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Abstract

Spinal nerve roots have a peculiar structure, different from the arrangements in the peripheral nerve. The nerve roots are devoid of lymphatic vessels but are immersed in the cerebrospinal fluid (CSF) within the subarachnoid space. The blood supply of nerve roots depends on the blood flow from both peripheral direction (ascending) and the spinal cord direction (descending). There is no hypovascular region in the nerve root, although there exists a so-called water-shed of the bloodstream in the radicular artery itself. Increased mechanical compression promotes the disturbance of CSF flow, circulatory disturbance starting from the venous congestion and intraradicular edema formation resulting from the breakdown of the blood-nerve barrier. Although this edema may diffuse into CSF when the subarachnoid space is preserved, the endoneurial fluid pressure may increase when the area is closed by increased compression. On the other hand, the nerve root tissue has already degenerated under the compression and the numerous macrophages releasing various chemical mediators, aggravating radicular symptoms that appear in the area of Wallerian degeneration. Prostaglandin E1 (PGE1) is a potent vasodilator as well as an inhibitor of platelet aggregation and has therefore attracted interest as a therapeutic drug for lumbar canal stenosis. However, investigations in the clinical setting have shown that PGE1 is effective in some patients but not in others, although the reason for this is unclear. 
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INTRODUCTION
Lumbar canal stenosis (LCS) is increasingly a common disease in the elderly. The number of patients with LCS complaining of low back pain, lower extremity pain and/or numbness, and neurogenic intermittent claudication (NIC) has increased yearly[1,2]. Compression of the cauda equina and nerve roots by LCS is a major clinical problem associated with NIC[3-5]. The development of NIC in LCS has been reported to involve circulatory disturbance due to circumferential compression of cauda equina by the surrounding tissues. When lumbar lordosis increases in the standing position, the severity of stenosis increases and the cauda equina are constricted more strongly, while the constriction decreases in the sitting position or when the trunk is flexed. As a result, NIC is often noted as a characteristic feature. The main symptoms of NIC include deep muscular pain, weakness and loss of sensation in the lower limbs. Such symptoms do not develop immediately after the start of walking, but eventually become severe enough to disturb walking. The patient can only walk from 40-50 m to 400-500 m without resting and the symptoms resolve after resting for several to 10 min. Thus, it is generally agreed that the primary cause of NIC is chronic compression of the cauda equina. In this article, we have reviewed the pathophysiology, diagnosis, and treatment of LCS associated with NIC. 

DEFINITION AND CLASSIFICATION OF LCS

In 1910, Sumida gave the first description of LCS due to fetal chondrodystrophy[6]. Sarpyener reported such stenosis due to congenital partial skeletal dysplasia in 1945[7]. Thus, both of them reported congenital conditions. The concept of LCS has been known widely since Verbiest reported on idiopathic developmental stenosis in French in 1949[8], in Dutch in 1950[9], and in English in 1954[10] and 1955[11]. In 1976, Arnoldi et al[12] proposed the international definition and classification of lumbar spinal canal stenosis that is still used widely. However, confusion has arisen with regard to interpretation, because it covers both central stenosis (spinal canal stenosis) and lateral stenosis (nerve root canal and intervertebral foramen stenosis), and also covers acquired stenosis due to various degenerative diseases as well as congenital and developmental stenosis. Here, the international classification (Table 1) is interpreted and the problems with it are clarified. The word ‘stenosis’ implies narrowing of a hollow tubular structure. On this basis, LCS may be defined as any type of narrowing of the spinal canal, nerve root canals (or tunnels) or intervertebral foramina. It may be local, segmental or generalized. It may be caused by bone or by soft tissue and the narrowing may involve the bony canal alone or the dural sac or both. Herniations of the nucleus pulposus have in the past been considered as a distinct and separate entity. They are included in this classification when they occur together with other types of stenosis, which is frequently the case. Space occupying lesions due to the products of inflammation or neoplasm are in the strictest sense types of “stenosis” but are excluded. According to this definition, the symptoms caused by LCS are non-specific and very varied.

Figure 1 is designed to make this classification easier to understand. Among the acquired types of stenosis, spondylosis and degenerative spondylolisthesis are classified as degenerative stenosis accompanied with LCS (a, c, d, e, f in Figure 1). The condition is classified as combined stenosis (b-i) if congenital or developmental factors are also present. Disc herniation is not covered by the concept of spinal stenosis when it exists alone. However, it is classified as spinal stenosis (combined stenosis) when congenital or developmental (b-iii, iv) or degenerative (b-iii, iv) factors are also present. The success of surgical treatment for disc herniation is dependent on the presence of factors causing spinal stenosis. However, it is not always easy to determine whether there are such factors in patients with herniation and whether the stenosis is developmental or acquired. As a result, herniation accompanied by spinal canal or nerve root canal stenosis (b-ii, iii, iv) is often treated after misdiagnosis as simple herniation. On the other hand, patients with central or lateral stenosis who are treated under the diagnosis of spinal stenosis due to spondylosis or degenerative spondylolisthesis may also sometimes have combined developmental stenosis (b-i).

BLOOD SUPPLY OF CAUDA EQUINA NERVE ROOT 

Anatomical studies of the vasculature of the nerve roots have developed in association with studies on the vasculature of the spinal cord. In the 19th century, Adamkiewicz[13,14] and Kadyi[15,16] clarified the particularly important role of radicular arteries in the blood supply of the spinal cord. After that, much work was devoted to the vasculature of the spinal cord[17-24], but no research placed emphasis on the supply to the nerve roots until the mid-twentieth century. Corbin described anatomic details of radicular arteries and classified them into three groups: artères radiculo-grères, artères radiculo-piemeriennes, and artères radiculo-medullares[25]. The first two arteries were named as distal and proximal radicular arteries by Parke et al[26] and were thought to be nutrient arteries of the nerve roots. They described that each lumbosacral spinal nerve root receives its intrinsic blood supply from both distal and proximal radicular arteries, through which the blood flows toward a mutual anastomosis in the proximal one third of the root. They postulated that the region of relative hypovascularity formed below the conus by the combined areas of anastomoses in the cauda equina may provide an anatomic rationale for the suspected neuroischemic manifestations concurrent with degenerative changes in the lumbar spine. Crock et al[27] based on their studies, hold a different view: that there is no area of hypovascularity in the region of the middle third of the cauda equina. Kobayashi et al[28] also examined the vasculature of the cauda equina nerve root in dogs with the aid of high-speed serial photography after injecting India ink in the Aorta. Consequently, the blood flow direction of the extradural nerve root and descending in the cauda equina nerve root, and there existed a so-called watershed of the blood-stream in the radicular artery itself near the root of the dural sleeve (Figure 2A, B). When the stream of the ascending radicular artery was intercepted by compression, however, the blood flow direction changed quickly and the blood supply was compensated by the descending radicular artery. Also abundant fine intrinsic arteries form networks in every part of the nerve root, including the area of so-called watershed of the radicular artery (Figure 2B). These observations indicate that there is no relatively hypovascular region in the nerve root, which is vulnerable in the course of degenerative changes of the lumbosacral spine. Although there exists a so-called watershed of the bloodstream in the radicular artery itself, the site of which is, however, changeable due to circumstances. Microangiograms showed an abundant vascular network with repeating T-shaped branching throughout the length of the nerve root (Figure 3). This was also present near the watershed region in the radicular artery, and there was no hypovascular region as suggested by Parke et al[26]. Thus, the intraradicular vessels controlled segmentally by radicular arteries have no fixed direction of flow and there appears to be no particular clinical significance in the watershed region of arteries maintaining a high intravascular pressure. Regarding the onset of compression-induced disturbance of nerve root circulation as observed in disk herniation and spinal canal stenosis, it is improbable that obstruction of the arterial system, which has thick walls and a high pressure, precedes obstruction of the venous system[29,30].

EFFECT OF ARTERIAL ISCHEMIA AND VENOUS CONGESTION ON NERVE ROOT FUNCTION 

Whether mechanical deformation or a circulatory disturbance plays the more prominent role in the pathogenesis of NIC with LCS has been a subject of speculation for 5 decades. Blau and Logue postulated that NIC might be evoked with ischemic neuritis of the cauda equina[31]. Evans advocated exercise-induced ischemia as the cause of NIC, which is the characteristic syndrome of this disease[32]. They supposed that reduced blood flow in the spinal nerve roots has been demonstrated during exercise, and this might contribute to the pathogenesis of NIC. Ehni et al[33] stressed the postural changes in the spinal canal on standing. He demonstrated a myelographic block in the lordotic position, but flexion permitted the contrast medium to pass. Yamada et al[34] reported the importance of intermittent constriction of the cauda equina associated with postural change. They thought that the ligamentous fulvum had a significant role in dynamic narrowing of the canal. Kavanaugh et al[35] reported that the increase of cerebrospinal fluid pressure below the blocked area might obstruct venous return and be the cause of anoxia of the cauda equina. Verbiest thought that this theory deserved further consideration, because he commonly found enlargement of the epidural venous plexus during decompression of spinal canal stenosis[36]. Although pathophysiology of the cauda equina induced by arterial ischemia or venous congestion has been an object of study for a long time, there is little agreement over which is more essential for NIC, ischemia or congestion.

Ischemic nerve root injury is a ubiquitous insult that can lead to a wide range of neuropathologic consequences, depending on the severity and duration of the ischemic event. Ischemic injury to nerve roots predominantly causes demyelination, although prolonged ischemia can also interfere with axonal transport, leading to axonal damage and Wallerian degeneration of the nerve fiber[37-40]. Vascular damage and fibrosis are common findings within the spinal canal and intervertebral foramina, and such vascular damage is significantly related to the severity of degenerative disc disease. Disc protrusion may lead to compression of epidural veins and dilation of non-compressed veins. Cooper et al[41] noted a significant relationship between evidence of venous obstruction, intraneural and perineurial fibrosis, and neural atrophy. Fibrosis may further impede nutrient transfer to endoneurial fibers, as well as predisposing to nerve stretch injury. Kobayashi et al[42,43] assessed the influence of arterial ischemia and venous congestion resulting from obstruction of blood flow without nerve root compression on intraradicular blood flow and radicular function (Figure 4). As a result, it was confirmed that nerve root ischemia had a more serious influence on blood flow, PO2, and conduction velocity than nerve root congestion. After 30 min of nerve root ischemia, recovery occurred with reperfusion, but longer ischemic periods will cause a permanent effect on radicular function due to oxygen deficiency. When changes of the femoral arterial and central venous pressures were monitored after obstruction of blood flow, both the arterial and venous pressures decreased after aortic blockade and the arterial pressure increased slightly after obstruction of the inferior vena cava. However, the central venous pressure showed an approximately 4-fold increase immediately after obstruction of the inferior vena cava, and this sudden increase in venous pressure could have a marked influence on the capillary pressure in the nerve roots. Usubiaga et al[44] demonstrated that clamping of the vena cava can be used experimentally to increase the systemic venous pressure. The same maneuver also produces congestion of the epidural veins and increases the epidural pressure[45]. But they did not describe the changes in nerve root circulation.

The arachnoid membrane acts as a diffusion barrier for the nerve root and the blood-nerve barrier is also created by the vascular endothelial cells of the endoneurial microvessels. These nerve root barriers protect and maintain the nerve fibers in a constant environment. The capillary vessels of the nerve roots are lined by endothelial cells that contain only a few pinocytotic vesicles and are bound by tight junctions to form the blood-nerve barrier. Protein tracers that are injected intravenously do not normally leak out of the vessels due to this barrier[29,46]. When arterial ischemia was induced, protein tracers remained in the blood vessels, indicating maintenance of the integrity of the blood-nerve barrier (Figure 5A). On the other hand, venous congestion disrupted the blood-nerve barrier and there was extravasation and edema in the nerve roots (Figure 5B). Thus, the blood-nerve barrier that regulates vascular permeability in the nerve root seems to be susceptible to congestion which raises the intra vascular pressure rather than to ischemia which decreases the pressure.

PATHOMECHANISM OF INTERMITTENT CLAUDICATION 

MR imaging is useful because it can noninvasively reveal the severity of LCS. It is known that sites of nerve root compression by spinal canal stenosis frequently show gadolinium enhancement on MR images, suggesting that there is breakdown of the blood-nerve barrier and edema of the nerve root (Figure 6)[29,47-50]. In LCS associated with NIC, Kobayashi et al[46] and Jinkins et al[47-49] first reported gadolinium enhancement of the cauda equina above the level of stenosis. When the nerve roots in the cauda equina are compressed in association with LCS, the pressure is distributed in a circumferential manner around the nerve root (Figure 7). Kobayashi et al[29] described that the blood-nerve barrier of the nerve root is disrupted and intraradicular edema is produced by acute compression with a microsurgical clip at more than 15 g of force for one hour or by chronic compression due to wrapping the nerve root for at least one month with a silastic tube slightly larger than the nerve root diameter[50]. They also demonstrated that the histological studies in circumferential constriction model of cauda equina revealed congestion and dilation of the intraradicular veins and Wallerian degeneration at site of constriction (Figure 8)[46]. These changes were considered to be attributed to intraradicular edema and were thought to explain the enhancement effect at the site of canal stenosis on gadolinium-enhanced MR images in LCS patients. These results suggest that NIC in LCS is caused by the following mechanism. Stenosis of the lumbar canal is aggravated by posterior flexion during walking, and circumferential mechanical compression of the cauda equina occurs repeatedly and increases in severity (Figure 7). As a result, the subarachnoid space is occluded, and congestion as well as degeneration of nerve fibers occurs in the cauda equina. Elevation of the capillary pressure induced by venous stasis is thought to cause intraradicular edema and the inflammatory response produced by compression, as well as mechanical damage to the blood-nerve barrier, because venous blood flow is stopped by compression at a very low pressure. An experiment performed by Olmarker demonstrated that the capillaries and venules of the nerve root could be occluded by mild compression of around 30-40 mmHg[30]. Takahashi et al[51] found that the epidural pressure is only 15 to 18 mmHg during lumbar flexion in LCS patients, but reaches 80 to 100 mmHg during lumbar extension. The epidural pressure increases with walking and the patient then stops walking because of leg pain and/or NIC. The pressure decreases immediately after walking is stopped and leg pain then subsides. There is a repeated pattern of increasing and decreasing pressure during walking. Although, these pressure changes are not great enough to disturb arterial blood flow, the epidural venous system may become congested if the pressure is higher than 10 to 30 mmHg. Ikawa et al[52] demonstrated that ectopic firing was elicited by venous stasis in a rat model of lumbar canal stenosis. As a result, the subarachnoid space is occluded, and congestion as well as nerve fiber degeneration occurs in the cauda equina. Efflux of excess fluid into the subarachnoid space becomes impaired by the breakdown of the blood-nerve barrier, leading to an increase in endoneurial pressure[53,54]. Although such a pressure rise is reversible, a compartment syndrome may occur in the cauda equina at the site of stenosis, blood flow[55,56] and axonal flow disturbance[38,39], provoking ectopic discharge or conduction disturbance[57,58] that is essentially responsible for NIC in nerve fibers which have been chronically damaged. Thus, venous congestion may be an essential factor precipitating circulatory disturbance in compressed nerve roots and inducing neurogenic intermittent claudication (Figure 9).

EFFECT OF PROSTAGLANDIN-E1 TO NORMAL NERVE ROOT AND COMPRESSED NERVE ROOT 

Prostaglandin E1 (PGE1), a potent vasodilator and platelet aggregation inhibitor, is well known as a useful drug for peripheral arterial disease, such as Raynaud’s and Burerger’s diseases[59], and diabetic neuropathy[60]. PGE1 has been reported to relax the contraction of vascular smooth muscle cells[61] and increase blood flow in peripheral arteries[62], followed by improvement of endothelial function[63]. Since PGE1 is rapidly inactivated in the lungs, PGE1 must be administered into the obstructed artery or a large amount of it has to be given intravenously. The distribution of PGE1 in-vivo induces the systemic effects of diarrhea, hypotension, fever and hepatic dysfunction. PGE1 also causes irritation in blood vessels near the site of injection. To avoid these problems, PGE1 was mixed with microparticles 0.2 m in diameter made of soybean oil. Because PGE1 is incorporated into the lipid particles in this preparation, it is less susceptible to inactivation in the lung[64]. In addition, this preparation characteristically becomes concentrated and acts selectively in lesions because the lipid particles adhere to the endothelial cells of injured blood vessels[65]. Lipid microspheres incorporating prostaglandin E1 (lipo-PGE1) has therefore attracted interest as a therapeutic drug for LCS. However, investigations in the clinical setting have shown that lipo-PGE1 is effective in some patients but not in others[66-75], although the reason for this is unclear.

So far, some experimental studies of the effect of lipo-PGE1 on blood flow in normal[68,70] and compressed[76-80] nerve roots have reported an increase in flow, but none have examined the effect of lipo-PGE1 on compressed sections with apparently Wallerian degeneration after nerve root compression. After investigating the changes of nerve root blood flow caused by bolus intravenous injection of Lipo-PGE1, Toribatake et al[68] reported a 59% increase of blood flow at a dose of 0.1 g/kg, while Murakami et al[70] reported a 37.8% increase at a dose of 0.15 g/kg. These experimental studies of the effect of lipo-PGE1 on blood flow in normal nerve roots revealed an increase in flow, but did not examine the effect of lipo-PGE1 on compressed nerve roots. Subsequently, the effect of PGE1 on intraradicular blood flow was assessed in a rat cauda equina compression model, and PGE1 was reported to increase blood flow. However, the extent of compression applied to the nerve root and its duration were both insufficient, and the response was not compared with tissue changes of the nerve root after compression[76-80]. Kobayashi et al[81] firstly demonstrated that intravenous injection of lipo-PGE1 significantly increased intraradicular blood flow in the normal nerve root without compression, but the increase of blood flow observed in the compressed region of the nerve root exhibiting Wallerian degeneration was transient and not sustained (Figures 10 and 11). It is therefore concluded that lipo-PGE1 has less effect on severely damaged nerve roots than it does on normal nerve roots. 

EFFECT OF PGE1 ON PATIENTS WITH NIC

PGE1 has been used in the field of orthopedic surgery for the treatment of cervical and lumbar diseases. The results of numerous studies have also suggested that PGE1 is likely to be useful for LCS, but its position has not been firmly established among the treatments available[66-75]. It was reported that PGE1 was effective for 57%-87% of patients with LCS accompanied by NIC (Table 2), but was ineffective in many patients with severe neurological deficits such as muscle weakness. Since it can be assumed that the impaired intraradicular blood flow is improved by the drug in patients whose NIC responds to administration of PGE1, this agent can be used for screening and staging of the disease. Yone et al[82] have reported that when lipo-PGE1 was injected intravenously in 11 LCS patients during surgery, symptoms were alleviated in 6 patients with dilation of vessels running along the cauda equina, but not in 5 patients with no change of their vessels. Dezawa et al[83] observed the movement of red blood cells in blood vessels running along the cauda equina by myelofiber scope in 8 LCS patients with NIC under local anesthesia, and reported that blood flow increased in 3 patients, stopped in 1, became retrograde in 2, and was unchanged in 2. In LCS patients, myelography and MRI often reveal a redundant nerve root. Suzuki et al[84] pathologically investigated the cauda equina at autopsy and reported that the cause of nerve root redundancy was Wallerian degeneration. 

We treated LCS patients with PGE1 and compared their response with the magnetic resonance (MR) imaging. The subjects were 50 LCS patients with NIC (walking distance ≤ 300 m) and MR imaging evidence of central canal stenosis. They comprised 38 men and 12 women aged 75-95 years (mean: 81 years). Each patient received PGE1 intravenously at a dose of 10 g/d for 14 d. After completing treatment, the MRI findings of 25 patients achieving relief from NIC (group Ⅰ) and 25 patients without relief (group Ⅱ) were retrospectively compared. In all patients, T1- and T2-weighted images were obtained. On T1-weighted images, the transverse area of the dural tube at the site of maximal canal stenosis was measured using a digitizer. The presence or absence of redundant nerve roots was also identified on T2-weighted images.

The transverse area of the dural tube at the site of maximal canal stenosis on MR images was 50.8-88.6 mm2 (mean: 69.8 ± 15.2 mm2) in group Ⅰ and 35.8-59.8 mm2 (mean: 50.6 ± 10.3 mm2) in group Ⅱ (Figure 12A). Redundant nerve roots were observed in 14 (56%) of the 25 patients from group Ⅱ, being located proximal to the site of maximal stenosis, but were not seen in group Ⅰ(Figure 12B). Intraradicular edema was observed in 21 (84%) of the 25 patients from group Ⅱ, being located proximal to the site of maximal stenosis, but was only seen in 2 (8%) patients from group Ⅰ(Figure 6). These results indicate that patients who have a transverse dural area ≤ 60 mm2 and redundant nerve roots (suggesting Wallerian degeneration) may achieve little relief of NIC with PGE1 therapy. From the findings of these clinical studies, it has been postulated that the severity of nerve degeneration is an important determinant of the response to PGE1. It is considered that LCS patients who are unresponsive to PGE1 have nerve root degeneration that progresses to the irreversible stage, so that decompression by laminectomy or other methods cannot be expected to provide immediate marked improvement of neurological deficits such as sensory disorders and muscle weakness. In other words, it seems that the outcome of decompression surgery may be predicted from the response to PGE1, but further studies are required to confirm this possibility.
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Figure 1  Schematic drawing illustrating the international classification of lumbar canal stenosis.
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Figure 2  Circulatory dynamics of the radicular artery for the lumbar nerve root in a dog. A: After 3 mL of India ink was injected quickly through a catheter fixed in the aortic arch, seriograhy was performed using a motor-driven camera and repeating flash to observe the flow of India ink into vessels supplying the nerve root. After injection of India ink, at first the proximal radicular arteries (PRA) running along each root filament filled with India ink in a downward direction (↓). Next, the distal radicular arteries (DRA) filled with India ink in an upward direction (↑). A watershed region of blood flow was observed in a radicular vessel (blue arrow). At last, the radicular vein (RV) filled with India ink in the downward direction (white arrows); B: A watershed region was noted in the radicular artery, and in this region the velocity of both blood streams showed a decrease; C: A clear specimen of the nerve root from the same subject as shown in A. An abundant vascular network was noted in the root near the watershed area of the radicular artery observed by seriography. AR: Anterior root. Reproduced with permission from Kobayashi et al[28]. 
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Figure 3  Oblique cleared section of the lumbar nerve root in a dog. There are many longitudinal (arrow head) and transverse (arrow) microvessels in the nerve root. Intraradicular vessels are abundant throughout the nerve root, and their flow is in various directions. Intraradicular vessels arising from the radicular artery as T-shaped branches rarely were affected by the direction of blood flow in the nerve root, suggesting the presence of a mechanism that maintains the blood supply to the intrinsic vessels.
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Figure 4  Changes of intraradicular blood flow, partial oxygen pressure  and conduction velocity after Aorta (A) or inferior vena cava (B) clamp. Immediately after Aorta clamping, blood pressure in the femoral artery dropped to 26-40 mmHg and meantime, central venous pressure was slightly elevated. When the vena cava was clamped, central venous pressure increased to about 4 times of the pressure before clamping and blood pressure in the femoral artery was reduced by half. The blood flow in the seventh posterior nerve root due to Aorta and vena cava clamping fall to 50% to 60% of the blood flow before clamping in the ischemic model (aP < 0.05) and to about 20% in the congestion model (aP < 0.05). The changes of partial oxygen pressure (PO2) in the nerve root indicated a similar tendency to blood flow, 50% to 60% drop in the ischemic model (aP < 0.05) and 20% to 40% drop in the congestion model. Conduction velocity of the nerve root diminished by 40% to 50% in the ischemia model (aP < 0.05) and 10% to 20% in the congestion model. After release of clamping, both arterial and venous pressures quickly returned to the pressure before clamping. The intraradicular blood flow in the congestion model was restored within 1 h. The intraradicular blood flow in the ischemic model, however, did not recover and stayed at the reduced level (aP < 0.05). Intraradicular PO2 recovered completely in both models. The drop of conduction velocity returned almost completely within one hour after release of clamping. Reproduced with permission from Kobayashi et al[42]. 
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Figure 5  Transverse sections of the nerve root seen under a fluorescence microscope. A: Ischemia model. Evans blue albumin (EBA) emits a bright red fluorescence in clear contrast to the green fluorescence of the nerve tissue. After intravenous injection of EBA, EBA was limited inside the blood vessels, and the blood-nerve barrier was maintained; B: Congestion model. EBA emits a bright red fluorescence, which leaked outside the blood vessels, and intraradicular edema was seen under a fluorescent microscope. Reproduced with permission from Kobayashi et al[42]. 
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Figure 6  Gadolinium-enhanced magnetic resonance imaging of the cauda equina edema in lumbar canal stenosis. A 73-year-old man complained of weakness and numbness of the lower extremities after walking about 300 m, but no obvious sensory loss and muscle weakness was noted. Precontrast T1-weighted (500/35) sagittal (A) and axial (C) conventional spin echo MR image indicated a diagnosis of LCS at L4/5 disc level (arrows). T1-weighted (500/35) sagittal (B) and axial (D) Magnetic resonance image acquired at L4/5 disc level obtained after 0.1 mmol/kg intravenous Gd-DTPA administration showing the generalized central canal stenosis as well as punctuate areas of intrathecal enhancement (arrows) indicating a breakdown in the blood-nerve barrier. Reproduced with permission from Kobayashi et al[46].
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Figure 7  Diagram that illustrates possible mechanical effects on cauda equine. A: Normal state; B: Lumbar canal stenosis. The pressure is applied to the cauda equina with many nerve roots in a circumferential manner.
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Figure 8  Circumferential compression of the dog cauda equine. The cauda equina was constricted outside the dura mater using a silicone tube (S), which caused 30% constriction of the diameter of the dura mater using a silicone tube at L6/7 disc level. After 3 wk constriction, clear enhancement was seen inside the cauda equina constricted by a silicon tube (S) as seen on gadolinium-enhanced magnetic resonance (MR) image [T1-weighted spin-echo (SE) image, 600/25 (TR/TE)] (A). No enhancement of epidural root sleeves (ERS) was found on this image. In the cauda equina, where enhancement was found on MR imaging, Evans blue albumin emits a bright red fluorescence which leaked outside the blood vessels, and intraradicular edema was seen under a fluorescent microscope (B). Light microscopy revealed congestion and dilation of the radicular veins (C-E) inside the cauda equina, inflammatory cells infiltration, and Wallerian degeneration (E, asterisk) was observed in the entrapped region. This situation was reflected as breakdown of blood–nerve barrier on fluorescent microscopy and high intensity on gadolinium- enhanced MR imaging. BV: Blood vessel; CE: Cauda equina; ENS: Epidural root sleeves; NR: Nerve root; RS: Root sheath; S: Silicon tube; SS: Subarachnoid space.
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Figure 9  Pathogenesis of neurogenic intermittent claudication in lumbar canal stenosis.
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Figure 10  Effect of prostaglandin E1 on normal (A-C) and compressed nerve root (D-F). The seventh lumbar nerve root was clamped with a clip for 3 wk using dogs. After release of clipping, the intraradicular blood flow was measured before and after intravenous injection of lipo-prostaglandin E1 (PGE1) (D-F). As the control group, animals were evaluated at 3 wk after laminectomy. The nerve root was only exposed and wasn’t clamped with a clip (A-C). In the control (A) group, the mean blood pressure fell immediately after intravenous injection of lipo-PGE1 due to the peripheral vasodilation, but then gradually increased and recovered after 20 min. The changes of blood pressure in the nerve root compression group were the same as those seen in the control group (D). Intravenous injection of lipo-PGE1 also resulted in marked increase of blood flow in the normal nerve roots (B), but caused minimal enhancement of blood flow at the sites of nerve root compression exhibiting Wallerian degeneration (E). Histological examination revealed no degeneration of the nerve fibers in the control group (C). However, marked Wallerian degeneration was seen in the nerve root compression group (D). The relative number of small diameter axons increased in the compression group at 3 wk after operation compared with the control group (HE stain, original magnification X 50).
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Figure 11  Changes in intraradicular blood flow after intravenous injection of lipo-prostaglandin E1. In normal (control) nerve roots (n = 5), intraradicular blood flow fell immediately after intravenous injection of lipo-Prostaglandin E1 (PGE1), but gradually increased (aP < 0.05). After 30 min, the mean blood flow was 49% higher than before lipo-PGE1 injection. However, the changes of intraradicular blood flow in the nerve root compression group (n = 5) were not as marked as in the control group, with the mean value after 30 min being only 5% higher than pretreatment value. Reproduced with permission from Kobayashi et al[81].
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Figure 12  Magnetic resonance imaging of lumbar canal stenosis patients with neurogenic intermittent claudication. A: Cross-sectional area of dural sac (T1-w) at the site of maximal canal stenosis; B: Magnetic resonance imaging of redundunt nerve root (T2-w).
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Table 2  Effect of lipo-prostaglandin E1 on patients with neurogenic intermittent claudication in lumbar canal stenosis


Author�
Year�
Drag�
Dose�
Period�
Effective rate to NIC�
�
Takakura[66]�
1986�
PGE1�
 40-60 g/d�
14-28 consecutive days�
79.5% (39/49 cases)�
�
Miura et al[67]�
1992�
Lipo-PGE1�
      10 g/d�
10 d�
57.1% (8/14 cases)�
�
Toribatake et al[68]�
1993�
Lipo-PGE1�
      10 g/d�
10 consecutive days�
75.0% (12/16 cases)�
�
Kurihara et al[69]�
1996�
Limaprost�
        3 g/d�
42 consecutive days�
27.3% (21/77 cases)�
�
�
�
�
      15 g/d    �
�
47.8% (33/69 cases)�
�
Murakami et al[70]�
1997�
Lipo-PGE1�
      10 g/d�
10 consecutive days�
77.5% (31/40 cases)�
�
�
�
�
        5 g/d�
�
87.0% (40/46 cases)�
�
Ono et al[71]�
1997�
Lipo-PGE1�
      10 g/d�
14 consecutive days�
71.1% (27/38 cases)�
�
�
�
�
      20 g/d


�
�
76.5% (26/34 cases)


�
�
Miura et al[72]�
1997�
PGE1�
    120 g/d�
14 consecutive days�
33.0% (5/12 cases)�
�
Uratuji et al[73]�
2003�
Limaprost�
      15 g/d�
42 consecutive days�
59.3% (54/91 cases)�
�
Harrison et al[74]�
2007�
Limaprost�
      15 g/d�
42 consecutive days�
  50.7% (74/146 cases)�
�
Nakanishi et al[75]�
2008�
PGE1�
      60 g/d�
14 consecutive days�
71.4% (45/63 cases)�
�
Reproduced with permission from Kobayashi et al[81]. NIC: Neurogenic intermittent claudication; PGE1: Prostaglandin E1.








Table 1  International classification of lumbar canal stenosis


Congenital/developmental�
�
Acquired�
�
  Degenerative (spondylosis)�
�
    Central�
�
    peripheral �
�
    Degenerative spondylolisthesis�
�
  Combined�
�
    Congenital/developmental + Degenerative�
�
    Congenital/developmental + Hernia�
�
    Degenerative IIernia�
�
    Congenital/developmental + Degenerative + Hernia�
�
  Spondylolisthetic/spondylolytic�
�
  Iatrogenic�
�
  Post-tranmatic�
�
  Miscellaneous�
�
Reproduced with permission from Arnoldi et al[12].








