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ABSTRACT
OLMARKER K., SPINAL NERVE ROOT COMPRESSION. Experimental studies on
effects of acute, graded compression on nerve root nutrition and function, with an in
vivo compression model of the porcine cauda equina. Page 1-70. Department of
Anatomy, University of Goteborg, Box 33 031, S-400 33 GOTEBORG, and
Department of Orthopaedics, Sahlgren Hospital, University of Goteborg, S-413 45
GOTEBORG, Sweden. Thesis May 11, 1990.

Compression of spinal nerve roots is a common clinical condition. Critical pressure
levels for compression-induced impairment of basic physiologic processes have not been
determined in previous experimental studies of this topic. The present investigation was
performed in order to develop a model for experimental nerve root compression, and to
investigate the effects of such compression on nerve root nutrition and function.

1 Model: An inflatable plastic balloon was placed over the exposed cauda equina and
was fixed to the spine by two L-shaped pins. When inflated, the nerve roots were com-
pressed towards the anterior aspect of the spinal canal. The normal neural and vascular
anatomy of the pig cauda equina was studied with light microscopy and ink an-
giography. 2 Intraneural blood flow: The blood vessels of the nerve roots were observed
with vital microscopy. During stepwize increments of balloon pressure, the critical
pressures required to stop the blood flow were studied. The recirculation after compres-
sion was also analysed. 3 Transport of nutrients: Radioactive labelled methyl glucose
was allowed to circulate systemically during compression. The entire preparation was
frozen with liquid nitrogen, and biopsies of the cauda equina were analysed regarding
methyl glucose concentration. 4 Vascular permeability: Microvascular permeability was
analysed using a dye-tracing technique, (fluorescence microscopy and Evans Blue albu-
min). After compression, the cauda equina was frozen with liquid nitrogen. Frozen sec-
tions were analysed regarding distribution of the injected tracer. 5 Impulse propagation:
The cauda equina was stimulated cranial to the compression zone and a muscle action
potential was recorded in the tail muscles. Registrations were performed during 2 hours
of compression and 1.5 hours of recovery. In addition, the effects of two compression
onset rates (0.05-0.1 seconds and 20 seconds) were studied in experiments 3, 4 and 5.

1 Model: The neural and vascular anatomy of the pig cauda equina were found to be
close to that of the human cauda equina. 2 Intraneural blood flow: Arteriolar blood flow
was stopped at a pressure close to the mean arterial blood pressure. Capillary blood flow
was dependant on a flow in connected venules. Venular blood flow could be stopped at
low pressures, (5-10 mm Hg). Compression for 2 hours at both 50 and 200 mm Hg in-
duced intraneural edema. 3 Transport of nutrients: Impairment of methyl glucose trans-
port was seen even at low pressure leves, (10 mm Hg). 4 Vascular permeability:
Increased vascular permeability, (fe., intraneural edema formation), was seen after com-
pression at 50 mm Hg for 2 minutes. 5 Impulse propagation: Impaired impulse propa-
gation was observed as a decrease in recorded MAP-amplitude after compression at 100
mm Hg for 2 hours. The rapid compression onset rate was found to induce more pro-
nounced effects than the slow onset rate in experiments 3, 4 and 5.

In conclusion, a model for experimental studies of nerve root compression has been
developed and defined regarding normal ncural and vascular anatomy. Changes in nerve
root nutrition and function were induced at low pressure levels. The compression onset
rate was found to be of importance for the degree of observed effects.

Key Words: Nerve root, cauda equina, pig, compression, onset rate, blood flow, nutri-
tion, vascular permeability, EMG, nerve function.
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INTRODUCTION

Spinal nerve roots are often subjected to mechanical deformation in various disorders
of the spine, ranging from acute spine trauma to degenerative conditions. Nerve root de-
formation can be related to clinical symptoms such as pain and neurological deficit in
back and legs, and is therefore usually referred to the Low-back pain syndrome (LBP).
Low-back pain, (je., pain in the lumbar back with or without pain in the lower extremi-
ties), is a condition that has been reported to affect as much as 80% of the population to
the extent that they are unable to work at their original occupation (Nachemson 1985).
However, approximately 60% of the patients are back to work within one week and
only about 10% suffer disabling back pain after six weeks (Nachemson 1985). The high
incidence of low-back pain, combined with absence from work for weeks to months, has
made low-back pain one of the most expensive disorders for society (Weinstein et al
1989). If we could increase our knowledge of the basic mechanisms behind the symp-
toms of low-back pain we might be able to design better treatment modalities that, in a
wider perspective, may be beneficial for a considerable number of patients, as well as ac-
complish great savings in health care expenses.

The pain of the low-back pain syndrome is located mainly in the lumbar spine or in
the lower extremities (Nachemson & Andersson 1982). If the lumbar type of pain is
present only with certain movements or positions of the back it is called insufficientia
dorsi. If such pain is persistent, however, it is called lumbago. Pain radiating out into
the hip or to the lower extremities is termed sciatica. It may coincide with lumbago and
is then called lumbago-sciatica. Sciatica is often accompanied by neurological symp-
toms such as muscle weakness and impaired reflexes or sensibility. If the the distribu-
tion of the pain and the neurological symptoms can be referred to a derma-, or myotome
of a specific spinal nerve, it may also be called a rhizopathy (Nachemson & Andersson
1982).

As suggested by the name "sciatica", this complex of symptoms was first considered
to be the result of a local affection in the region of os ischii. However, in the beginning
of the century there were a number of independent clinical observations that suggested
that the pathogenetical mechanisms of sciatica instead might be located to the lumbosa-
cral spine (Sachs & Fraenkel 1900, Bailey & Casamajor 1911, Goldthwait 1911). In
1926, Schmorl reported the existence of nodules, originating from the disc tissue, which
protruded into the adjacent vertebrae, the abdominal cavity, or the spinal canal (Schmorl
1926). The author assumed that the nodules that protruded into the vertebrae was the
only type that could cause pain. These intravertebral nodules, which now are called
"Schmorl's nodes”, can often be seen with X-ray examination of the spine. It is, howe-
ver, not known if they can cause spinal pain. The nodules that involved the content of
the spinal canal was not considered being a clinical problem at that time. It was not un-
til 1934 that Mixter and Barr realized that there was a correlation between these
"intraspinal nodules” and sciatica (Mixter & Barr 1934). Light microscopy showed that
these nodules, which earlier also had been considered to be cartilage tumors, in fact com-
prised disc tissue. The authors suggested that the disc had "slipped” out into the spinal
canal and that the disc material in this way was able to compress the nerve roots towards
the bone structures of the spine. It has later been noted that this "slipped disc" instead
rather is a protrusion or hemiation of disc material, and that it is more correct to talk
about a disc protrusion or a disc herniation instead of a "slipped disc".

Since Mixter & Barr's paper, the main research efforts in the field of low-back pain
have been focused on the intervertebral disc (Holm et al 1981, Holm & Urban 1987,
Maroudas 1982, Nachemson & Elfstrom 1970, Nachemson 1976, Urban ef al 1977,
1982), thus leading to substantial knowledge about the physiology and the pathology of



the intervertebral discs. The basic mechanisms for the development of symptoms in sci-
atica is, however, still incompletely known.

One important pathogenic factor for the symptoms in sciatica is probably mechanical
deformation, particularly compression, of the spinal nerve roots. The nerve roots may
be compressed as the result of i) spine trauma, ii) protrusion or herniation of disc mate-
rial, iii) inflammatory changes, iv) intraspinal tumors, and v) stenosis of the spinal ca-
nal (Amoldi et al 1976). The latter, which is also referred to as " central spinal stenosis”
may be congenital-developmental or acquired (Verbiest 1954, Amoldi et al 1976). The
congenital-developmental spinal stenosis may either be idiopathic or achondroplastic.
The acquired form of spinal stenosis may have a number of different causes, for instance
degenerative changes including facet-joint arthritis, (pseudo)-spondylolysis, spondylo-
listhesis and spondylosis. It may also be the result of miscellaneous disorders such as
Paget's disease and fluorosis (Arnoldi et al 1976). The degenerative changes underlying
spinal stenosis mainly comprise enlargement of facet-joints (Ghormley 1933, Mooney
& Robertson 1976, Burton 1984) and ossification of spinal ligaments (Hasue et al
1983). If the narrowing of the spinal canal only involves the lateral parts it may also be
called a lateral recess syndrome or a root entrapment (Ciric et al 1980, Crock 1981,
Burton 1984, Porter et al 1984).

Since compression injury of the spinal nerve roots may be an important pathogenic
factor for the development of symptoms in sciatica, it is surprising that there have been
only a few experimental studies on nerve root compression. This might be due partly to
the fact that the spinal nerve roots are enclosed by bone and ligaments. Therefore they
require a more complex surgical exposure than do most peripheral nerves, in experimen-
tal as well as clinical situations.

There are at least three criteria that should be fulfilled by a suitable experimental mo-
del of nerve root compression; 1) the nerve roots should be of an adequate length to al-
low experimental analyses of various parameters, 2) the spinal cord should be absent in
the preparation to facilitate neurophysiologic recordings, and 3) it would be preferable to
have the site of compression at as low a segmental level as possible to limit any neuro-
logic deficit in a chronic situation. These criteria thus suggest that the cauda equina
would be suitable for nerve root studies. However, most of the readily available experi-
mental animals do not have a cauda equina. The complex surgical approach combined
with this shortage of experimental animals with a cauda equina might explain why there
is an almost complete absence of information on the reaction of spinal nerve roots to
compression trauma in the literature. The results of the few previous experimental stu-
dies on nerve root compression indicate that spinal nerve roots might be more suscepti-
ble to compression injury than the peripheral nerves (Gelfan & Tarlov 1956, Sharpless
1975). However, no critical pressure levels for negative influence of compression on
nerve root nutrition or function have been determined. Information on the effects of
compression on spinal nerve roots can not be directly extrapolated from studies on pe-
ripheral nerves, due to anatomical differences (Murphy 1977, Rydevik et al 1984).



LITERATURE REVIEW

MACROSCOPIC ANATOMY OF SPINAL NERVE ROOTS

The nerve roots are the link between the central and the peripheral nervous systems.
The nerve fibers leave the spinal cord as small rootlets or fila radicularia, which caudally
converge into common nerve root trunks. These nerve roots run within the spinal canal
and leave it through one of the intervertebral foramina, which are formed by pedicles, ar-
ticular processes and vertebral bodies of two adjacent vertebrae, including the interverte-
bral disc, (Figure 1). By definition, the dorsal nerve roots end at the dorsal root gang-
lion, The ventral nerve roots end at a corresponding level.

Figure 1. Drawing of the intraspinal course of a human lumbar spinal nerve root
segment. The vertebral arches have been removed, by cutting the pedicles (1), and the
opened spinal canal can be viewed from behind. The ventral (2) and dorsal (3) nerve
roots leave the spinal cord as small rootlets (4) that caudally converge into a common
nerve root trunk. Just prior to leaving the spinal canal, there is a swelling of the dor-
sal nerve root called the dorsal root ganglion (5). Caudal to the dorsal root ganglion,
the ventral and the dorsal nerve roots mix and form the spinal nerve (6). The spinal
dura encloses the nerve roots both as a central cylindrical sac (7), and as separate ex-
tensions called root sleeves (8).



In the early embryologic states, the part of the spinal cord from which the nerve root
emerges, is located near its corresponding intervertebral foramen. However, the spinal
cord will not grow as much as the spinal column, and in the fully grown human the
spinal cord ends, as the conus medullaris, approximately at the level of the 1st lumbar
vertebra. Due to this relative elevation of the spinal cord, called ascencis spinalis, the
sacral and lumbar nerve roots have to be much longer to reach their respective interver-
tebral foramina than for instance the nerve roots in the cervical spine. Below the level of
the conus medullaris, there is thus no spinal cord present. Instead there are lumbar, sa-
cral and coccygeal nerve roots that run in a common bundle. Due to its apparent resem-
blance to a tail of a horse, this formation of the nerve roots in the lumbar and sacral
spinal canal has been named cauda equina (ie., horse tail).

Figure 2. Cross-section of a segment of the spinal cord (SC), a ventral (VR) and a
dorsal (DR) spinal nerve root. The cell bodies (MCB) of the motor axons, which run in
the ventral nerve root, are located in the anterior horn of the gray matter of the spinal
cord. The cell bodies (SCB) of the sensory axons, which run in the dorsal nerve root,
are located in the dorsal root ganglion (DRG). The ventral and dorsal nerve roots blend
just caudal to the dorsal root ganglion, and form the spinal nerve (SN). The spinal cord
is covered with the pia mater (PM). This sheath continues out on the spinal nerve
roots as the root sheath (RS). The root sheath reflects to the pia-arachnoid (PA) at the
subarachnoid triangle (SAT). Together with the dura (D), the pia-arachnoid forms the
spinal dura. The spinal cord and nerve roots are floating freely in the cerebrospinal
fluid (CSF) in the subarachnoid space.

At each spinal level, on both the right and the left side, there are ventral and dorsal
nerve roots (radix ventralis et radix dorsalis), (Figure 2). Information from the body to
the central nervous system is transmitted by afferent axons that run in the dorsal nerve
root. The dorsal nerve root is therefore also referred to as the "sensory root".
Conversely, information from the central nervous system to the body is transmitted by
efferent axons that run in the ventral nerve root, or "motor root". This anatomic ar-
rangement has been called the "law of Magendie" (Hildebrand et al 1989). Recently, this
arrangement was questioned due to the fact that unmyelinated afferents were found in the
ventral root (Coggeshall ez al 1974). However, these axons have been found to innervate
the leptomeninges and vessels of the ventral nerve root and the ventral parts of the spi-
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nal cord, and that they in fact enter the spinal cord through the dorsal nerve roots
(Hildebrand et al 1989).

The sensory cell bodies, or neurons, are located in the dorsal root ganglion (DRG)
close to the intervertebral foramen (Hasue et al 1989), (Figure 2). The smallest dorsal
root neurons (less than 20 pm diameter) have been suggested to transmit pain impulses,
the medium-sized neurons to transmit impulses from the viscera, and the largest neurons
(over 100 pm diameter) to transmit temperature, tactile, and proprioceptive impulses
(Tennyson & Gershon 1984). These neurons also produce substance "P" and "VIP",
substances which have been suggested to be possible mediators of pain (Weinstein et al
1987, -88). Each dorsal root neuron has two axons. One approach the neuron via the
spinal nerve, and one runs from the neuron towards the spinal cord in the dorsal nerve
root. Just caudal to the DRG, the axons of the motor and sensory nerve root blend and
form a mixed nerve of both afferent and efferent axons, called the spinal nerve (n spina-
lis), (Figures 1 & 2).

MEMBRANOUS COVERINGS OF SPINAL NERVE ROOTS

The spinal dura encloses the spinal cord, the cerebrospinal fluid and the spinal nerve
roots, (Figure 2). It is partly derived from the cranial dura mater. Upon entering the spi-
nal canal, the two layers of the cranial dura mater are separated. The inner layer joins the
arachnoid, to become the spinal dura (Waggener & Beggs 1967, McCabe & Low 1969).
The general opinion of the fate of the outer layer is that it blends with the periosteum of
the vertebrac facing the spinal canal. However, an "epidural” or "extradural membrane",
which is a membranous structure between the spinal dura and the periosteum of the
parts of the vertebrae facing the spinal canal, was recently found in the lumbar spinal
canal in man (Dommisse 1975, Hasue et al 1983). This suggests that there actually
might be a free continuation of the outer layer of the cranial dura down through the spi-
nal canal.

——NERVE ROOT —4—— PERIPHERAL —
1a NERVE

87

Figure 3. The relation of the different structures at the "subarachnoid iriangle", the
location where the nerve root becomes a peripheral nerve. The spinal dura (1) and the
root sheath (2) join and form the epineurium (3) and the perineurium (4) of the perip-
heral nerve. The spinal dura (1) comprises the dura (1a), the "inner subdural neurothe-
lium" (1b), and the pia-arachnoid (Ic). The dura (1a) continues directly as the epineu-
rium (3). The pia-arachnoid (Ic) reflects down to the nerve root and forms the outer
layer of the root sheath (2a). Together with the inner layer of the nerve root (2b), the
"inner subdural neurothelium” (1b) forms the perineurium (4).
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The spinal dura forms a cylindrical sac that encloses the nerve roots of the cauda
equina (Cohen et al 1990, Rauschning 1983, -87). When located within this cylinder,
the nerve roots may be referred to as "intrathecal” (Wall et al 1990). At a certain level of
the spinal canal, the nerve root pair (ie., a ventral and a dorsal nerve root from the same
spinal segment), leave this central dural sac. As their course continues through the spi-
nal canal, they are instead enclosed by a separate extension of the spinal dura, called a
root sleeve, (Figures 1 & 2). This location of the nerve root is generally referred to as
"extrathecal” (Wall et al 1990).

Between the endoneurium of the nerve roots and the cerebrospinal fluid there is a
structural analogue to the pia of the spinal cord called the root sheath, (Figures 2 & 3).
This root sheath is usually formed by 3-4 layers of cells (Haller & Low 1971, Steer
1971). However, as many as 12 layers of cells have been observed in some species
(Haller & Low 1971). The outer layers comprise loosely arranged cells which are simi-
lar to pia cells in the cranial half, and to arachnoid cells in the caudal half of the nerve
roots (McCabe & Low 1969). The cells are joined by intermittent junctions and thus
constitute a poor diffusion barrier (Haller & Low 1971). The cells of the inner layers,
however, are more similar to the perineurial cells of peripheral nerves. They are joined
by desmosomes and are tightly packed together. The cells are enclosed by basal mem-
branes. However, unlike the basal membranes in the perineurium of peripheral nerves,
their occurrence is irregular in the root sheath. There is also a scarcity of collagen (Steer
1971). Although the origin of the inner cells of the root sheath is debated, there is a ge-
neral agreement that the barrier function of the root sheath is delegated to these cells and
their basal membranes.

The arterioles and venules of the nerve roots are located in the outer layers of the root
sheath where they are enclosed by root sheath cells, also called "epi-pial tissue”
(Waggener & Beggs 1967). The root sheath also forms "pial investments" which
enclose the separate fascicles of the nerve roots.

The root sleeve, and its contents (ventral and a dorsal nerve root, cerebrospinal fluid
and at a certain level the dorsal root ganglion) are usually referred to as the "nerve root”
in the clinical situation. The term "nerve root" should, however, strictly be used for the
nerve tissue that runs from the spinal cord within the subarachnoid space. Thus, it
would be better to refer to the root sleeve and its contents as the "nerve root complex”.

MICROSCOPIC ANATOMY OF SPINAL NERVE ROOTS

The axons of the spinal nerve roots are located in the endoneurial space, in which
they are surrounded by connective tissue called the endoneurium, (Figure 3 & 4). There
are unmyelinated and myelinated axons in both ventral and dorsal nerve roots. The dia-
meters of the myelinated axons of the human nerve roots range between 1.5 and 16 pm,
and the unmyelinated axons range between 0.4 and 1.6 pm (Gamble & Eames 1966).

In 1887, Thomsen observed that the organisation of the nerve root endoneurium is
separated into a "central glial segment” and a "peripheral non-glial segment” (Thomsen
1887). The glial-segment has a microscopic anatomy that resembles that of the brain,
with astrocytes, oligodendrocytes and microglia (Tarlov 1937). The non-glial segment is
more similar to a peripheral nerve, but has small islets of neuroglia. The two segments
have a "dome-shaped” junction 1-3 mm after the rootlets leave the spinal cord (Tarlov
1937, Berthold et al 1984).

The endoneurium also contains longitudinally oriented collagen fibrils (550 A maxi-
mum diameter), fibroblasts and blood vessels (Gamble & Eames 1966). However, un-
like peripheral nerves, the endoneurium of a nerve root does not contain mast cells
(Gamble 1964). The total amount of protein in nerve roots is only a fifth of peripheral
nerves, but six times more than the spinal cord (Stodieck et al 1986).
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Figure 4. (Top) The axons of the spinal nerve roots are located in the endoneurium,
which is enclosed only by the thin root sheath (arrows) and cerebrospinal fluid (CSF),
(Cauda equina from pig, Stain: Richardsson, Bar = 100 um). (Bottom) The endoneu-
rium of the peripheral nerves is similar to that of the nerve roots. In the peripheral
nerve, however, the axons are enclosed by the perineurium (1) and the epineurium (2).

Blood vessels are located between the different nerve fascicles in the epineurium, (N
tibialis from rabbit, Stain: Richardsson, Bar = 100 um).
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MICROSCOPIC ANATOMY OF PERIPHERAL NERVES

Peripheral nerves have morphological features which differ from those of spinal nerve
roots, (Figure 4). The epineurium, which encloses the different fascicles, is comprised
of loose connective tissue, collagen fibrils (60-110 nm diameter), fibroblasts, mast
cells, and blood vessels (Thomas & Olsson 1984). Unlike spinal nerve roots and other
parts of the peripheral nerve, a network of lymphatic vessels is present in the epineu-
rium (Sunderland 1965). The epineurium probably also protects the axons from mecha-
nical injury since it is more developed at locations where the nerves may be subjected to
mechanical irritation, for instance at joints or where the nerves run superficially
(Sunderland 1965).

The axons of the peripheral nerves are enclosed by a mechanically strong structure
called the perineurium (Thomas & Olsson 1984), (Figure 4). The perineurium may pro-
tect the axons in the peripheral nerve from both injury due to elongation and to com-
pression (Sunderland 1978). The perineurim is formed by up to 15 lamellated cellular
layers of flattened polygonal cells that are joined by tight junctions (Thomas & Jones
1967, Shanta & Bourne 1969). The perineurium has been shown to serve as a diffusion
barrier that prevents substances from penetrating into the endoneurial space towards the
axons (Olsson & Reese 1969, -71b, Klemm 1970, Lundborg et al 1973, Rydevik &
Lundborg 1977).

The axons are located in the endoneurial space, which is similar to that of the nerve
root (Thomas & Olsson 1984). The content of an endoneurial space, together with its
surrounding perineurium, is called a nerve fascicle. The endoneurial space is comprised
of fibroblasts and collagen fibrils. To compensate for elongation, the axons run in a
wave-form pattern (Clarke & Bearn 1972, Thomas & Olsson 1984). This may be seen
macroscopically as dark and pale bands across the nerve fascicles when observing the
nerve trunk in incident light, and have been named "the spiral bands of Fontana". This
anatomical feature has not been observed in spinal nerve roots (Sunderland 1978).

DIFFUSION BARRIERS OF IMPORTANCE FOR THE SPINAL
NERVE ROOTS
There are three diffusion barriers within the cauda equina that may be of importance
for the nerve roots, A) between the epidural and the subarachnoid space, B) between the
subarachnoid and the endoneurial space, and C) between the endoneurial space and the
lumen of the endoneurial capillaries, (Figure 5).

In the cauda equina, the spinal dura encloses the cerebrospinal fluid and the nerve
roots. To prevent leakage of cerebrospinal fluid out into the epidural space, the spinal
dura has to have certain barrier properties. This barrier function has been attributed to
cells that are similar to the cells of the perineurium of peripheral nerves, and which have
been called "the inner subdural neurothelium" (Andres 1967) or "perineurial cells”
(McCabe & Low 1969). This layer of cells has been found to be continuous with the
perineurium of the spinal nerve caudally (Andres 1967, McCabe & Low 1969), (Figure
3). The cells are located between the dura and the arachnoid, and the thickness of this
cellular layer is most pronounced in the parts of the spinal dura that covers the dorsal
root ganglion. Between the cells there are desmosomes and zonulae occludentes, which
suggests that this layer may act as a diffusion barrier (Arvidson 1979a). Horseradish per-
oxidase and ferritin, locally applied to cervical root ganglions in rats, do not penetrate to
the endoneurium (Arvidson 1979a). There are only few experimental studies on the per-
meability of the parts of the spinal dura not covering the root ganglion (Moore et al
1982). However, in connection with epidural morphine treatment it has been suggested
that morphine may reach the subarachnoid space by passing directly through the spinal
dura (Bromage 1978, Yaksh & Reddy 1981), via archnoid villi that penetrate the dura
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(Welch & Pollay 1963, Hammerstad et al 1969), or via blood vessels that penetrate the
dura (Yaksh 1981).

As discussed previously, the inner cells of the root sheath probably form a barrier
between the subarachnoid space and the endoneurium of the spinal nerve roots. The elec-
tron microscopic appearance, however, indicates that this is a poor diffusion barrier as
compared to the barrier of the spinal dura (Haller & Low 1971, Steer 1971). There are
no experimental studies on the barrier function of the root sheath. However, there is evi-
dence that fluorescein labelled serum proteins do not pass through the pia of the spinal
cord, which is a structure that has certain similarities to the root sheath (Klatzo et al
1964). The blood vessels that run in the outer layers of the root sheath may be able to
exchange molecules with the cerebrospinal fluid relatively freely, since they are located
outside this potential diffusion barrier.
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Figure 5. There are three important diffusion barriers within the cauda equina. A)
The “inner subdural neurothelium" (1b), between the dura (la) and the pia-arachnoid
(Ic) of the spinal dura, is a barrier between the epidural space (2) and the cerebrospi-
nal fluid (CSF) in the subarachnoid space (3). B) The inner layers of the root sheath
(4b) is a barrier between the subarachnoid space (3) and the endoneurial space of the
nerve root (5). C) Between the endoneurial space (5) and the lumen of the endoneurial
capillaries (6), there is a barrier similar to the blood-nerve barrier of peripheral ner-
ves. (4a is the outer cell layers of the root sheath).

Similar to the blood-brain barrier, there is a blood-nerve barrier in peripheral nerves
(Waksman 1961, Olsson 1966). The presence of such a barrier within the nerve roots
has been questioned. Olsson (1968) showed that serum albumin leaked normally from
the endoneurial capillaries into the endoneurium within 2-24 hours after injection,
although not as much as in the dorsal root ganglion or in the epineurium of peripheral
nerves. This phenomenon was found to be present in most experimental animals, inclu-
ding rhesus monkeys and chimpanzees (Olsson 1971a). The endoneurial capillaries are
fenestrated in the dorsal root ganglion (Olsson 1971a, Jacobs 1976, Arvidson 1979b).
This results in a relatively free passage of macromolecules between the capillaries and
the endoneurial space. Noxious agents, for instance diphtheria toxin, may therefore ea-
sily reach the sensory cell bodies. However, the question still remains whether the diffe-
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rence in permeability between nerve root capillaries and ganglion capillaries is based so-
lely on the fenestration of the latter, or if there is a blood-nerve barrier present in the
nerve root endoneurium. If such barrier should exist, it is not as well developed as the
corresponding barrier of peripheral nerves, which implies that intraneural edema may be
formed more easily in nerve roots than in peripheral nerves.

NUTRITION OF SPINAL NERVE ROOTS

Nerve tissue needs a continuous supply of nutrients to function properly. Although
the metabolic processes of the neuron are located mainly in the soma, the axon itself is
dependant on a local nutritional supply along its course (Lundborg 1970, -88). Similar
to the peripheral nerves, the spinal nerve roots are provided with a system of intrinsic,
nutritive blood vessels. However, the arteriolar and venular networks of spinal nerve
roots are not as well developed as in the peripheral nerves (Parke et al 1981, Petterson
& Olsson 1989). The spinal nerve roots also receive nutritional contribution via diffu-
sion from the cerebrospinal fluid (Rydevik et al 1990a).

VASCULAR ANATOMY OF SPINAL NERVE ROOTS

The vascular anatomy of the nervous structures of the spinal canal was originally
described in the last decades of the nineteenth century (Duret 1873ab, Adamkiewicz
1881, -82, Kadyi 1886). Adamkiewicz' works were particularly important for the general
concept of the vascularisation of these structures, and his findings were to be predomi-
nant for the coming six to seven decades (Adamkiewicz 1882). Adamkiewicz found that,
instead of being a continuous vessel, the a spinalis anterior was formed by fusions of
segmental arteries. These segmental arteries were of different sizes and often supplied
more than one segment of the spinal cord. The most important of these arteries was
found in the thoracic spine and has been named after the author, (see below). These ob-
servations were also confirmed by Tanon in 1908.

Except for some occasional reports (Suh & Alexander 1939, Herren & Alexander
1939) there was no particular interest in the blood supply of the spinal cord and roots
during the first half of this century. However, a rising interest in the capability of the
spinal cord to recover from vascular lesions and its reaction to vascular surgery initiated
a number of investigations on the collateral circulation of the spinal cord arteries
(Adams & van Geertruyden 1956, Fried & Doppman 1958, Gillian 1958, Corbin 1961,
Lazorthes et al 1966, -71, Crock & Yoshizawa 1976, Dommisse 1976).

Knowledge of the vascularisation of the spinal nerve roots is mainly derived from
studies on spinal cord vascularisation. However, there have been at least two theses on
spinal nerve root vascularisation (Desproges-Gotteron 1955, Viraswami 1963). The ana-
tomy of the nerve root vessels has been described based upon the cord vasculature, and
the nomenclature of the nerve roots vessels is inconsistent in the literature. Parke and
collaborators recently proposed a new terminology for the different vessels of the
lumbo-sacral spinal nerve roots (Parke et al 1981, Parke & Watanabe 1985). The follo-
wing presentation will try to provide a summary of the current concept of the vasculari-
sation of the spinal nerve roots of the cauda equina.

The segmental arteries from the aorta and the a. iliaca communis divide into three
major branches; i) an anterior branch, which supplies the posterior abdominal wall and
the lumbar plexus, ii) a posterior branch, which supplies the paraspinal muscles and fa-
cet-joints, and iii) an intermediate branch. The intermediate branch in turn generally di-
vides into three subdivisions; i) anterior spinal branches, which supply the posterior
aspects of the vertebral bodies and discs, ii) posterior spinal branches, which supply the
vertebral arches, the epidural fat and the spinal dura, and iii) nervous system branches
(Crock & Yoshizawa 1976), (Figure 6).
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The nervous system branches into i) medullary feeder arteries (extrinsic system),
which supply the arteries of the spinal cord without giving any branches to the nerve
roots they are following along their course through the subarachnoid space, and ii) ves-
sels that incorporate with either of the two nerve roots (intrinsic system), (Parke et al
1981). Thus, the vessels of the extrinsic system do not directly take part in the nutrition
of the nerve roots. Embryologically, there are 124 medullary feeder arteries at 31 seg-
mental levels. These arteries are soon reduced in number, and at birth there are only
about 8 remaining (Parke et al 1981). Thus, medullary arteries each supply more than
one segment of the spinal cord each (Lazorthes et al 1971).

Figure 6.Schematic drawing of vascular supply to the spinal cord
and nerve roots. When the intermediate branch of the segmental artery (1) enters
the spinal canal it divides into an anterior spinal canal branch (2), a nervous system
branch (3), and a posterior spinal canal branch (4). The nervous system branch joins
the nerve root and forms a ganglionic plexus (5) and caudal nerve root arteries run-
ning in cranial direction (6). From the vaso corona of the spinal cord there are cranial
nerve root arteries (7) running in caudal direction. The caudal and the cranial nerve
root arteries anastomoze within the cranial half of the nerve root (8). From the ner-
vous system branch there are also medullary feeder arteries (9). These vessels run in
cranial direction through the subarachnoid space, without any connections to the
nerve root arteries, to the vasa corona of the spinal cord, where 10) is the anterior
spinal artery and 11) is one of the two dorsolateral spinal arteries. (Adapted from
Parke et al 1981).

Anatomically and functionally the vascularisation of the spinal cord may be divided
into three vascular domains; i) the cervicothoracic area, ii) the midthoracic area, and iii)
the thoracolumbar area (Lazorthes et al 1971). The main medullary artery of the thoraco-
lumbar area is usually derived from one of the segmental arteries of the 12th thoracic
segment and was first described by Adamkiewicz in 1882. Although he called it the
“magnus ramus radicularis anterior” it is now generally known as the "artery of
Adamkiewicz".

The vessels that supply the ventral roots form 1-3 caudal radicular arteries that are lo-
cated within the root sheath and run cranially, towards the spinal cord, and are part of the
"intrinsic system". In the dorsal root, however, the corresponding vessels first form a
"ganglionic plexus" around the dorsal root ganglion before they continue cranially as
caudal radicular arteries. The caudal radicular arteries of both the ventral and the dorsal
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roots anastomose with the cranial radicular arteries, which are derived from the vascular
network of the spinal cord, at the cranial half of the nerve roots. Thus, blood flow is
supplied from both cranial and caudal directions. At the location where these two vascu-
lar networks anastomose, the vasculature of the nerve roots is less developed. It has
therefore been suggested that this region of a relative "hypo-vascularisation” may be a
particularly vulnerable site of the nerve roots (Parke et al 1981, Parke & Watanabe
1985), (Figure 6). ’

The arteries of the intrinsic vessels are located mainly in the outer layers of the root
sheath. Occasionally they are also found deeper in the nerve root tissue between, or even
within the fascicles (Parke & Watanabe 1985). By "T"-like branchings, the arteries pro-
vide each fascicle with a number of parallel running interfascicular arterioles, (Figure 7).
There are arterial coils and vascular loops present that will compensate for elongation of
the vessels in both axial direction and between the fascicles (Parke & Watanabe 1985,
Petterson & Olsson 1989). Within the fascicles, (ie., in the endoneurial space), the en-
doneurial capillaries run parallel to the axons.

Figure 7. Schematic presentation of some anatomical features of the
intrinsic arteries of the spinal nerve roots. The arterioles within the
cauda equina may be referred to either the extrinsic (1) or the intrinsic (2) vascular
system. From the superficial intrinsic arterioles there are branches that continue al-
most at right angle down between the fascicles. These vessels often run in a spiraling
course, thus forming vascular "coils" (3). When reaching a specific fascicle they
branch in a T-like manner, with one branch running cranially and one caudally, for-
ming interfascicular arterioles (2b). From these interfascicular arterioles there are
small branches that enter the fascicles where they supply the endoneurial capillary
networks (2c). Arterioles of the extrinsic vascular system run outside the spinal dura
(4) and have no connections with the intrinsic system by local vascular branches.
The superficial intrinsic arterioles (2a) are located within the root sheath (5).
(Adapted from Parke & Watanabe 1985).

The venous system has an organisation similar to the arteries. The largest veins, ho-
wever, do not only course together with the corresponding arteries as in peripheral ner-
ves (Lundborg 1970). Instead they also have a "spiraling” course deeper in the nerve
roots (Parke & Watanabe 1985). The veins of the nerve roots also differ from the arte-
ries as they occasionally drain through the spinal dura, out into the epidural venous
plexus.
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VASCULAR ANATOMY OF PERIPHERAL NERVES

The separation of the neural vascular systems into an extrinsic and an intrinsic sys-
tem was originally suggested for peripheral nerves (Lundborg & Brinemark 1968,
Lundborg 1970, -75). However, the definitions for peripheral nerves are not consistent
with those for spinal nerve roots. In peripheral nerves, the extrinsic system is comprised
of the vessels that join the nerve trunk from adjacent tissues along the course of the
nerve. These vessels supply the intrinsic vessels of the peripheral nerves, and participate
directly in the nutrition of the nerve tissue. This is different from the situation for the
nerve roots, (see above). Hence, the peripheral nerves receive a continuous regional sup-
ply of blood along their course. This is one important difference from the vascular ana-
tomy of spinal nerve roots which may be particularly important with compression at
multiple levels.

Generally, the arteriolar and venular intrinsic networks are better developed in perip-
heral nerves than in spinal nerve roots (Parke & Watanabe 1985, Petterson & Olsson
1989). However, there is evidence that the capillary density is similar between periphe-
ral nerves and nerve roots in rats (Nukada et al 1985, Petterson & Olsson 1989). In pe-
ripheral nerves, the vessels are often located between the fascicles, (Figure 4, page 13).
They will therefore be relatively well protected from mechanical deformation. Both ex-
trinsic and intrinsic vessels show a coiling course and frequent vascular loops (Lundborg
1975, -88). These two structural features, which probably allow adaptation to mild
elongation, may also be found in the intrinsic vessels of the spinal nerve roots (Parke &
Watanabe 19835, Petterson & Olsson 1989).

MORPHOLOGIC AND VASCULAR DIFFERENCES BETWEEN
SPINAL NERVE ROOTS AND PERIPHERAL NERVES
Based on the description above one may summarize some of the morphologic and
vascular differences between peripheral nerves and spinal nerve roots as follows:

* The axons of the nerve roots are enclosed by the thin root sheath, cere-
brospinal fluid and meninges. The axons of the peripheral nerves are
enclosed by the epincurium and the perineurium.

* There is less endoneurial collagen in spinal nerve roots than in peripheral
nerves.

* The axons of a peripheral nerve are arranged as the "spiral bands of
Fontana". This is not the case for spinal nerve roots.

* There is no fascicular branching in spinal nerve roots, as opposed to in
peripheral nerves.

* The arteriolar and venular networks are less developed in spinal nerve
roots than in peripheral nerves.

* There is no regional supply to the intrinsic vasculature of spinal nerve
roots, unlike in peripheral nerves.

* The intrinsic vessels of the spinal nerve roots are mainly located superfi-
cially. In peripheral nerves, the vessels are often found deep in the epineu-
rium, between the fascicles.

* The intrinsic vasculature of spinal nerve roots is formed by two separate
networks. One coming from the vasa corona of the spinal cord and one
from vessels at the intervertebral foramen. At the region where they
anastomose there is an area of "hypovascularity” that may be particularly
susceptible to mechanical deformation.

These anatomical characteristics of spinal nerve roots have been suggested to make
the spinal nerve roots more susceptible to compression trauma than the peripheral ner-
ves (Murphy 1977, Rydevik ef al 1984, Parke & Watanabe 1985).
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EFFECTS OF ACUTE COMPRESSION ON NERVE TISSUE

When a nerve is compressed there are both direct mechanical effects and effects upon
the transport of nutrients to the nerve that might affect both nerve structure and func-
tion. The mechanical effects include deformation of nerve fibers, displacement of the no-
des of Ranvier and invagination of the paranodal myelin-sheath (Edwards & Cattell
1928, Ochoa et al 1972, Rydevik & Nordborg 1980a). These effects are rarely seen at
pressure levels below 200 mm Hg. Small diameter myelinated fibers are less affected
than large diameter myelinated fibers, and unmyelinated fibers are less affected than mye-
linated fibers (Gasser & Erlanger 1929, Fowler & Ochoa 1975, Ochoa et al 1972,
Dahlin et al 1989). Since the unmyelinated fibers are smaller than the myelinated fibers,
the fiber-size seems to be crucial for the susceptibility to compression trauma of the in-
dividual axon. This also corresponds to in vitro studies on pressure-vessel models of
nerve compression, which have shown that large diameter fibers are deformed more than
small diameter fibers (MacGregor et al 1975).

At low pressure levels it is more likely that the effects on the normal function of the
nerve tissue is due to an impairment of its nutritional supply than direct mechanical ef-
fects on the axons (Dahlin et al 1986a). In peripheral nerves, the blood flow in the intra-
neural venules is impaired already at compression at pressure levels of 20-30 mm Hg
(Rydevik et al 1981). At slightly higher pressure levels there is an impairment of the
blood flow in the endoneurial capillaries. The nerve is completely ischemic when expo-
sed to a pressure close to the mean arterial blood pressure. An in vivo experimental
study on n medianus in the carpal tunnel in human volunteers has shown that pressures
of about 30 mm Hg produces slight sensory changes and pressures of 60-90 mm Hg
produce complete sensory and motor block (Lundborg et al 1982).

Compression may also affect the normal barrier function of the endoneurial capilla-
ries. The permeability of vessel walls for macromolecules may drastically increase, with
subsequent intraneural edema formation. Such edema has been observed in peripheral
nerves following compression at 50 mm Hg for 4-6 hours (Rydevik & Lundborg 1977).
The barrier function of the epineurial vessels is less developed and edema may be scen
following compression at 50 mm Hg for 2 hours (Rydevik & Lundborg 1977).
Endoneurial edema may increase the endoneurial fluid pressure (Low & Dyck 1977,
Myers & Powell 1981, Lundborg et al 1983). In this way edema formation may impair
the blood flow in nerve fascicles (Myers et al 1982, Myers & Powell 1984, Low et al
1982, -85). A longstanding edema may also be related to the formation of an intraneural
fibrotic scar (Lundborg 1975, Rydevik et al 1976). Intraneural edema formation may
therefore affect the nutrition and function of the spinal nerve roots even after the com-
pression has been ended.

The effects of local compression seems to be most pronounced at the edges of the
compression zone (Bentley & Schlapp 1943, Edwards & Cattell 1928, Ochoa et al
1972, Rydevik & Lundborg 1977). This is probably based on the displacement of nerve
tissue from the compressed to the uncompressed parts of the nerve (Rydevik et al 1984,
-89b). The superficial parts of the nerve are have been suggested to be displaced more
than the deeper parts. Shearing may thus occur between the different layers of the nerve,
that is most pronounced at the edges of the compressed nerve segment (Rydevik et al
1984, -89b).

Compression at 20-30 mm Hg may induce changes in axonal transport in both ante-
rograde and retrograde directions (Rydevik et al 1980b, Dahlin et al 1984, -86b, Dahlin
& McLean 1986¢). If compression at this pressure level is prolonged, there will be an
impaired transport of proteins within the axons, which might result in a higher sensiti-
vity for compression-induced efects in the caudal axonal segment, the so-called "double-
crush syndrome” (Upton & McComas 1973).
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EFFECTS OF COMPRESSION ON SPINAL NERVE ROOTS

The effects of compression on nerve tissue have mainly been investigated on periphe-
ral nerves. However, there are some studies that have specifically concentrated on the ef-
fects on spinal nerve roots.

In 1956, Gelfan and Tarlov studied the effects of compression on spinal cord, nerve
roots and peripheral nerves (Gelfan & Tarlov 1956). The authors used a compression de-
vice that was made of a syringe that, when inflated by a compressed-air system, com-
pressed the nerve tissue between two foam-rubber surfaced metal plates. The study sho-
wed that the spinal cord and nerve roots seemed to be less resistant to compression than
peripheral nerves. However, the compression device for peripheral nerves was never cali-
brated and therefore no exact comparison could be made between the effects on spinal
nerve roots and peripheral nerves.

Using a fluid-filled balloon with connected pressure transducer, Sharpless compared
the effects of compression on conduction properties of peripheral nerves and spinal nerve
roots (Sharpless 1975). The study indicated that spinal nerve roots where more sensitive
to compression than peripheral nerves and that very low pressures might interfere with
the normal conduction of spinal nerve roots.

Recently, Yoshizawa and collaborators developed a model for experimental studies on
blood flow in single lumbar nerve roots in dogs (Yoshizawa et al 1989a). Using a mi-
crovascular suture clip, the 6th lumbar nerve root was compressed. The compression
force of the clamp was estimated to approximately 60 gram, a measurement that is diffi-
cult to translate to those of the present investigation. The blood flow of the nerve root
was measured using an electrochemically generated hydrogen washout technique. The
study indicated that the blood flow was more impaired on the cranial side than the caudal
side during compression. When ending the compression, the blood flow was almost
completely restored on the cranial side of the clip. However, the blood flow on the cau-
dal side stayed at the reduced level. In another study, the authors found that the blood
flow in the dorsal root ganglion, which was approximately 56 ml/100g/min, was twice
as much as the blood flow in the corresponding nerve roots (Yoshizawa et al 1989b).

Delamarter and collaborators have studied the effects of prolonged compression of the
cauda equina in dogs (Delamarter et al 1990). The cauda equina was acutely constricted
by 25%, 50% or 75% of its initial circumference using a nylon band. The constriction
was maintained for 3 months. There were no or only initial neurologic deficits in the
25% or 50% constriction series. However, the series with 75% constriction demon-
strated paraplegia. Changes in cortical evoked potentials were seen in the 50% and in the
75% constriction series. Vascular congestion and histologic changes were mild in the
25%, moderate in the 50%, and severe in the 75% constriction series.

In conclusion, previous experimental studies indicate that spinal nerve roots seem to
be more sensitive to compression than peripheral nerves. However, no critical pressure
levels for compression-induced impairment of function or nutrition of the spinal nerve
roots have been determined.

PRESSURE LEVELS IN NERVE ROOT COMPRESSION
SYNDROMES

There is no knowledge of the exact pressure levels that are exerted on spinal nerve
roots in various nerve root compression conditions. There are, however, some experi-
mental findings that may indicate which pressure levels could be expected.

Spencer and co-workers have studied the force that acts on a nerve root, with a simu-
lated disc protrusion, when the nerve roots are under tension in a cadaveric model
(Spencer et al 1984). A probe, inserted through an emptied disc space, was allowed to
contact on a nerve root. Due to the fact that the nerve root, or rather the spinal dura, is
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fixed to the spinal canal, a contact force between the nerve root and the probe was recor-
ded when the probe was moved in dorsal direction. The pressure on the nerve roots was
calculated to be 400 mm Hg or more. However, since the nerve root itself is not fixed
in the same manner as the meninges, this pressure probably reflects the tension in the
dura rather than the compression on the nerve root.

In vitro studies have shown that the swelling pressure of disc tissue, when exposed to
water in a confined space, may exceed several hundred millimeters of mercury (Charnley
1952, Hendry 1958). However, this pressure reflects rather an internal quality of the
nucleus pulposus than the pressure that might act on the spinal nerve roots in case of
disc herniation.

Magnaes found that a pressure of 30 - 170 mm Hg or more was required to move
fluid from the caudal to the cranial part of the subarachnoid space during compression by
spinal stenosis in vivo (Magnaes 1982). However, since the compressive agent was a
rigid structure, (ie., bone), these pressure recordings might have reflected the elastic pro-
perties of the nerve tissue rather than the pressure acting upon it.

Schonstrém and collaborators found that the critical size of the cross-sectional area of
the dura sac, (ie., the size where there is a increase of tissue pressure if constricted by a
hose clamp in vitro), was 65-75 mm?2 in the lumbar spine (Schonstrém et al 1984).
When the hose clamp was further tightened, there was an increase of the cerebrospinal
fluid to about 100 mm Hg. The pressure, however, declined to 0 mm Hg. When the
pressure did not normalize for 10 minutes, the sustained size was registered. This size
was found to be 45-55 mmZ2, In another study, the mean cross-sectional area of the dural
sac was measured by means of CT-scan (Schonstrém et al 1985). This area was found to
be about 90 mm?2 in symptomatic spinal stenosis patients, as opposed to 180 mm? in
healthy subjects.

Watanabe and Parke performed a post-mortem study on a patient with spinal stenosis,
regarding neural and vascular pathology (Watanabe & Parke 1986). They found that,
although the nerve roots were clearly flattened, there was a continuity of the arteries
through the compressed segment. However, the venules showed signs of congestion and
were reduced in number.

QOoi and collaborators have studied the cauda equina vasculature in vivo in man using
myeloscopy (Ooi et al 1980, Mita et al 1989). They observed that there is venular
congestion in patients with spinal stenosis.

In conclusion, the pressure levels present in clinical cases of nerve root compression
are not known. There is, however, evidence that the resting pressure in spinal stenosis
is sufficient to induce venular, but not arteriolar congestion.
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AIMS OF THE INVESTIGATION
In the present investigation, a model for experimental, graded compression of the
nerve roots of the pig cauda equina is presented (I). The model permits various analyses
of changes in physiologic parameters of the nerve roots during or after experimental
compression. The aims of the investigation were to study the effects of compression on;
- the blood flow in the intrinsic vessels of the nerve roots (II).
- the transport of nutrients to the nerve roots (III).
- microvascular permeability in the nerve roots (IV).
- impulse propagation of the nerve roots (V).
In addition, Papers III-V also included analyses of differences in effects between a ra-

pid onset rate (0.05-0.1 seconds) and a slow onset rate (the pressure was gradually incre-
ased during 20 seconds) of compression.
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MATERIAL AND METHODS

ANIMALS AND ANAESTHESIA

The present investigation comprised 151 pigs (Swedish landbreed/ Swedish
Yorkshire). The bodyweight of the pigs used for the compression studies, papers I1I-V,
ranged from 25 kg to 60 kg, and the age from 2 months to 6 months. In Paper I, bigger
animals were also included for comparative reasons. These animals weighed up to 150
kg and were up to 18 months old.

Anaesthesia was induced by an intramuscular injection of 15-20 mg/kg bodyweight
of Ketalar® (ketamine 50 mg/ml, Parke-Davis, Morris Plains, New Jersey). After 10
minutes, the pigs received an intravenous injection of 3-5 mg/kg bodyweight of
Hypnodil® (methomidate chloride 50 mg/ml, AB Leo, Helsingborg, Sweden). In papers
I, III and V, they also received 0.05-0.1 mg/kg bodyweight of intravenous Stresnil®
(azaperon 2 mg/ml, Janssen Pharmaceutica, Beerse, Belgium). The pigs were then tra-
cheotomized, intubated and ventilated on respirator with room air. Through the same in-
cision, v jugularis externa, and in Paper Il a carotis communis, were catheterized.

In papers I, 11T and V, the anacsthesia was maintained by additional injections of 2-3
mg/kg bodyweight of Hypnodil® and 0.05-0.1 mg/kg bodyweight of Stresnil® each 20
- 30 minutes. In papers II and IV, the anaesthesia was maintained only by additional in-
jections of 2-3 mg/kg bodyweight of Hypnodil®. To induce muscular relaxation, repe-
ated intravenous injections of 2-3 mg/kg bodyweight of Celocurin® (suxamethonium
chloride 50 mg/ml, ACO Likemedel AB, Solna, Sweden) were administered in papers
II, IIT and IV.

After each experiment, the pigs were killed with an intravenously administered over-
dose of potassium chloride.

SURGICAL EXPOSURE OF THE CAUDA EQUINA

The pigs were placed prone on an operating table with the hind part of the pig
slightly elevated to reduce surgical bleeding. A 10-15 cm long midline incision was
made over the sacrum and coccyx. The spinal muscles covering the laminae from the
5th sacral to the 3rd coccygeal vertebrae were removed. In addition, the two dorsal sacro-
caudal muscles, which run lateral to the spine, were excised to facilitate the experimen-
tal procedures. Laminectomies of the 1st and 2nd coccygeal vertebrae were performed
using a rongeur. The exposure also included removal of facet-joints and pedicles. Unlike
the human spine, the epidural membrane (Dommisse 1975, Hasue et al 1983) is well
developed in the pig, and it encloses the cauda equina and epidural fat as a continuous
sac. To expose the cauda equina, the posterior parts of this membranous sac were exci-
sed and the epidural fat was carefully removed. The neural and vascular anatomy of the
porcine cauda equina at this level were analysed in Paper I, and will therefore be pre-
sented under "Results and comments”, (pages 32-36).

COMPRESSION MODEL

The nerve roots were compressed towards the ventral aspect of the spinal canal by an
inflatable plastic balloon (diameter 10 mm), (Figure 8). The shape of the the spinal ca-
nal, including the intervertebral disc, is relatively flat at this level, which thus provides
a suitable surface for the nerve root compression.

The balloons were made by welding thin and pliable polyethylene sheets into cylin-
ders. One end of these cylinders was sealed with a silk ligature and the other was con-
nected to a polyethylene tube (diameter 1 mm). The balloons were positioned between
the nerve roots and a transparent plexiglass plate which was held by two L-shaped pins,
(Figure 8). The pins were driven so far into the vertebral bone that the ballon should



still be relatively flat after inflation. This procedure was important for achieving an ade-
quate pressure transmission from the balloon to the nerve roots. The balloons were in-
flated by a compressed-air system (Stille-Werner, Stockholm, Sweden), which automati-
cally compensates for any leakage of air, thereby maintaining the pressure at a constant
level troughout the experiments. When the balloons were inflated they compressed the
nerve roots towards the underlying discs and vertebral bodies. The compressed-air system
could be set at any pressure level in the range of 0-600 mm Hg. During compression,
the cauda equina could be observed through the plexiglass plate. It was thus possible to
obtain a visual confirmation that the entire cauda equina was compressed by the balloon.

Figure 8: Schematic drawing of experimental model. The cauda equina (A) is com-
pressed by an inflatable balloon (B) that is fixed to the spine by two L-shaped pins
(C) and a plexiglass plate (D). (Reproduced with permission from Spine, Olmarker et
al 1989, Paper 1V).

The compressed-air system was fed by air (Papers I-IV) or nitrogen (Paper V). To en-
sure that the balloons were not compressing parts of bone instead of the nerve roots in
the spinal canal, great care was taken in the preparation of the compression site to re-
move any parts of the pedicles in contact with the balloon.

ACCURACY OF PRESSURE TRANSMISSION
The accuracy of pressure transmission from the balloon to the nerve roots was analy-
sed in Paper I, and will therefore be presented under "Results and comments”, (page 32).

RATE OF ONSET OF THE COMPRESSION

In papers III, IV and V, the effects on the cauda equina of compression at two diffe-
rent rates of compression onset were investigated. The balloon was inflated either by
starting the compression by flipping the switch with a preset pressure level in the com-
pressed-air system, or by slowly increasing the pressure in the balloon to the desired le-
vel during approximately 20 seconds. The first mode of compression onset resulted in a
rapid inflation of the balloon, and thus rapid compression of the cauda equina. To deter-
mine the rate of this rapid onset of compression, the following experiment was perfor-
med.
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The uninflated and flattened balloon was held between a tracing pen of a Grass 7B
Polygraph recorder (Grass Instrument Co., Quincy, Mass.) and a piece of wood, (Figure
9). When the balloon was inflated, it thus affected the tracing pen. The movement of the
pen was registered on the recording paper, which was running with a known speed. The
time from the start of inflation to the point of complete inflation could thus be measu-
red directly on the paper, (Figure 9). After 0.05 seconds, there was an inflation to ap-
proximately 90% of the intended value. Complete inflation, (ie., 100% of the intended
value), was obtained after approximately 0.1 seconds. The onset time for the rapid onset
rate was therefore determined to 0.05 - 0.1 seconds. This onset rate was found to be con-
stant in the range of 10 - 200 mm Hg.

) 005 o1 Sec.

Figure 9: (Left) Drawing of experimental set-up for measuring the rate of rapid on-
set of compression employed in the present investigation. (Right) The graph on the
registration paper shows that 0.05 seconds after initiating the inflation of the bal-
loon, the balloon had been inflated to approximately 90 % of the finial value. Full in-
flation was not achieved until 0.1 seconds after start of inflation.

EXPERIMENTAL PROCEDURES AND ANALYSES
I Compression model, including neural and vascular anatomy of the
porcine cauda equina.

Series I - Accuracy of pressure transmission from the balloon to the cauda equina. To
evaluate the accuracy of pressure transmission from the balloon to the cauda equina, the
following experiment was performed. One pig, killed for other purposes, was used. The
spinal canal was opened and the compression model was set up. However, the cauda
equina was exchanged with a rabbit abdominal vein with approximately the same diame-
ter as the removed cauda equina. The vein was connected to a compressed-fluid system
with an attached manometer, (Figure 10). The manometer of this compressed-fluid sys-
tem was calibrated against the manometer of the compressed-air system which was used
to inflate the balloon. The pressure level of the compressed-fluid system was slowly in-
creased, with a known pressure in the balloon. When the first signs of leakage of saline
through the vein in the compression zone was observed, the pressure level of the com-
pressed-fluid system was noted. The difference between this pressure and the pressure in
the balloon could thus be calculated (Rydevik et al 1981). In this way, balloon pressure
levels in the range of 0-200 mm Hg were tested systematically, twice at each pressure
level.

Series II - Gross anatomy of the porcine cauda equina. A total of 5 pigs, (25-40 kg
n=2, 60-80 kg n=2, 100-150 kg n=1), were used. The spinal canal was opened from the
1st sacral to the 4th coccygeal vertebrae. The dural sac was opened and the content of the
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spinal canal was examined with respect to gross anatomy of the cauda equina, both ma-
croscopically and with the use of an operating microscope. Observations were also per-
formed, when possible, on the pigs of series III, IV and V.

* COMPRESSED AIR SYSTEM

Figure 10: Experimental set-up for testing the accuracy of pressure transmission
from the balloon to the nerve roots. For further details, see text. (Reproduced with
permission from Spine, Olmarker et al 1989, Paper IV).

Series III - Extension of the subarachnoid space of the porcine cauda equina. Five
pigs, (25-40 kg n=2, 60-80 kg n=2, 100-150 kg n=1), were used. The spinal canal was
opened from the 6th lumbar to the 4th coccygeal vertebrae. Through a small incision in
the dura, a polyethylene catheter was placed into the subarachnoid space with the tip at
the level of the 1st sacral vertebrae. The catheter was secured with a ligature around the
entire dural sac, including catheter, just caudal to the incision. A volume of 3-5 ml of
India Ink (Pelikan, Hannover, FRG) was injected into the subarachnoid space. This pro-
cedure enabled macroscopic studies of the extension of the subarachnoid space out into
the root sleeves.

Series IV - Microscopic anatomy of the porcine cauda equina. Five pigs, (25-40 kg
n=2, 60-80 kg n=2, 100-150 kg n=1), were used. The spinal canal was opened from the
1st sacral to the 4th coccygeal vertebrae. The dural sac was opened, and specimens of
nerve tissue at various levels were obtained and fixed by immersion in a mixture of 4%
paraformaldehyde and 5% glutaraldehyde (Karmovsky 1965). The specimens were rinsed
in 0.15 M Na-cacodylate buffer (pH 7.15), post-fixed for 2 hours in 1% osmium tetrox-
ide, dehydrated in a series of ethanols and propylene oxide, and embedded in Epon 812
(Polaron, Stockholm, Sweden). Sections 1 um thick were prepared and stained with
methylene blue and Azur II (Richardsson et al 1960).

Series V - Vascular anatomy of the porcine cauda equina. Five pigs, (25-40 kg n=2,
60-80 kg n=2, 100-150 n=1), were used. The pigs received a single intravenous injec-
tion of 400-600 IE/kg bodyweight of Heparin®, (heparin 5.000 IE/ml, KabiVitrum,
Stockholm, Sweden).

The abdomen was incised and the aorta clamped just caudal to the diaphragm. An
aortic perfusion cannula (Argyle, St Louis, USA), was placed in the aorta through a
small incision at the level of aa. renales. The cannula was secured by ligating the aorta
caudal to the incision. Three to five liters of saline at 37°C were infused at a rate of 1 to
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2 liters/minute using a heart-lung machine (Gambro, Dreissen, Netherlands).
Intermittent injections of 0.5-1 ml of Xylocain® (lidocain 50 mg/ml, Astra, S6dertilje,
Sweden) were administered via the infusion catheter to induce vasodilatation. V cava in-
ferior was cut in the lower part of the abdomen to drain the infused volumes (Lundskog
et al 1968). Immediately after the saline infusion, 2-3 liters of a filtered India ink solu-
tion (50% India ink in saline, Pelikan, Hannover, FRG) at 37°C, was infused at a rate
of 1-2 liters/minute.

The sacrum and upper four coccygeal vertebrae were removed en-bloc. The spinal ca-
nal was opened and the preparation was fixed by immersion in 2.5% glutaraldehyde for 7
days. The cauda equina was then removed and clarified with methyl salicylate and benzyl
benzoate with a modified Spalteholz technique. For comparative reasons, a part of the
sciatic nerve at the level of the hip joint was collected from all animals and processed in
a similar manner.

II Effects of compression on blood flow in the porcine cauda equina.

In this paper, the compression balloon was placed under the cauda equina. The cauda
equina was thus compressed dorsally, between the plexiglass plate and the balloon, in-
stead of ventrally, between the disc and the balloon. This experimental set-up was found
to be necessary for optimising the microscopic observations, which were obtained
through the plexiglass plate from above. A Leitz large vital microscope (Leitz, Wetzlar,
FRG) and incident light illumination were used for the observations. The experiments
were recorded on video tape to allow subsequent detailed analyses later.

The mean arterial pressure was continuously registered by a catheter in the thoracic
aorta connected to Gould-Statham P23 pressure transducer (Gould-Statham Instruments
Co., Hato Rey, Puerto Rico) and A Grass 7B polygraph recorder (Grass Instrument Co.,
Quincy, MA, USA).

Series I - Occlusion pressures for the various components of the cauda equina vascu-
lature. In twelve pigs, bodyweight 25-40 kg, the pressure in the balloon was increased
stepwise, 5 mm Hg every 20 seconds up to 50 mm Hg and then 10 mm Hg every 20
seconds until there was no blood flow observed in the compressed segment of the cauda
equina. By observing the cauda equina through the microscope, the pressure required to
stop the blood flow for each specific vessel could thus determined. This procedure was
performed twice in each animal.

Series II - Recirculation of the cauda equina vasculature following compression for
various times and at various levels. After series I was completed, the nerve roots were
exposed to compression at 50 mm Hg for 10 minutes or 2 hours, or at 200 mm Hg for
10 minutes or 2 hours. The recirculation of the cauda equina was analysed regarding: ini-
tial flow (e., immediate versus delayed recirculation), hyperemia (ie., normal versus in-
creased blood flow) and intraneural edema formation (ie., normal versus increasing opa-
city of nerve root tissue with increasing difficulties to focus on vessels).

III Effects of compression on the nutritional supply to the porcine
cauda equina.

The effects of surgical exposure (control), sham-compression and compression at
three different pressure levels were studied in 48 pigs, bodyweight 2540 kg.

Control, (n=6). The spinal canal was opened but the compression device was not app-
lied, (ie., no nerve compression).

Sham-compression, (n=6). The compression device was applied but with no inflation
of the balloon.
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Compression, (n=36). The nerve roots were exposed to either rapid or slow onset of
compression at 10 mm Hg, 50 mm Hg, or 200 mm Hg, (n=6 for each of the six sub-
series).

The spinal nerve roots were exposed to control conditions, sham-compression, or
compression for a total of 30 minutes. After 25 of these 30 minutes, 0.5 mCi/kg bo-
dyweight of 3-0-methyl-D-glucose-1-3H (Radiochemical Centre, Amersham, England)
was injected into a central vein (v cava superior). The methyl glucose was thus allowed
to circulate for the last 5 minutes of the compression period. After the 30 minutes of
compression, the entire preparation was frozen with liquid nitrogen, without releasing
the compression.

The nerve roots of the cauda equina were cleaned of epidural fat and blood vessels.
The cauda equina was then cut transversely into approximately 1 mm sections, from 7
mm cranial to 7 mm caudal to the compression zone. Each specimen was weighed and
digested by Soluene (Packard Instruments, Stockholm, Sweden) in a test tube. The di-
gest, and samples of blood obtained from each animal, were analysed in a B-scintillation
counter (Packard Instruments, Stockholm, Sweden). This procedure allowed calculation
of the ratio (R/Rco) between nerve concentration (R) of methyl glucose and blood con-
centration (Rco) of methyl glusoce in each specimen.

IV Intraneural edema formation following compression of the porcine
cauda equina.

The effects of sham-compression (n=3) and compression at two different pressure le-
vels and at two different onset rates were studied in 39 pigs, boyweight 25-60 kg.

Series I - Rapid onset of compression. The effects of compression at 50 mm Hg for 2
minutes, 10 minutes and 2 hours, and at 200 mm Hg for 2 minutes, 10 minutes and 2
hours, using the rapid onset rate, were analysed, (n=18, n=3 for each subseries).

Series II - Slow onset of compression. The effects of compression at the same
time/pressure relations as for series I were analysed. However, in this series, the slow
compression onset ratec was employed, (n=18, n=3 for each subseries).

After the compression was released, the pigs received an intravenous injection of 5
ml/kg bodyweight of a filtered preparation of Evans Blue labelled albumin (EBA). The
EBA was prepared by mixing 5% bovine albumin (fraction V) with Evans Blue. When
the EBA complex had been circulating for 30 minutes, the nerve roots were ligated to a
wooden stick at in vivo length and frozen with liquid nitrogen. The location of the
compression zone was marked on the stick.

Frozen longitudinal sections of the nerve roots (10 wm thick) were mounted in 50 %
aqueous glycerol. The sections were examined in a Nikon Optiphot microscope equipped
with episcopic-fluorescene attachment EF-D using filter block B-2 A (Nikon, Tokyo,
Japan). The distribution of the EBA complex could be determined as it emits a bright
red fluorescence, which contrasts clearly to the green autofluorescence of the nerve tis-
sue.

V Effects of compression on impulse propagation of the porcine cauda
equina.

Two AO cortical screws (diameter 2.7 mm, AO, Davos, Switzerland) were fixed in
the lamina of the 5th sacral vertebra, approximately 10 mm apart from each other, in 32
pigs, bodyweight 25-40 kg. When connected to a Grass SD9 stimulator (Grass
Instrument Co., Quincy, Mass.), the two screws served as stimulating electrodes. The
stimulus strength was always 2-3 times higher than the minimum voltage required to
generate maximal amplitude of the MAP (muscle action potential), (see below), and was
kept constant during the experiment. To ensure that any changes should be confined to
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the compression zone, intermittent stimulations were also performed just caudal to the
compression balloon by retractable electrodes, (Figure 11).

MAP's were recorded by two E2 subdermal platinum needle electrodes (Grass
Instrument Co., Quincy, Mass.) that were placed into the muscles in the tail approxi-
mately 10 mm apart. This procedure is reproducible and represents a measurement of the
function of the motor nerve fibers of the nerve roots. The MAP was visualized on a
Tektronix 5103N Dual Beam Storage Oscilloscope (Tektronix, Guernsey Ltd, Guernsey,
Channel Islands) using a Grass P18 preamplifier (Grass Instrument Co., Quincy,
Mass.).

CAUDAL
CRANIAL STIM

STIM | | I

COMPRESSION
ZONE

" .
EMG
RECORDING G

Figure 11: Experimental set-up. The cauda equina is stimulated either via two AQO
cortical screws fixed in the sacral lamina (cranial stim) or intermittently via retracta-
ble electrodes (caudal stim), (see text for details). The impulse propagation of the
cauda equina is registered as a MAP (EMG recording) by electrodes placed in the tail
muscles. (Reproduced with permission from Spine, Olmarker et al 1990, Paper V).

Nerve function was registered as the amplitude of the first peak of the MAP-recording,
and was measured directly on the oscilloscope. This peak reflects the fastest conducting
fibers, which also are the fibers with the largest diameter (Gasser & Erlanger 1929).
Large diameter fibers are known to be more susceptible to compression (Gasser &
Erlanger 1929) and may also be subjected to greater deformation than small diameter
nerve fibers (MacGregor et al 1975). Therefore, analysis of the first peak of the MAP
represents a sensitive method for studying changes in the motor fiber propagation in the
nerve roots. It has been noted that changes in amplitude of the first peak of the MAP are
seen earlier than changes in conduction velocity (Pedowitz e al 1988, 1989, Rydevik et
al 1990b). The present study therefore focused only on changes in MAP-amplitude.

To ensure that only impulses from compressed nerve fibers were registered, all nerves
that left the spinal canal between the stimulating electrodes and the compression balloon
were cut. A confirmation of the outcome of this procedure was obtained after the expe-
riment by studying the MAP after cutting the cauda equina at the compression site.
Since there should be no remaining conducting axons, this should thus result in a flat
MAP-recording.

The preparation was covered with a polyethylene sheath to maintain constant humi-
dity and temperature. The temperature was controlled by means of a thermostat control-
led heating lamp with the temperature probe close to the nerve roots and compression-
balloon during the experiments. Intermittent recordings of MAP's were performed using
supramaximal stimulation strength until temperature and amplitude of the MAP's had
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been constant for 15 minutes. This value of the MAP-amplitude served as baseline
(100%) and all recordings during the experiment were expressed in percent of this value.
The pressure levels used were; 0 mm Hg (sham, n=2), 50 mm Hg, 100 mm Hg and
200 mm Hg. Except for sham-compression, there were 5 animals with the rapid onset
and 5 with the slow onset of compression for each pressure level. Unlike Papers II-IV, a
compressed-nitrogen system was used to inflate the compression balloon (Stille-Wemer,
Stockholm, Sweden). The nerve roots were compressed for 2 hours and allowed to reco-
ver for 1.5 hours, with the compression balloon removed. MAP-recordings were per-
formed 5, 10 and 15 minutes after compression onset, and then every 15 minutes.

STATISTICAL PROCEDURES AND ANALYSES
I Compression model, including neural and vascular anatomy of the
porcine cauda equina.
No statistical methods were employed in this paper.

II Effects of compression on blood flow in the porcine cauda equina.

1) To obtain the average minimum pressure of the balloon required to stop the blood
flow in the arterioles, the capillaries and the venules respectively (series I), the follo-
wing calculations were made. The minimum pressure required to stop the blood flow
was determined for each vessel separately as the mean between the two obtained values.
The average for each type of vessel could thus be calculated for each separate pig. The
average and the distribution of these obtained values were then calculated.

2) The correlation between the pressure required to stop the blood flow in different
vessels and the mean arterial pressure was calculated, using linear regression analysis
(series I).

3) The effects of compression on the recirculation in the nerve roots (series II) were
graded on three grade scales where 0 = no changes, + = moderate changes and ++ =
marked changes. No further statistical analyses were performed on these data.

III Effects of compression on the nutritional supply to the porcine
cauda equina.

1) The average R/Rco-graphs (ie., the ratio between the obtained radioactivity in the
digested specimen (R) and the radioactivity in the normalized blood (Rco)) for each sub-
series were plotted in a diagram with the length of the nerve roots on the X-axis and the
R/Rco-ratio on the Y-axis, (Figure 18, page 46). These graphs were obtained by calcula-
ting the means for the six animals in each sub-series at 1 mm intervals.

2) The average R/Rco-ratio within the compression zone was obtained for each sub-
series by first calculating the mean of the observations within the compression zone for
each animal and then the average of these obtained mean R/Rco-ratios for the six ani-
mals in each sub-series.

3) Differences in R/Rco-ratio within the compression zone between control and
sham-compression and between rapid and slow onset of compression at corresponding
pressure levels were evaluated with Wilcoxon's rank sum test.

IV Intraneural edema formation following compression of the porcine
cauda equina.

Microvascular permeability, (ie., the distribution of EBA-complex within the endo-
neurial space), was studied at 5 different locations of the cauda equina, regarding i) degree
of edema and ii) fraction of nerve roots involved (Figure 12). The degree of edema
was determined according to a three grade scale, (Figure 12). If there were different de-
grees of edema present in the nerve roots at the same location, only the most pronoun-
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ced reaction was registered. The gradings for the fraction of nerve roots involved were; -
= no nerve roots involved, + = less than 50 % of the nerve roots involved and ++ = 50
% or more of the nerve roots involved.

Grade - Grade +

COMPRESSION ZONE
Cranial Caudal

2l ] (4] 5]

Figure 12: (Top) Schematic drawing of longitudinal sections of three nerve root
segments with different degrees of intraneural edema. Each nerve root contains two in-
traneural capillaries. The distribution of Evans Blue labelled albumin (EBA), within
the nerve root in the microscopic sections was graded on a three grade scale; - = EBA
only within the vessel lumen (no edema), + = EBA also between the axons in the en-
doneurial space but only adjacent to the vessels (slight edema), and ++ = EBA between
the axons and reaching from one lateral border of the nerve root to the other
(pronounced edema). (Bottom) The formation of intraneural edema was studied at 5
different locations of the cauda equina; 1) cranial to the cranial edge zone, 2) at the
cranial edge zone, 3) at the center of compression zone, 4) at the caudal edge zone and
5) caudal to the caudal edge zone. (Reproduced with permission from Spine, Olmarker
et al 1989, Paper IV).

V Effects of compression on impulse propagation of the porcine cauda
equina.

The mean percentage reduction of the MAP-amplitude during the 2 hours of compres-
sion, (ie., at all MAP-recordings during the compression period), was calculated for each
pig separately. Using these values the average percentage reduction could be calculated
for each series. Wilcoxon's rank sum test was used to analyse the differences between
the rapid and slow onset series at corresponding pressure levels.

RESULTS AND COMMENTS

I Compression model, including neural and vascular anatomy of the
porcine cauda equina.

Series I Accuracy of pressure transmission from the balloon to the cauda equina. The
difference between the pressure in the compressed-fluid system and the pressure in the
balloon was found to be less than S mm Hg in the range of 0-200 mm Hg.

Series II Gross anatomy of the porcine cauda equina. Generally, there were no appa-
rent differences in the gross anatomy of the cauda equina between the pigs of the diffe-
rent sizes studied in the present investigation.

The spinal cord terminated approximately at the level of the 2nd sacral vertebra,
(Figure 13). Since the human spinal cord ends at the level of the 1st lumbar vertebra
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(Rauschning 1983), the conus medullaris is thus located more caudal in the pig than in
the human spine. The dorsal root gangliae (DRG) of the 1st sacral nerve roots were lo-
cated close to their respective intervertebral foramina. For the lower nerve roots, howe-
ver, the DRG's were successively more cranial to their respective intervertebral fo-
ramina. In fact, the DRG's of most coccygeal nerve roots were located within the sac-
rum, (Figure 13). However, the DRG's for the most caudal nerve roots (Cos-Co7) were
found caudal to the 2nd coccygeal vertebra (ie., caudal to the compression zone).

The motor and the sensory root joined at the level of the DRG, (Figure 14). No inter-
connection between the two nerve trunks could be detected macroscopically below this
level. By definition, the nerve tissue caudal to the DRG should therefore be called spinal
nerve instead of nerve root.

Figure 13: Schematic presentation of the porcine cauda equina at the level of the sa-
crum and the two upper coccygeal vertebrae. The left half of the drawing demonstrates
the spinal dura enclosing the cauda equina, both as a common central sac, and as sepa-
rate extensions, called root sleeves. In the right half, the location of the dorsal root
gangliae (squares), and the intraspinal course of the nerve tissue of the cauda equina
are shown. The dorsal root gangliae are mainly located cranial to the compression
zone. Roman numerals (left side) indicate vertebral levels, and arabic numerals (right
side) indicate nerve root levels.
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At the compression site, (ie., the area between the pedicles of the 1st and 2nd coccy-
geal vertebrae), the first coccygeal "nerve roots” (Co1) left the spinal canal just cranial
to the disc, and were therefore not compressed by the balloon in this model, (Figure 13).
A common dural sac, which usually enclosed 3 pairs of "nerve roots” (Cos5-Co7), was
found in the center of the cauda equina. Lateral to the dural sac there were usually 3 pairs
of "nerve roots" (Co2-Co4) in separate root sleeves. There are thus both "intrathecal”
and "extrathecal" nerves (Wall et al 1990) represented at the compression site.

Occasionally, the spiral bands of Fontana (Clarke & Bearn 1972, Thomas & Olsson
1984) could be noted at the last 10-20 mm of the nerve roots before exit from the spinal
canal.
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Figure 14: Schematic drawings of the anatomy at the 2nd coccygeal (top) and at the
Sth coccygeal nerve root (bottom) level. The ventral (1) and the dorsal (2) nerve roots
leave the spinal cord and run in the subarachnoid space surrounded by the cerebrospi-
nal fluid. At the level of the dorsal root ganglion (3) the fibers of the two nerve roots
are mixed, and the ventral ramus (5) and dorsal ramus (6) of the spinal nerve is formed.
The dura (4) encloses the nerve components until the point where they leave the spi-
nal canal, and where also the epidural membrane (8) approaches the nerve tissue. The
compression site (7) is located caudal to the dorsal root ganglion. The 2nd coccygeal
nerve roots (top) are the largest nerve roots compressed at their extrathecal course,
and the Sth coccygeal nerve roots (bottom) are the largest nerve roots compressed at
their intrathecal course, in the presented model.

The extension of the subarachnoid space for the three different sizes of pigs was in-
vestigated at both nerve root levels. The results are schematically shown under each
drawing. The interrupted lines indicate nerve root segments where there was no in-
trathecally injected ink present immediately after the injection.

The letters a-f in the upper figure refer to the microscopic cross-sections presented in
figure 15, pages 37-39.
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Upon leaving the spinal canal, the nerves penetrated the surrounding sac, which is a
continuation of the epidural membrane (Dommisse 1975, Hasue et al 1983), (Figure
14). Since the size of the nerve root increased caudal to this point, the epidural mem-
brane thus seemed to incorporate with the nerves.

A number of "Hofmann" ligaments (Hofmann 1878, Spencer et al 1983, Rauschning
1987) were found to run mainly from the ventral aspect of the cauda equina in a caudal
direction for several centimeters below, where they attached to the epidural membrane.

Series 11l Extension of the subarachnoid space of the porcine cauda equina. Unlike the
consistent gross anatomy of the porcine cauda equina in series II, there were apparent
differences in the extension of the subarachnoid space between the different sizes of ani-
mals investigated.

The cauda equina of the smallest animals (20-40 kg) had a subarachnoid space that
was present in all nerves all the way down to the point of exit from the spinal canal.
However, with increasing animal size, the subarachnoid space in the root sleeves of the
most lateral nerves had become gradually sealed, (Figure 14). When the ink had been in-
jected in these larger animals, there was an apparent border where the subarachnoid space
ended in the root sleeve. However, already after some minutes there was ink detected
macroscopically down into the "sealed" space. This "sealing off" phenomenon was not
as apparent for more caudal segments of the cauda equina, (Figure 14).

It was recently observed that the nerve roots derive a major part of their nutrition as
diffusion from the cerebrospinal fluid (Rydevik et al 1990a). To mimic the nutritional
situation of human lumbosacral nerve roots as close as possible, it would therefore be
advisable only to use pigs up to 40 kg bodyweight, particularly when using pigs of the
same breed as in the present study.

Series IV Microscopic anatomy of the porcine cauda equina. There were no apparent
differences observed in the microscopic anatomy between the different sizes of pigs exa-
mined.

The microscopic anatomy of the pig cauda equina was found to be similar to the hu-
man cauda equina (Gamble & Eames 1966, Cohen et al 1990). The endoneurial space
was comprised of a mixture of myelinated and unmyelinated axons, and was separated
from the cerebrospinal fluid only by the thin root sheath, (Figures 15 a-d). However, un-
like the human lumbo-sacral dorsal root gangliae, the dorsal root gangliae of the com-
pressed nerves were floating freely in the cerebrospinal fluid, (Figure 14 & 15 b). At the
extrathecal parts of the cauda equina, the root sleeves gradually approached the nerve
components, (Figure 15 d). This also resulted in a subsequent reduction of the subarach-
noid space. At the last 5-10 mm cranial to the point of exit from the spinal canal, there
was a gradual formation of fascicles within the endoneurial space, (Figure 15 ¢). Outside
the spinal canal, the microscopic anatomy of the nerve tissue changed to that of a perip-
heral nerve, with an epineurium and a perineurium instead of a root sleeve, and with se-
parate fascicles, (Figure 15 f).

The light microscopic examination also revealed that the major vessels of the intrinsic
system of the cauda equina, (ie., arterioles and venules), were found outside the endoneu-
rial space, and were enclosed by the root sheath, (Figures 15 a). Within the endoneurial
space, there were only capillaries present.

Series V Vascular anatomy of the porcine cauda equina. There were no observed diffe-
rences in the vascular anatomy between the different sizes of pigs examined.

The main arteries of the spinal cord were supplied by vessels that were accompanying
the nerve roots from the intervertebral foramina, (Figure 16 a). However, these vessels
did not supply any branches to the nerve roots along the course in the spinal canal.
Extrathecally, these vessels were located outside the root sleeve, (Figure 16 b). Upon
entering the central dural sac, at a level below the entrance of the corresponding nerve
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root pair, they supplied the meninges with small branches, (Figure 16 b & e). It was
thus apparent that there were two different vascular systems of the cauda equina. There
was one "extrinsic system", with vessels running between the segmental arteries outside
the spinal canal and the vasa corona of the spinal cord, which did not directly participate
in the nutrition of the nerve tissue. There was also one "intrinsic system" of vessels
which were running within the root sheath, and which were supplying the capillary
networks of the nerve tissue.

The intrinsic system of the cranial parts of the nerve roots was derived from the vasa
corona of the spinal cord, (Figure 16 a).The vessels of the intrinsic system were found
to run parallel to the nerve fibers in a straight course within the nerve roots. There were
frequent vascular loops and also a "coiling” or "tortuous” course of these vessels,
(Figure 16 ¢ & d). From the venules and arterioles, the branches left at almost right an-
gles. These branches either supplied superficially located and longitudinally running
vessels of lesser caliber, or penetrated between the axons to supply the endoneurial ca-
pillary networks, (Figure 16 d).

It was not evident if the intrinsic vessels from the cranial part of the nerve roots also
supplied the most caudal parts, or if there was a separate caudal intrinsic system of ves-
sels. Indeed, there were connections between extraspinal vessels and the most caudal in-
trinsic vessels detected at the intervericbral foramen. However, a region of "relative hy-
povascularity” in an anastomosing region between the two vascular systems, similar to
that described by Parke and collaborators, could not be deteced (Parke et al 1981).
Generally, the arteriolar and venular vasculature of the cauda equina was less developed
than that of the peripheral nerves, (Figure 16 f).

Although there was no regional supply of arteriolar blood to the intrinsic vascular
system of the nerve roots, there were regional connections between the venules of the
intrinsic system and venules in the surrounding epidural fat, (Figure 16 c). Within the
central dural sac there were also interradicular vessels that connected the vascular net-
works of different nerve roots.

The vascular anatomy of the porcine cauda equina was thus found to have a close re-
semblance to the human cauda equina. There was an intrinsic system of vessels that was
located within the root sheath and comprised arterioles and venules that supplied the en-
doneurial capillary networks. There was also an extrinsic vascular system. Unlike the
intrinsic system these vessels did not directly participate in the nerve root nutrition by
any vascular branches to the intrinsic arterioles along the course of the nerve roots. This
observation was in agreement with previous studies on the vascularisation of the human
cauda equina (Parke ef al 1981, Parke & Watanabe 1985). However, unlike the findings
of Parke and collaborators on the human cauda equina, Petterson and Olsson (1989) re-
cently observed occasional direct branches between the extrinsic and the intrinsic sys-
tems in cervical spinal nerve roots of rats.

Il Effects of compression on blood flow in the porcine cauda equina.

In some of the preparations there was a slight reduction of the blood flow when the
observations were started. This seemed to be due to ridges in the uninflated balloon and
could always be corrected before starting the experiment.

Series I Occlusion pressures for the various components of the cauda equina vascula-
ture. The average minimum balloon pressures required to stop the blood flow in the ar-
terioles, capillaries and venules are presented in table 1. When the pressure in the bal-
loon was increased, a gradually diminishing diameter of the vessels could be observed
through the microscope. This effect was first seen 10-50 mm Hg below the pressure le-
vel required to stop the blood flow in that specific vessel. As a further sign of an impai-
red flow, the arterioles started to pulsate at a pressure level = 30 - 40 mm Hg below the
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Figure 15: Photographs of microscopic cross-sections from a 2nd coccygeal nerve root
pair, (see figure 14 for orientation).

) The ventral (right) and the dorsal nerve root just cranial to the dorsal root ganglion. An
intrinsic vessel is seen within the root sheath, (arrow).

b) The nerve roots at the level of the dorsal root ganglion. A large number of ganglion cells
may be seen in the picture. At this level, the axons of the roots are mixed and form the ven-
tral and the dorsal ramus of the spinal nerve. There is only a minor part of the former ventral
root that can be identified, (arrow).

(Bar = 100 um in both pictures).
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Figure 15 (cont.):

¢) The ventral (right) and dorsal ramus of the spinal nerve just caudal to the dorsal root gang-
lion. Some of the most caudal ganglion cells may be seen in the dorsal ramus, (arrows).

d) At the extrathecal course of the ventral ramus (left) and dorsal ramus of the spinal nerve,
they are enclosed by an extension of the spinal dura called the root sleeve, (asterisks).

(Bar = 100 pum in both pictures).
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Figure 15 (cont.):

€) The ventral ramus of the spinal nerve just prior to leaving the spinal canal. The root
sleeve (1) has now approached the nerve tissue. There is no longer a subarachnoid space pre-
sent between the nerve tissue and the root sleeve. Also note the formation of a fascicular pat-
tern within the nerve tissue. Outside the root sleeve is a cross-cut extrinsic arteriole (2).

f) The ventral ramus of the spinal nerve just outside the spinal canal. The different fascicles
have separated, and are enclosed by epineurial tissue (1), and by a perineurium (2). Extra-fas-
cicular vessels (3) may be found between the fascicles in the epineurium.

(Bar = 100 um in both pictures).
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Figure 16: Photographs of ink-injected and clarified specimens of the porcine cauda
equina.

a) The dorsal aspect of the segment of the spinal cord from which the 2nd coccygeal nerve
roots leave. The anterior spinal artery (1) is supplied with blood from an ascending medullary
feeder artery (2). Vessels from the vasa corona of the spinal cord are joining the nerve roots
when they leave the spinal cord (unnumberred arrows).

b) The picture shows the cauda equina in the central dural sac to the left and a nerve root pair
that has passed through the dural sac and is now enclosed by its root sleeve to the right. Two
extrinsic vessels that are running together with the nerve root pair are passing through the
dural sac more caudal than the nerve roots (arrows). These vessels are also providing the me-
ninges with small branches.

(Bar = 1 mm in all pictures).
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Figure 16 (cont.):

¢) The dorsal root ganglion (2nd coccygeal) demonstrates a capillary-dense area of the nerve
roots, (asterisk). The intrinsic vessels demonstrate a coiling or tortuous course. There are
branches from the intrinsic vessels out into the epidural fat, (arrows). (Cranial side to the
right in the picture).

d) Vascularisation of the ventral (V) and dorsal (D) ramus of the right 2nd coccygeal spinal
nerve. From a central intrinsic vessel of the dorsal ramus there are "T-like" branches that
supply the ventral ramus as well. There is also an extrinsic vessel seen in the picture, with no
visible branches to the intrinsic vasculature of the nerve tissue, (arrow).

(Bar = 1 mm in both pictures).
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Figure 16 (cont.):

e) Blood vessels within the spinal dura.

f) Vascularisation of a part of the right sciatic nerve at the level of the hip joint. Note the
well developed vascular network, with numerous branches between fascicles and surrounding

fat.
(Bar = 1 mm in both pictures).
(Figures 15 & 16 reproduced with permission from Spine, Olmarker et al 1990, Paper I).
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occlusion pressure. A corresponding phenomenon could not be observed for the capilla-
ries or the venules. Generally, the capillary blood flow seemed to be dependent upon
the flow in the connected venules. Thus, when the flow in an adjacent venule was im-
paired, there were often signs of an impaired flow in the connected capillary networks.

X SD n
BPa 127 18 11
BPc 40 6 12
BPv 30 10 12

Table 1. Average minimum balloon pressures (mm Hg) required to stop the flow in
the arterioles (BPa), capillaries (BPc) and venules (BPv). The BPa is calculated from
eleven pigs, as no arterioles could be identified in one of the pigs. (Reproduced with
permission from J Orthop Res, Olmarker et al 1989, Paper II).

The average mean arterial pressure, as registered by the aortic catheter, was 150 mm
Hg (SD = 14, n = 12). The systolic blood pressure for pigs in the range of 1 to 400 kg
may be predicted using the folowing formula (Hornicke 1966);

Systolic blood pressure (mm Hg) = 49 + [46 x (log bodyweight in kg)]

The systolic blood pressures should therefore have been in the range of 113 mm Hg
(25 kg) to 123 mm Hg (40 kg). Occasional registrations in papers III, IV and V showed
that these pigs had a mean arterial pressure in the range of 100 - 120 mm Hg. The rea-
son for the elevated mean arterial pressure in Paper II is largely unknown, but may have
been based on certain pre-, and per-operative conditions.

When calculating the average minimum balloon pressures required to stop the blood
flow in the arterioles, capillaries and venules it is statistically, and physiologically, less
correct to look upon each vessel as a separate observation. Instead, the mean pressures
for the arterioles, capillaries and venules should be calculated for each pig. The number
of observations were thus equivalent to the number of pigs in the study (n=12), except
for the arterioles, since no arterioles could be found in the preparation in one of the pigs
(n=11).

Vital microscopy has earlier been employed to determine critical levels for compres-
sion-induced occlusion of blood vessels in tracheal mucosa (Stenqvist & Bagge 1979),
and in n tibialis in rabbits (fe., peripheral nerve), (Rydevik et al 1981). In both studies
the pressure required to stop the arterial blood flow was close to the mean arterial blood
pressure, which is in agreement with the findings in the present investigation. In the
study on n tibialis in rabbits, however, the authors choose another form of evaluation
than in Paper II of this thesis (Rydevik et al 1981). Instead of calculating occlusion
pressures, they described the microcirculatory events at each pressure level examined.
This showed that the blood flow was stopped at 60 - 80 mm Hg in the arterioles, at 50 -
80 mm Hg in the capillaries, and at 40 - 60 mm Hg in the venules. The mean arterial
blood pressure in this study was 78 mm Hg. There was thus an apparent difference in
the distribution of occlusion pressures on the venular side between the results on perip-
heral nerves and the results in Paper II. According to figure 17, the nerve root venules
were occluded by pressures in the range of 5-60 mm Hg. There is thus a population of
venules that was occluded at pressures much lower than were seen i peripheral nerves.
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The correlation between the pressure required to stop the blood flow in the different
vessels and the mean arterial pressure was statistically significant (p<0.001) for the arte-
rioles (r = 0.83), but not for the capillaries (r = 0.09) or the venules (r = -0.28), (Figure
17). Unlike the calculation of the mean closing pressures, (Table 1), it was statistically
more correct to regard results from each vessel as a separate observation in this series,
since each pressure was linked to a value of the mean arterial blood pressure. Since the
mean arterial pressures among normal healthy pigs were suspected to have a Gaussian
distribution, it was statistically advisable to use linear regression instead of a non-para-
metric analysis, although a rather low number of observations were analysed (arterioles,
n=14, capillaries, n=20, venules, n=34).

ARTERIOLES CAPILLARIES VENULES
2004 2004 200
Balloon pressure Balloon pressure Balloon pressure
(mmHg) (mmHg) (mmHg)
1504 / 150 150
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: o o T
T T T T T 5.0 T T T -l T
50 100 150 200, 50 100 150 200 50 100 150 200
Mean Arterial Pressure (mmHg) Mean Arterial Pressure (mmHg) Mean Arterial Pressure (mmHg)

Figure 17. Diagrams showing correlation between mean arterial pressure and the
pressure required to stop blood flow in arterioles, capillaries, and venules.
(Reproduced with permission from J Orthop Res, Olmarker et al 1989, Paper II).

Series Il Recirculation of the cauda equina vasculature following compression for va-
rious times and at various levels. There were no apparent changes in the blood flow in
the nerve roots in any of the animals following 20 minutes of recovery from the mani-
pulations of the first part of the experiment (series I). When the compression in series II

was ended, initial flow, hyperemia and edema formation were estimated according to a
three grade scale, (Table 2).

50mmHg 50mmHg 200 mmHg 200 mm Hg

10 min 2h 10 min 2 hrs
Initial flow 0 +) 0 0
0 0 0 +)
0 0 0 0
Hyperemia + + + +
+ + + +
+ + + +
Edema 0 + 0 +
0 + 0 +
0 + 0 +

Table 2. Effects of compression on recirculation. The results are graded on a three
grade scale where 0 = no changes, (+) = moderate changes, and + = marked changes.
Results are presented from twelve animals (n = 3 for each subseries). (Reproduced
with permission from J Orthop Res, Olmarker et al 1989, Paper II).
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Recirculation was observed immediately except in two animals where there was initi-
ally a reduced flow in some of the venules. However, in these animals the flow was
completely restored within 1 minute. In all animals there was evidence of a hyperemia,
as compared to before beginning the compression in series II. The hyperemia was seen
as a dilatation of the vessels, with an increase of the vessel diameter, that was most
pronounced for the venules. Blood flow was also present in vessels that had not been
previously seen in the preparation. The hyperemia developed within the first minute of
circulation and gradually decreased after 5-10 minutes. Intraneural edema was seen as an
increasing opacity of the nerve roots in the microscope and difficulties in getting a sharp
image of the intrinsic vessels. The edema developed within the first 10 minutes of recir-
culation, but was only seen in nerve roots exposed to compression of either 50 or 200
mm Hg for 2 hours.

The results in series II where similar to those obtained with a vital microscopic mo-
del on n tibialis in rabbits (Rydevik et al 1981). These authors compressed the nerve at
a pressure level that induced ischemia for 2 hours. Upon ending the compression the
blood flow recovered within the first minute. There were also signs of intraneural edema
formation.

III Effects of compression on the nutritional supply to the porcine
cauda equina.

Methyl glucose is an uncharged and relatively small molecule. The transport mecha-
nisms of methyl glucose are therefore similar to those of glucose and oxygen. Unlike
these two nutrients, however, methyl glucose is a non-metabolizing solute, which ma-
kes it particularly suitable for studies on transport mechanisms of small solutes (Urban
et al 1978).

Experimental series Average R/Rco-ratio Reduction from
(%) £+ SD control (%)
Control 7913 —
Sham 6815 14
S-10 mm Hg 6512 18
S$-50 mm Hg 40+2 49
$-200 mm Hg 2745 66
R-10 mm Hg 56+4 29
R-50 mm Hg 27£10 66
R-200 mm Hg 412 95

Table 3. The average R/Rco-ratio within the compression zone of the different sub-
series are presented, as well as the reduction of these average values as compared to
the control series, (S = Slow onset of compression, R = Rapid onset of compres-
sion). (Reproduced with permission from J Spin Dis, Olmarker et al, Paper III).

The R/Rco-ratio is a measurement of the concentration of methyl glucose in the tis-
sue of the cauda equina. Since the circulation time was fixed at five minutes, the R/Rco-
ratio reflects the equilibration of the nerve root tissue to the blood concentration of met-
hyl glucose during these five minutes. It is therefore also a measurement of the rate of
transport of methyl glucose to the nerve roots. If enough time had been allowed there
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would have been an almost complete equilibration of the nerve root tissue, (ie., a
R/Rco-ratio close to 100%), even if the transport of methyl glucose to the nerve roots
had been impaired. It was therefore important to choose a circulation time that would
both allow a high R/Rco-ratio in control experiments and at the same time being short
enough to reveal any impairment of the transport of methyl glucose. The current experi-
mental set-up was found to fulfil these criteria.

Control and sham-compression. Sham-compression was found to induce a statisti-
cally significant reduction of the transport of methyl glucose to the compression-zone
(p<0.01) as compared to control, (Figure 18, Table 3).

Compression. There was a reduction of the transport of methyl glucose to the com-
pressed part of the nerve roots that was proportional to the applied pressure level,
(Figure 18 & Table 3). However, the reduction was more pronounced with rapid onset
of compression than with slow onset of compression at corresponding pressure levels.
These differences were found to be statistically significant (p<0.01) at all three pressure
levels tested (ie., 10, 50 & 200 mm Hg). Outside the compression-zone the average
R/Rco-ratio at the slow onset of compression generally approached the control levels
more rapidly than with rapid onset of compression. The R/Rco-graphs at the slow onset
rate also indicated that there was a reduction of the baselines outside the compression
zone that was directly proportional to the compression pressure level.

R/Rco-ratio (%)
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80 T ——
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40 1 b SRS et
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Figure 18: Average R/Rco-ratio for control, sham-compression and compression
at the rapid onset rate (top), and control and the slow onset rate (bottom).
(Reproduced with permission from J Spin Dis, Olmarker et al 1990, Paper I11).
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Similar to series I in Paper II, each pig was considered as one observation for the pur-
pose of numeric evaluations. To calculate the mean R/Rco-graphs in figure 18, the
average R/Rco-ratio for the six pigs in each subseries was therefore calculated for each
millimeter separately. When calculating the average R/Rco-ratio within the compression
zone, it was therefore also advisable to calculate the average for each pig first, and then
the average for the sub-series. :

The results in Paper III thus reflect the total nutritional contribution derived both
from the intrinsic blood vessels and by diffusion from the cerebrospinal fluid. However,
it was not possible to separate the contributions of these two nutritional pathways.
Similar experiments have not been performed upon peripheral nerves, and therefore a
comparison with spinal nerve roots can not be made in this regard.

IV Intraneural edema formation following compression of the porcine
cauda equina.

Generally, 5-10 seconds after the EBA had been injected intravenously, this dye-com-
plex could be seen macroscopically in the nerve root vessels in the preparation. In expe-
riments with pronounced edema formation, one could also observe a gradually increasing
blue staining of the nerve roots, particularly at the edges of the compression zone.

Degree of Fraction of nerve
intraneural edema roots involved
Compression ) S0 e D ST ) D S I e
50 mm Hg - 2 min -+ -+ - RS MR e
- - -+ - -+ -+ -
i = - 4+ - - S T
50 mm Hg - 10 min T L e A - =+ + -
-+ - R T T =
-+ o+ - - o+ + o+ -
50 mm Hg - 2 hrs - =+ + - S A e s
-+ o+ - -+ + -
- H O+ - -+ o+ -
200 mm Hg - 2 min o RS I e ok
- = -+ - e e e
- o - - -+ -+ -
200 mm Hg - 10 min - 4+ - - =+ o+ -
- o+ - -+ + o+ -
-+ o+ 4+ - -+ + o+ -
200 mm Hg - 2 hrs - H + 4+ - - o+ o+ o+ -
S -+ o+ -
T T = T -+ -

Table 4: Intraneural edema formation following rapid onset of compression. The
degree of edema and fraction of nerve roots involved were studied at 5 different loca-
tions of the nerve roots, and were determined according to a three grade scale, (see fi-
gure 12, page 32). There are 3 animals in each sub-series. (Reproduced with permis-
sion from Spine, Olmarker et al 1989, Paper IV).
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Sham-compression. In the sham-compression series there was no EBA detected out-
side the vessels in the microscopical sections.

Series I (rapid onset of compression). The edema was more pronounced following eit-
her 2 hours or 10 minutes of compression than after 2 minutes at both 50 mm Hg and
200 mm Hg compression, (Table 4). However, the magnitude and distribution of the
edema at the five observation sites was similar for the two pressure levels at correspon-
ding compression durations. The duration of compression thus seems to be more impor-
tant than the pressure level for the degree of edema formation at compression up to 200
mm Hg. The edema was most pronounced at the edge-zones, but was also observed at
the center of the compression zone following the two longer compression times at both
compression levels.

Series II (slow onset of compression). Generally, the edema formation was not as
pronounced as in series I for the corresponding compression times and pressure levels,
(Table 5). There was no edema following compression at 50 mm Hg for 2 or 10 minu-
tes. Compression at 50 mm Hg for 2 hours only induced edema at the edges of the
compression zone and not at the center. Following compression at 200 mm Hg for 2
minutes there was edema only at the caudal edge of the compression zone. After 10 mi-
nutes of compression the edema was present at both edges. The results for compression
at 200 mm Hg for 2 hours were, however, similar to the results for the corresponding
pressure level and time for rapid onset of compression.

Degree of Fraction of nerve
intraneural edema roots involved
Compression § BRI Tl s LB i dinay
50 mm Hg - 2 min SRR T I R
50 mm Hg - 10 min e e e ettt T e T
50 mm Hg - 2 hrs S e e R e
-+ -+ - - 4+ -+ -
- 4+ - - -+ - o+ -
200 mm Hg - 2 min - - - - SR Sl S
2 z £ = IR = N, + i3
% = = + - B SRl +. -
200 mm Hg - 10 min - - - S S BN e
i el NS - * -+ -
S R =i S SR
200 mm Hg - 2 hrs - o+ o+ - -+ + -
- H o - - H -
- H H - - H + -

Table S: Intraneural edema formation following slow onset compression. See table 4
for further explanation. (Reproduced with permission from Spine, Olmarker et al
1989, Paper IV).
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The effects of experimental compression on intraneural edema formation in peripheral
nerves have been studied previously, using similar techniques for compression and eva-
luation as those in the present study (Rydevik & Lundborg 1977). These authors found
that an endoneurial edema was induced following compression at either 50 mm Hg for
4-6 hours or 200 mm Hg for 2 hours. The onset rate was not presented, but estimated to
3-5 seconds by the authors. It was thus somewhere between the two onset rates used in
the present study. The results of the present study thus indicate that the endoneurial ca-
pillaries of nerve roots seem to be more susceptible to compression injury than the cor-
responding vessels of peripheral nerves.

In the same paper (Rydevik & Lundborg 1977), the effects of compression on the
permeability of epineurial vessels was found to be similar to those in Paper IV. The
epineurial vessels of the peripheral nerves are not protected by the perineurium. This
may make them anatomically more comparable to the endoneurial capillaries in the
nerve roots. These data suggest that the difference in susceptibility to compression
injury between endoneurial capillaries in peripheral nerves and nerve roots may be based
on the presence of the perineurium in the peripheral nerves.

V Effects of compression on impulse propagation of the porcine
cauda equina.

The amplitude of the MAP-recordings obtained by intermittent stimulation caudal to
the compression zone were always within 5% of the baseline value, which indicates sta-
bility of experimental conditions and caudal neuromuscular function.

There was no reduction of MAP-amplitudes for sham-compression or for compression
at 50 mm Hg with the slow onset rate, (Figure 19 & Table 6). Compression at 50 mm
Hg with the rapid onset rate induced a slight reduction of the MAP-amplitude, (Figure
19). This reduction was not significant as compared to slow onset rate or control, with
the employed statistical method.

Compression at 100 and 200 mm Hg induced reductions in MAP-amplitude that were
directly proportional to the applied pressure, (Figure 19 & Table 6). However, the reduc-
tion after rapid onset was generally more pronounced than after slow onset of compres-
sion. For these two pressure levels the differences between the two onset rates were
found to be statistically significant (p<0.01), at corresponding compression levels.

Pressure level Reduction + SD (%)

Sham-compression 0.310.7
Slow onset; 50 mm Hg 1+2

100 mm Hg 25+13

200 mm Hg 6915
Rapid onset; 50 mm Hg 7+8

100 mm Hg 79+6

200 mm Hg 9315

Table 6. Average reduction of MAP-amplitude from initial value after 2 hours of
compression. (Reproduced with permission from Spine, Olmarker et al 1990, Paper

V).
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Hg, 100 mm Hg and 200 mm Hg. (Reproduced with permission from Spine, Olmarker
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The MAP-amplitude recovered to close to baseline after compression at 100 mm Hg
with the slow onset rate. However, after both 100 mm Hg with the rapid and 200 mm
Hg with the slow onset rate of compression there was an incomplete recovery of the
MAP-amplitude, (Figure 19). Following rapid onset of compression at 200 mm Hg
there was no recovery in any of the experiments, (Figure 19).

Other experiments with cauda equina compression in the pig, using similar neurop-
hysiologic analyses as in Paper V, gave results which were similar to those obtained
with the slow onset rate (Pedowitz et al 1988, -89, Rydevik et al 1990b). The onset rate
employed in those studies were 3-5 seconds, (ie., between the two onset rates employed
in Paper V).

Similar studies on a peripheral nerve, (n tibialis, rabbit), have demonstrated a 30 %
decrease of the initial action potential after compression for 2 hours at 50 mm Hg
(Rydevik & Nordborg 1980a). The onset rate was not presented, but estimated to 3-5 se-
conds by the authors. The effects on n tibialis were thus slightly more pronounced than
the effects on the cauda equina seen in Paper V. Dahlin and collaborators recently re-
ported that impulse propagation in n peroneus communis in rabbits, compressed with
the same compression device as used by Rydevik and Nordborg for n tibialis, was more
impaired than n tibialis at corresponding pressures (Dahlin et al 1989). Compression at
200 mm Hg in n tibialis tesulted in a 85% decrease of the initial amplitude after 2
hours (Rydevik & Nordborg 1980a), and in n peroneus communis in a complete con-
duction block after 23 minutes (Dahlin et al 1989). It was suggested that this difference
was based on differences in amounts of surrounding connective tissue sheaths between
the two nerves (Dahlin et al 1989). These results thus indicate that there can be differen-
ces in compression susceptibility even between adjacent nerves in the same species.
This also means that it may be difficult to make any general statements of differences in
compression-induced impairment of impulse propagation between peripheral nerves and
spinal nerve roots.
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GENERAL DISCUSSION

ANIMALS AND ANAESTHESIA

The pig is a common experimental animal with certain similarities to the human
anatomy (Mount & Ingram 1971). This includes the anatomy of the spine. However, to
be able to interpret the results obtained from the presented compression model, the detai-
led normal neural and vascular anatomy of the pig cauda had to be established. This was
performed in Paper .

Anaesthesia was maintained and induced by a combination of four different anaesthe-
tics. The anaesthesia was first induced by intramuscular injection of ketamine. This drug
may elevate blood pressure and cerebrospinal fluid pressure. However, the duration of
these effects is only 15-30 minutes, and therefore any influence on the experimental re-
sults should not be expected.

A combination of methomidate and azaperon was used to maintain anaesthesia.
Methomidate is a hypnotic and azaperon is a neuroleptic. Both drugs are used for veteri-
nary purposes, and the combination is sufficient to induce anaesthesia that will allow
small to medium surgical procedures. The depth of anaesthesia was continuously regis-
tered by vital signs and neurological reflexes, and did not reveal any signs of pain in the
animals.

In papers II, IT and IV, suxamethonium was added to the methomidate/ azaperon ana-
esthesia during surgical exposure of the cauda equina. Suxamethonium is a depolarizing
muscle relaxant. It may induce a slight elevation of the cerebrospinal fluid pressure. Its
effects are potentiated by ketamine. However, the duration of action is very short. Since
suxamethonium was used only during the surgical exposure of the cauda equina, an ef-
fect on the cerebrospinal fluid pressure is unlikely to have affected the results of the pre-
sent investigation.

EXPERIMENTAL MODEL (PAPER 1)

The normal neural and vascular anatomy of the porcine cauda equina was similar to
that of the human cauda equina (Paper I). However, there were two anatomical features
which will be discussed specifically.

First, with increasing age and bodyweight there was a sealing of the subarachnoid
space that started from the caudal end of the nerve roots. This phenomenon was not ob-
served in pigs below 40 kg bodyweight. It was recently observed that diffusion of nutri-
ents from the cerebrospinal fluid may be an important nutritional pathway for the nerve
roots (Rydevik et al 1990a). To mimic the anatomy of the human cauda equina, it may
therefore advisable only to use pigs up to 40 kg bodyweight.

Second, the dorsal root gangliae of the compressed nerve roots were located cranial to
the compression zone. By definition, the compressed segments of the nerve roots should
therefore be termed "spinal nerves” instead of nerve roots. Fontana's spiral bands were
also found to be present at the most caudal parts of some nerve roots. The question
therefore arises whether the compressed parts of the nerve roots were morphologically
more similar to peripheral nerves than spinal nerve roots.

By definition, the nerve roots are the part of the nervous system that run between the
spinal cord and the dorsal root ganglion, or a corresponding level for the ventral roots.
However, the difference in compression susceptibility between spinal nerve roots and
peripheral nerves has been suggested to be based on differences in the surrounding con-
nective tissue layers (Murphy 1977, Rydevik et al 1984). A relevant description of the
spinal nerve root would thus be; the part of the nervous system that runs from the spi-
nal cord and is enclosed only by the root sheath, cerebrospinal fluid and meninges.
According to the present investigation, this description would be applicable to all parts
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of the cauda equina compressed by the balloon. The microscopic anatomy typical of a
peripheral nerve was instead found to be present only outside the spinal canal, (Figure
15 f, page 39).

There is an apparent difference in the vascular anatomy between the peripheral nerves
and the nerve roots that may be of importance for differences in susceptibility to com-
pression injury between these tissues. The effects of compression on nerve tissue at
pressure levels below 200 mm Hg have been suggested to be based mainly on an im-
pairment of the nutrition, rather than direct mechanical injury to the axons (Dahlin et al
1986a). However, the peripheral nerves have a much more developed network of arterio-
les and venules than the nerve roots, (Figures 16 a & f, page 40 & 42). Also, the main
vessels of the cauda equina are always located superficially and might therefore easily be
exposed to mechanical deformation, (Figures 15 a, page 37). Conversely, the vessels of
the peripheral nerves may be found between the fascicles, in the epineurium, and may
thereby be better protected from mechanical deformation, (Figure 15 f, page 39). This
hypothesis is supported by experimental evidence which indicate that the pressure requi-
red to induce vascular stasis is lower for nerve roots (Paper II) than for peripheral nerves
(Rydevik et al 1981), particularly on the venular side.

As opposed to the peripheral nerves, the nerve roots have no regional arteriolar blood
supply. This might be particularly important in situations with compression at more
than one site. The vascular anatomy of the porcine cauda equina, as described in Paper I,
demonstrates all features that are characteristic of the vasculature of human spinal nerve
roots (Parke & Watanabe 1985).

To achieve a reproducible pressure transmission from the compression balloon to the
cauda equina it is important to fix the plexiglass plate and balloon as close to the cauda
equina as possible, without compressing it per se, (Figure 8). This was also important
in Paper II, in which the cauda equina was placed between the balloon and the plexiglass
plate. The cauda equina was thus inevitably elevated by the balloon during compression.
The elevation was measured to 2-3 millimeters. To study the effects of elevation on the
blood flow, the balloon was inflated without the plexiglass plate mounted. This resulted
in an elevation of 9-10 millimeters and did not resuit in any acute changes of the blood
flow in the cauda equina vasculature, as judged by vital microscopy.

The presented model showed both a well-controlled pressure transmission and a close
resemblance of neural and vascular anatomy to the human cauda equina. The easy surgi-
cal approach of the porcine cauda equina and the sufficient length of the nerve roots offer
unique features for experimental studies on nerve roots. The present model allows for
reproducible, pressure-induced changes in nerve root pathophysiology (Papers II-V). The
porcine cauda equina may also be particularly suitable for chronic compression studies,
since neurological deficits would be localized only to the tail.

EFFECTS OF COMPRESSION ON THE NUTRITIONAL SUPPLY TO
THE PORCINE CAUDA EQUINA (PAPERS II & III)

Compression was found to impair the blood flow in the intrinsic vessels, particularly
the venules, at very low pressure levels. In fact some venules were found to be occluded
at 5-10 mm Hg. However, there were venules that did not become occluded until the
cauda equina was exposed to compression at 60 mm Hg. This suggests that the intrinsic
venules may have an uneven exposure to applied mechanical deformation. The cauda
equina is not a homogenous structure. It is formed by a number of independent nerve
roots. If a vessel is located in the groove formed by two nerve roots the superficial tis-
sues need to be displaced before such a vessel would be exposed to the balloon pressure.
It may therefore be more protected from mechanical deformation than if it was located
on the surface of a nerve root or outside the spinal dura in the epidural fat. It is also evi-
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dent that a venule that is located between two arterioles may not be occluded until the
arteriles are more or less occluded. The finding that some venules were not occluded un-
til high pressures were applied may thus probably be explained by the anatomical loca-
tion of the vessels.

The venules may thus be occluded at pressures of 5-60 mm Hg. However, the results
of Paper II do not indicate how blood flow might be affected at pressure levels below the
occlusion pressure. Probably there is significant impairment of the blood flow already at
pressure levels far below the occlusion pressure as well. Such an incomplete impair-
ment of blood flow was indicated in a recent study on the same model as used in the
present investigation (Olmarker et al, unpublished data). The results showed that com-
plete restoration of venular blood flow, during stepwize deflation of the compression
balloon, was not achieved until the compression was ended, (ie., 0 mm Hg).

The flow in the capillaries was found to be dependant upon the venular flow. If the
flow in the venules is impaired, there may be a reduced flow in the connected capillaries.
This "retrograde stasis” has been suggested to be an important mechanism for the devel-
opment of symptoms in the carpal tunnel syndrome (Sunderland 1976). Due to the less
developed venular network (Parke & Watanbe 1985), capillaries in the nerve root may
thus be more affected by venular stasis than the capillaries in peripheral nerves. Since
the results indicated that venular occlusion pressure is lower in nerve roots than in pe-
ripheral nerves, retrograde stasis might affect the nerve root capillaries at lower pressure
levels than in peripheral nerves.

The results in Paper I demonstrated that there was a correlation between the mean ar-
terial blood pressure and the arteriolar occlusion pressure, (Figure 17, page 44). The
average minimum pressure required to stop the blood flow in the arterioles (BPa) was
therefore probably also higher than might be excpected in pigs with lower mean arterial
blood presure. However, since there was no correlation between the mean arterial blood
pressure and the pressure required to stop the blood flow in capillaries and venules, the
obtained results for these two vessel types would probably not have been affected by the
elevated blood pressure.

Nutrients are transported to the axons of the cauda equina both by the intrinsic ves-
sels and by diffusion from the surrounding cerebrospinal fluid (Rydevik et al 1990a).
The cerebrospinal fluid pressure in pigs is about 8-11 mm Hg (Mount & Ingram 1971).
When the cauda equina is exposed to pressures of 5-10 mm Hg, which is known to in-
duce venular congestion in the most compression susceptible venules (Paper 1), there is
thus probably a certain amount of cerebrospinal fluid present around the nerve roots.
Since diffusion from the cerebrospinal fluid is an important nutritional pathway for the
nerve roots (Rydevik et al 1990a), one may speculate that such diffusion might compen-
sate for venular congestion with subsequent retrograde stasis of capillary networks.
However, the results of Paper III, which reflect the total nutritional transport to the
nerve roots, demonstrated that there were significant effects on the nutrition even at
these low pressure levels. In fact, there was a statistically significant reduction of the
nutritional transport, as compared to control, when only the balloon and plexiglass plate
were placed on top of the cauda equina. Together, the balloon and plexiglass weigh 0.24
gram. The compressed area of the cauda equina was approximately 48 mm2. The pres-
sure on the cauda equina, induced by the uninflated balloon and plexiglass, was therefore
much less than 1 mm Hg, (1 gram/mm?2 is equal to 76 mm Hg). Since compression-in-
duced effects on the nutritional supply to the nerve roots were present even at this low
pressure level, it seems that diffusion from the cerebrospinal fluid can not completely
compensate for compression-induced effects on the blood flow in the intrinsic vessels.
Compression-induced effects of either of the two transport mechanisms can not be sepa-
rated using the present experimental model. The observed reduction of the nutritional
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transport during sham-compression can therefore not specifically be contributed to either
of them. The observed effect might be based on congestion of superficially located venu-
les, and that diffusion from the cerebrospinal fluid may not have time to compensate for
this loss during the 5 minutes of methyl glucose circulation time. However, although
the mechanism is not clear, the study demonstrates that there may be impairment of the
nutritional transport present even at extremely low pressure levels, particularly since the
reduction was so clearly located to the "compression zone", (Figure 18, page 46). The
possible significance for nerve root nutrition and function, acute and long-term, remains
to be elucidated.

According to Paper II, compression of the cauda equina at 200 mm Hg will induce
ischemia. However, some methyl-glucose was found within the compression-zone at
200 mm Hg - slow onset in Paper III, (Figure 18). This suggests that there are transport
mechanisms present at this high pressure level. If the presence of methyl-glucose within
the compression-zone was due to contamination of the specimens, there would probably
not have been such a distinct difference between the two onset rates. However, there are
at least three other possibilities which should be considered. First, methyl-glucose
might have reached the compression zone by diffusion from the adjacent, and nutritio-
nally better provided, parts of the nerve roots. However, since this probably would have
resulted in a gradient of methyl-glucose in the compression-zone, this mechanism seems
unlikely. Second, due to folds in the dura, cerebrospinal fluid might have been present
to some extent around the nerve roots. In this way, methyl-glucose should have been
able to reach the compressed nerve tissue due to diffusion. Although diffusion from the
cerebrospinal fluid was considered not to fully compensate for the compression-induced
reduction seen following sham-compression, such diffusion can not be excluded as a
possible nutritional pathway at 200 mm Hg compression. The third, and most probable
explanation, is that not all parts of the nerve roots may have been exposed to 200 mm
Hg. As discussed, the cauda equina is not a homogeneous structure. It must be conside-
red that blood vessels, that are located in the grooves between the different nerve roots,
may escape some of the compression. Therefore, the most probable explanation for the
presence of methyl-glucose within the compression-zone during compression at 200
mm Hg, is that there is a blood flow still present in a few arterioles located between the
separate nerve roots. It is also known that there is a pressure gradient when pressure is
applied to a structure, with the highest pressure closest to the compressing agent
(Hargens et al 1987, Crenshaw et al 1988). It might therefore be possible that, although
there was a pressure of 200 mm Hg acting on the surface of the nerve roots, a lower
pressure level might be present in the center of the nerve roots.

There was a striking difference in the levels of methyl-glucose outside the compres-
sion-zone between the rapid and the slow onset of compression at corresponding pres-
sure levels. The R/Rco-graphs at the slow onset rate approached the control graph more
rapidly than at the rapid onset rate. This observation may be important for understanding
the pathophysiologic mechanisms behind the differences in effects, seen between the
two onset rates employed in the present study. Therefore, the possible mechanisms for
this effect will be discussed below in the paragraph "rapid vs slow compression".

The R/Rco-graphs at the slow onset rate also suggested that the baselines outside the
compression zone were dependant on the applied pressure. This may be an effect of sta-
sis of the intrinsic vasculature at locations relativelly far from the compression zone,
due to an impaired blood flow through the compressed nerve segment. The present study
only comprized analyses of nerve root tissue upto 7 mm outside the compression zone.
It is therefore unclear how far from the compression zone this effect was present, This
difference between baselines at various compression pressure levels may also be the re-
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sult of, for instance, vascular constriction outside the compressed segment due to meta-
bolic or neurologic factors.

INTRANEURAL EDEMA FORMATION FOLLOWING COMPRESSION
OF THE PORCINE CAUDA EQUINA (PAPER IV)

Intraneural edema is formed due to an increase in microvascular permeability of the
endoneurial capillaries (Lundborg 1975, Rydevik & Lundborg 1977). This results in a
leakage of fluid and macromolecules from these vessels out into the endoneurial space,
which may negatively influence the nutrition of the nerve tissue by separating the axons
and by altering the ionic balance within the endoneurium. Increasing amounts of fluid in
the endoneurial space might also induce an increase in the endoneurial fluid pressure
(Low & Dyck 1977, Myers & Powell 1981), particularly at locations where the nerve
roots are enclosed by rigid structures, as for instance at the level of the intervertebral fo-
ramen. This may result in an subsequent impairment of the microcirculation within the
endoneurium. An intraneural edema might thus result in a "compartment syndrome"
within the peripheral nerve or the nerve root (Lundborg et al 1983, Rydevik et al
1989a), which may impair the nutritional supply (Low et al 1982, Myers et al 1982)
and thus the function of the nerve roots.

Compression may induce edema formation in peripheral nerve tissue (Rydevik &
Lundborg 1977), and dorsal root gangliaec (Rydevik et al 1989a). According to Paper IV,
such edema may be more easily induced in the cauda equina than in peripheral nerves
(Rydevik & Lundborg 1977). An intrancural edema was also noted in Paper II by vital
microscopy. However, the pressure/time thresholds for occurrence of such edema was
higher than observed in Paper IV. This difference was most probably due to the higher
sensitivity of the dye-tracing technique, employed in Paper IV. An intraneural edema, as
judged by vital microscopy, may be difficult to detect, since this distinction is based
upon increasing opacity of the nerve roots and difficulties in focusing on the borders of
the intraneural vessels.

Intraneural edema may be formed as the result of ischemia. The blood-nerve barrier of
peripheral nerves has been shown to be impaired, with a subsequent edema formation,
when exposed to ischemia for 8 hours or more (Lundborg 1970). However, if compres-
sion was added, edema formation was observed after 2-4 hours (Lundborg 1970). The
combination of compression and ischemia is thus more deleterious than ischemia alone
regarding the integrity of the blood-nerve barrier in peripheral nerves.

Edema was found to be most pronounced at the edges of the compressed cauda equina
segment (Paper IV). This is in agreement with previous observations in compressed pe-
ripheral nerves (Rydevik & Lundborg 1977). The mechanism for this phenomenon may
be related to a displacement of the compressed nerve tissue (Rydevik et al 1984, -89b).
When a nerve is compressed. there is a displacement of the compressed nerve tissue to-
wards the uncompressed parts of the nerve (Ochoa et al 1972, MacGregor et al 1975).
The superficial parts of the nerve are displaced more than the deeper parts. Shearing may
thus occur between the different layers of the displaced nerve, which are maximized at
the edge zones (Rydevik et al 1984). This shearing would be particularly injurious to
the blood vessels which run obliquely in the endoneurial space.

Due to the less developed blood-nerve barrier of the endoneurial capillaries, a com-
pression-induced edema has been suggested to be formed more easily in nerve roots than
in peripheral nerves (Rydevik et al 1984). This suggestion was supported by the results
of the present investigation (Paper IV). Another factor for the development of an intra-
neural edema that has been suggested is the release of "heparin and biogenic amines”
from endoneurial mast cells (Lundborg 1975). However, unlike in peripheral nerves,
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there are no mast cells present in the endoneurium of the spinal nerve roots (Gamble
1964).

Although more easily induced in nerve roots, intraneural edema is probably more de-
leterious to the peripheral nerves, once formed. In a peripheral nerve, each nerve fascicle
is surrounded by the perineurium. The perineurium constitutes an efficient diffusion bar-
rier for fluid and macromolecules (Olsson & Reese 1969, -71b, Klemm 1970, Rydevik
& Lundborg 1977). An edema will therefore be "trapped” within the perineurium. The
spinal nerve roots do not possess a similar diffusion barrier. An endoneurial edema will
therefore more easily be drained out into the surrounding cerebrospinal fluid. However,
at locations where the meninges enclose the nerve roots tightly, such as the interverte-
bral foramen, an edema may be more deleterious. Since the dorsal root ganglion is
enclosed with a strong meningeal capsule, this location could also be particularly
susceptible to the effects of an intraneural edema (Rydevik et al 1989a).

Intraneural edema is probably a common feature in nerve root compression lesions.
The presence of edema in compressed lumbosacral nerve roots has been observed both
with CT-scans (Takata et al 1988) and in histologic sections of nerve roots at cadaveric
studies (Hoyland et al 1988). Even if compressed lumbosacral nerve roots are decom-
pressed surgically, it would probably take some time for edema to be eliminated from
the endoneurial space. The presence of edema may thus impair the nutrition of the nerve
roots for longer periods of time than the compression itself. A longstanding edema may
also be related to the formation of an intrancural fibrotic scar (Lundborg 1975, Rydevik
et al 1976). Formation of an intraneural edema, with or without fibrosis, might thus
contribute to the slow recovery observed in some patients with nerve root compression
syndromes.

EFFECTS OF COMPRESSION ON NUTRITION (PAPERS II & III) vs
FUNCTION OF THE PORCINE CAUDA EQUINA (PAPER V)

It was recently demonstrated that 50 mm Hg compression of spinal nerve roots using
the present compression model, did not significantly impair impulse propagation during
a 2 hour compression period (Pedowitz ez al 1988, Rydevik et al 1990b) and only minor
changes were observed during a 4 hour compression period (Pedowitz et al 1989). This
is in agreement with the results of Paper V. The effects of compression on impulse
propagation might thus seem contradictory to the results of Paper III, which showed a
marked reduction of the nutritional transport at 50 mm Hg at both onset rates. However,
there might probably be a delay before a nutritional impairment may lead to changes in
nerve conduction properties. A significant impairment of the nutritional transport mec-
hanisms may be injurious to the normal function of the nerve roots during prolonged
compression periods. In various clinical situations, the compression periods are more
likely to last for days or months rather than for minutes or hours. The results of papers
II and III indicate that a significant impairment of the nutritional transport may be indu-
ced at 10-50 mm Hg. This suggests that neural dysfunction could be induced, even by
low compression pressures, in nerve root compression syndromes.

Similar to papers III and IV, there was a significant difference in effects between the
two compression onset rates employed. The mechanisms involved will be discussed be-
low in the paragraph "rapid vs slow onset of compression".

RAPID vs SLOW ONSET OF COMPRESSION
The present investigation demonstrated that a rapid compression onset rate (0.05-0.1
sec.) induced more pronounced effects than a slower onset rate (20 sec.) on nutritional
transport (Paper III), vascular permeability (Paper IV), and impulse propagation (Paper
V) in the spinal nerve roots.
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The first question that arises is if this observed difference may be based on differences
in compression exposure, (ie., compression level x compression duration). During the
slow onset, the compression was not 100% of the intended value until 20 seconds after
initiating the compression. The nerve roots subjected to the rapid onset rate were thus
exposed to a higher compression exposure, (Figure 20). However, the compression ex-
posure ratio between slow and rapid onset rates are 92% at compression for 2 minutes,
98.4% at 10 minutes and 99.9% at 2 hour compression. These differences thus seem too
small to be solely responsible for the pronounced differences seen in papers III-V. Other
mechanisms may therefore probably be found in the initial reaction pattern of the nerve
tissue to the applied compression.
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Figure 20: Compression exposure during 2 minutes of compression for the rapid
onset rate (R) and the slow onset rate (S). (C = compression pressure level, t = time).

Nerve compression induces mechanical deformation of the nerve tissue and also ef-
fects on the nutritional supply to the nerve tissue (Dahlin et al 1986a). According to
Paper V, there was no difference in reduction of muscle action potential between the two
onset rates during the first minute of compression, (Figure 19, page 50). This implies
that there are probably no severe mechanical effects, such as axonal breakage, induced
early in the compression onset. However, since there is a difference visible after 2-5 mi-
nutes, any potential mechanisms are probably present early in the compression period,
most probably during the compression onset. The results of Paper V also indicate that
the effects are progressive, since the MAP-amplitudes decreased with time.

Nerve tissue has visco-elastic properties (Rydevik et al 1989b, -90c). This implies
that the rate of mechanical deformation is of a certain importance for the injury pattern.
The energy that is imposed on the nerve tissue during compression is probably equiva-
lent between the two onset rates. However, at the rapid onset rate, the energy is transfer-
red to the nerve tissue during a shorter period of time than at the slow onset rate. This
implies that the energy per time unit transferred to the nerve tissue is higher at the rapid
onset rate, a theory that might serve as one general explanation for the observed diffe-
rences between the two onset rates.

If the energy that is transferred from the compresion balloon to the nerve tissue can
not be absorbed as movement or heat, there will be plastic deformation, (ie., irreversible
mechanical deformation), of the compressed tissue. This would probably result in struc-
tural changes, even at the sub-cellular level. However, although such a mechanism
might be present, there is in fact a movement of the nerve tissue from the compressed
to the uncompressed parts of the nerve roots (Ochoa et al 1972, MacGregor et al 1975).
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This displacement of nerve tissue may suggests one possible theory for the observed dif-
ference between rapid and slow onset rates, that might also be supported by results from
Papers III-V:

An arbitrary point (A) is displaced from its initial position (Ao) to the position at
equilibrium (Ae) during compression, (Figure 21). The distance Ao-Ae is dependant on
the magnitude of the applied compression pressure and on the biomechanical properties
of the nerve tissue. The rate at which the point A is displaced is dependant on the onset
rate of the applied compression. If the compression is applied slowly, there will be a
slow displacement of A towards Ae. If the compression onset rate is increased, the dis-
placement rate will increase accordingly. However, at a certain threshold of onset rate, A
may be displaced slightly further than to Ae, which means that there will be an "over-
displacement” of A before it will rebound towards Ae, (Figure 21). With increasing on-
set rates, this over-displacement will increase. A rapid compresion onset rate would thus
induce a higher over-displacement than a slower onset rate. Although probably not pre-
sent more than during fractions of seconds, this over-displacement might induce local
mechanical deformation that might negatively influence the normal nutrition and func-
tion of the spinal nerve roots.

a
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Figure 21. When compression is applied gradually (a), there will be a slow displa-
cement of an arbitrary point (A) from its initial position (Ao) to its position at equili-
brium (Ae) during compression. If the compression is applied rapidly (b), A may be
displaced slightly further before rebounding to Ae. There will thus an "over-displace-
ment" of A (x) before reaching equilibrium during compression.

It has been observed that compression-induced effects on peripheral nerves are most
pronounced at the edges of the compression zone (Bentley & Schlapp 1943, Edwards &
Cattell 1928, Ochoa et al 1972, Rydevik & Lundborg 1977). It has been suggested that
this so called "edge-effect” is due to a displacement of the compressed nerve tissue to-
wards the uncompressed parts of the nerve. Mathematical models have indicated that the
displacement is maximal at the edges of the compressed segment, and also that the su-
perficial parts of the nerve are displaced more than the deeper parts (Rydevik ez al 1984,
-89b). During displacement, occurs between the different layers of the nerve. A structure
passing obliquely through the nerve tissue might therefore be more susceptible to injury
induced by the displacement. This would suggest that endoneurial capillaries would be
more at risk, than longitudinally running nerve fibers, of being injured by the induced
shear-strain. The injury pattern for the nerve fibers with paranodal invagination (Ochoa
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et al 1972, Rydevik & Nordborg 1980a) is compatible with deformation due to the
longitudinal displacement per se in a given layer of the nerve or nerve root (Rydevik et
al 1989b).

The rapid onset rate was found to increase the microvascular permeability more than
the slow onset. The edema that was formed due to this increase in permeability was
most pronounced at the edge-zones. This suggests that the displacement might be of
importance for the increase in vascular permeability. If the difference in microvascular
permeability should be based on differences in over-displacement induced by the two
compression onset rates, the injury would have been induced early in the compression
onset. This would result in a vascular injury with subsequent progressive edema forma-
tion developing in the nerve. This mechanism may thus relate to the progressive im-
pairment of impulse propagation seen in Paper V. An edema would probably not be
formed only within the compression zone. Instead it would be formed mainly in the
uncompressed parts of the nerve roots, adjacent to the compression zone. In such a way,
it could thus interfere with the nutritional transport to both the compressed and the un-
compressed parts adjacent to the compression zone of the nerve roots. The degree of
edema would therefore also relate to the width of the nutritionally impaired nerve root
segment, (Figure 22). The zone of impaired nutritional transport outside the compres-
sion zone may also relate to the differences in R/Rco-ratios outside the compression
zone between the rapid and the slow onset rate observed in Paper III, (Figure 18, page
46), as well as within the compression zone, due to an impairment of the nutritional
transport into the compressed segment. The hypothesis that the width of the compressed
segment is of importance for the magnitude of compresion-induced effects is partly sup-
ported by on-going studies in which two balloons are placed over the cauda equina.
Preliminary results show that 10 mm Hg is sufficient to induce a significant impair-
ment of MAP-amplitude when two balloons are placed 10 mm apart, (Olmarker et al
1990).
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Figure 22. Drawing illustrating the hypothesis that a more pronounced edema
might affect a wider nerve root segment than a less pronounced edema. The edema in-
duced by a rapid onset rate (top) is more pronounced than for a slow onset rate
(bottom). The former may thus affect a longer segment of the nerve roots.



Grundfest observed in in vitro experiments that a nerve that is subjected to high pres-
sures in a pressure chamber is relatively resistant to compression regarding impulse
propagation as long as adequate concentrations of oxygen are present (Grundfest 1936).
However, at comparatively low pressure levels, local compression can block impulse
conduction (Bentley & Schlapp 1943, Rydevik & Nordborg 1980a). These data have
stressed the importance of the pressure gradient between compressed and uncompressed
nerve tissue. It is possible that pressure distribution at the compression site may vary
between the two onset rates, and that this may contribute to the observed differences.

Another possible mechanism that might be responsible for the difference in effects
between the two onset rates is a trapping phenomenon of blood within the compression
zone. Blood was often seen macroscopically in the vessels within the compression zone
in nerve roots exposed to the rapid onset rate. This was not observed at the slow onset
rate. It thus seems that the vessels might have been occluded at the edge zones by the
displacement, when exposed to the rapid onset rate (Lauritzen et al 1981). The blood
was thus "trapped” within the compression zone. However, when applying pressure at
the slow onset rate, the blood might have been able to leave the compressed segment.
Trapped leucocytes may leak agents such as toxic oxygen compounds, proteolytic en-
zymes and longacting oxidants, which may damage the endothelial cells of the endoneu-
rial capillaries (Ernst e al 1987). These substances may impair the normal barrier func-
tion of the capillaries, which thus may lead to edema formation. Such mechanisms may
be initiated when the blood cells are in contact with oxygenated blood. The most critical
phase, with respect to trapped blood cells, will therefore be the recirculation of a com-
pressed nerve segment. However, trapped blood cells might probably also reach the ed-
ges of the compression zone with time. Since oxygenated blood may be present in the
nerve tissue adjacent to the compression zone (Paper III), there is a possibility that any
effects of substances from the formerly trapped blood cells may act at the edges of the
compressed nerve segment. In such a way they might contribute to differences in edema
formation between the two compression onset rates studied, which were most pronoun-
ced at this location (Paper IV).

SUMMARY & CONCLUSIONS

Paper I. A model for experimental studies of acute, graded compression of the cauda
equina in pigs was presented. Detailed analyses of the neural and vascular anatomy de-
monstrated a close resemblance to the human cauda equina. There were structural and
vascular differences between spinal nerve roots and peripheral nerves that could contri-
bute to differences in compression susceptibility between these two parts of the nervous
system. The pressure transmission from the balloon to the nerve roots showed to have a
high accuracy.

Paper II. The occlusion-pressures for the arterioles, capillaries and venules of the
cauda equina were determined. Arteriolar blood flow was stopped at a pressure close to
the mean arterial blood pressure. Capillary blood flow was found to be dependent upon
flow in the connected venules. The blood flow in some venules was found to be stopped
at 5-10 mm Hg. However, venular occlusion pressures ranged from 5 to 60 mm Hg.
Compression up to 200 mm Hg for 2 hours did not induce a "no-reflow” phenomenon
when the compression was ended. However, a transient hyperemia was noted at all pres-
sure/time relations studied, indicating nutritional deficit in the compressed segment du-
ring compression. Signs of edema were seen in nerve roots exposed to compression for
2 hours at either 50 or 200 mm Hg.

Paper I1I. The nutritional supply to the cauda equina was found to be impaired at low
pressure levels (less than 10 mm Hg). Diffusion from adjacent tissues with a better nu-
tritional supply, including the cerebrospinal fluid, could thus not compensate comple-
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tely for compression-induced effects on the transport of nutrients. However, a certain nu-
tritional supply to the compressed segment was present even at 200 mm Hg compres-
sion. There were more pronounced effects on the nutritional supply induced by a rapid
(0.05-0.1 sec.) than a slow (20 sec.) compression onset rate. Nutritional impairment
was noted both within and outside the compressed nerve segment.

Paper IV. An increase in vascular permeability was induced by compression at 50
mm Hg for 2 minutes. The magnitude of this permeability increase was dependant on
both the magnitude and the duration of compression. The permeability increase was
more pronounced for the rapid than for the slow compression onset rate at all pres-
sure/time relations studied.

Paper V. Reduction of muscle action potential (MAP) amplitude in tail muscles, af-
ter stimulation cranial to the compression zone, was induced by compression at 100 and
200 mm Hg for 2 hours. The reduction was more pronounced at 200 than 100 mm Hg.
The recovery after compression was also slower at 200 than 100 mm Hg. Sham com-
pression and compression at 50 mm Hg induce no or only minor reduction of MAP-
amplitude. The reduction of MAP-amplitude was more pronounced for the rapid than for
the slow compression onset rate, and was statistically significant at 100 and 200 mm
Hg compression.

The spinal nerve roots are generally well protected from external trauma by the verte-
brae. However, if subjected to a direct trauma the nerve roots may be severely affected,
even at low pressure levels. The compression onset rate also seems to be of importance
for the degree of compression-induced effects that might be acquired in various condi-
tions resulting in nerve root compression.

The present investigation focused on the acute effects of nerve root compression in an
experimental model. The pathogenetics in clinical nerve root compression conditions is
of course much more complex. For instance, the presence of an intrancural edema may
be related to fibroblast invasion. Furthermore, chronic impairment of axonal transport
and intraneural microcirculation may induce changes that could not be assessed in a mo-
del for acute compression. Such a complex sequence of events could via various mecha-
nisms lead to nerve root pain production and nerve dysfunction. However, although the
present investigation was limited to acute changes in nerve root nutrition and function,
it may serve as a basis for continued evaluation of pathogenetic mechanisms in both
acute and chronic nerve root compression disorders.
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