and Freemont with co-workers who showed neural structures which express SP in
intervertebral discs from pain levels (Ashton et al. 1994, Freemont et al. 1997). This
concept is further supported by the present results.

Degeneration or injury of the intervertebral disc initiates a cascade of
degeneration in adjacent tissues, as does surgical intervention of the intervertebral
space in the form of rigid fusion or discectomy (Lee and Langrana 1984, Tibrewal
et al. 1985, Lee 1988, Kambin et al. 1995, Hambly et al. 1998, Eck et al. 1999,
Kanayama et al. 2001). With metallic implants used for fusion there are shortcomings
such as implant migration, loosening, stress shielding, and a possible need of a second
surgery for implant removal. In order to avoid these problems research for the
development of bioabsorbable implants for spinal fusion is widely going on (Vaccaro
and Madigan 2002). Another issue of interest is whether artificial disc replacement
could be an alternative to fusion in the degenerative disc disease. In the hip and
knee, artificial joint replacement has become a successful treatment for relieving
pain and maintaining function. Compared to the status of hip and joint arthroplasty,
the development of an artificial disc has still a long way ahead, as the biomechanics
of the functional spinal unit is extremely complex. Since it is of interest to preserve
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the anatomy and kinematics also in the disc herniation disease, artificial disc
replacement has been discussed as an alternative to discectomy in lumbar disc
herniation surgery (Bao et al. 1996).

A number of artificial disc devices have been presented (Szpalski et al. 2002).
The requirements for them, if used as an alternative to fusion or discectomy, have
been defined by Eijelkamp et al. (Eijelkamp et al. 2001). Essential qualifications
for an intervertebral disc implant providing significant improvement over spinal
fusion are, for example, the following:
– A firm and long-lasting fixation, especially regarding the end-plate structures

of the implant, to provide a stable contact to the vertebral bodies.
– A geometry that resembles that of the natural disc.
– A geometry and function that could account for the function of degenerated

and possibly painful facet joints on the corresponding level.
– A surgical replacement procedure with a minimal risk of damaging the nearby

tissues.
In the case of the degenerative disc disease with back pain with or without radiating
leg pain, the degeneration has to be moderate, with a minimum of 5 mm residual
disc height and with no associated spinal unit facet joint degeneration (Kirkady-
Willis et al. 1992, Klara and Ray 2002). Artificial disc replacement in disc herniation
surgery is more controversial, though promising results have been presented
experimentally (Eysel et al. 1999, Meakin and Hukins 2001, Zollner et al. 2001).
Clinically Moshida and co-workers found that with removal of larger amounts of
disc material especially in patients younger than 30 years of age, a significant decrease
in intervertebral space was observed. Removal of less disc material correlated with
less postoperative back pain subjectively (Moshida et al. 1996).

In this study SR-PLLA screws were applied in a parallel pair of two as a disc
implant. SR-PLLA screws have been widely used in certain fields of orthopaedics
and traumatology. Promising results are reported regarding stability and
biocompatibility (Rokkanen et al. 2000). The aim of this study was to solve the
usefulness of SR-PLLA screws in spinal surgery. The results were not, however,
promising. A novel bioabsorbable device for intervertebral disc replacement was
also evaluated. The structure of this cylindrical disc implant consisting of polylactide
polymers, bioactive glass, and Polyactive™ was to resemble that of the healthy
intervertebral disc with a porous core as the nucleus and a more rigid shell as the
annulus. Fifteen weeks after discectomy, the emptied intervertebral spaces without
an implant narrowed mean 5 mm, as did the screw-implanted intervertebral spaces.
Following the introduction of a cylindrical implant, the width of the intervertebral
space was better preserved, with a mean narrowing of 2.8 mm. Also in the untouched
intervertebral spaces a slight decrease in width was observed after the follow-up,
mean 1.2 mm. In the histological studies, at the end of the follow-up, tissue
regeneration in the intervertebral space was more obviously seen with the cylindrical
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implants than in the emptied disc spaces without implants in the form of granulation
tissue and collagen-like lamellae. OTC-uptake in the end-plates and within the
degrading cylindrical implants in the bone labelling studies was observed as an
ossification sign. The same was seen in the microradiographs as formation of new
and denser bone trabeculae. These signs of ossification in the merely emptied
intervertebral spaces were more sparse.

Pathologic conditions of the intervertebral disc space change the load transmission
to the corresponding facet joints and lead to facet joint trauma. The degenerative
facet joints do not function properly in the coupled movements of the spinal units.
Consequently, the shear stress to the discs of adjacent levels increases (Dunlop et
al. 1984, Haher et al. 1994, Yang and King 1984). The facet joints of normal spinal
units, of discectomized spinal units, of spinal units with SR-PLLA screws as
intervertebral disc implant, and of spinal units with cylindrical intervertebral disc
implant were studied histologically in this study. In all four groups of facet joints
signs of degeneration were found in all zones of the facet joint to a variable extent.
In the cartilage zone fissuring of the cartilage surface and disturbance of the
chondrocyte proliferation pattern were observed. In the osteochondral junction
zone the bone trabeculae were irregular and thickened, and there was proliferation
of vascular structures. In the zone of capsular attachment proliferation of the synovia
was detected. Thus, the facet joints appeared to be a vulnerable part of the functional
spinal unit, sensitive to alterations in the condition of the intervertebral disc space.
According to these findings, facet joint degeneration could be a relevant and frequent
cause of primary or relapsing low back pain after spinal surgery.

To the knowledge of the present author, this is the first study on bioabsorbable
intervertebral disc implants. It is limited by the small number of experimental pigs
operated on as well as by the short follow-up time. Therefore the present conclusions
are to be considered preliminary. The characteristics of the cylindrical bioabsorbable
intervertebral disc implant could be summarized as follows:
– A stable ground provided by the Polyactive™/bioactive glass core offering

fixation to the end-plates; no migration of the implants.
– A porous shell of PLA polymer/bioactive glass enhancing tissue regeneration

and ossification in the implant. This was histologically observed as granulation
tissue and collagen-like structures in the intervertebral spaces and formation
of new bone in the histological, bone labelling, and microradiographic studies.

– A gradual transfer of the mechanical strength to the surrounding tissues along
with absorption and replacement of the implant by tissue regeneration at the
site of the implant and in the vertebral end-plates. This was seen as preservation
of the intervertetebral space width.

– No histological signs of foreign-body tissue reaction implicating good bio-
compatibility of the implants.

The above listed characteristics were defined by Eijelkamp and co-workers.
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Additionally, with the use of a bioabsorbable implant there is no need for a second
surgery for implant removal. Whether this kind of an implant could be used for
fusion of the intervertebral space or for replacement of the disc in disc prolapse
surgery still needs further studies. Considering the requirements of an artificial disc
to transfer properly the load and preserve it in the adjacent tissues, the use of the
cylindrical intervertebral disc implant did not show markedly less degeneration of
the corresponding facet joints compared to the facet joints in the other spinal units
studied.
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7. CONCLUSIONS

On the basis of the present study, the following conclusions can be drawn:

1. Sensory and sympathetic nerve structures were demonstrated in both normal
and herniated human lumbar intervertebral disc tissue. The nerve structures
seem to increase slightly with ageing and degeneration, possibly resulting in a
painful and sensitized intervertebral disc.

2. In the present short-term evaluation the cylindrical intervertebral disc implant
preserved the width of a lumbar discectomized intervertebral space in a growing
pig better than a pair of SR-PLLA screws. The width was also better preserved
compared to a discectomized space without an implant. Some tissue
regeneration was seen in the intervertebral disc space with the cylindrical
implant, indicating a preserving and stabilizing effect of the implant on the
intervertebral space.

3. Histological degeneration signs were observed in the facet joint cartilages from
the spinal units containing either of the bioabsorbable implant. Compared to
the histological signs of degeneration in the facet joint cartilages from
discectomized spaces without an implant and from the normal spinal units, no
obvious difference was observed.
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