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Abstract 

Surgeries to repair herniated discs are one of the most performed spinal surgeries 

worldwide. During a lumbar discectomy the herniated portion of the intervertebral disc 

(IVD) is removed; however, the defect in the anulus fibrosus (AF) remains and can 

provide a pathway for future herniation.  Repairing the anulus is shown to diminish 

reherniation rates.  There is a lack of data regarding the ability of anular repair methods 

to withstand intradiscal pressures, especially in an in vitro laboratory setting.  This study 

has focused on creating an in vitro laboratory apparatus to simulate intradiscal pressure, 

allowing for controlled and repeatable results. By using a commercially-available anular 

repair device, and developing a protocol to test the efficacy of this device, the benefit of 

anular repair with discectomy compared to an unrepaired defect was demonstrated.   

An artificial AF was developed and used in conjunction with a pressurization 

chamber to simulate herniation of the IVD.  Four configurations were evaluated: 1) 

circular or slit defect (control); 2) a single tension band; 3) two tension bands in a 

cruciate pattern; and 4) two tension bands in a parallel configuration.  Anular defects 

were repaired with the XcloseTM Tissue Repair System.  Input pressure was increased 

until failure (i.e. extrusion of the NP) occurred. The maximum failure pressure, 

representing the pressure at herniation, was recorded.   

Maximum failure pressure for the non-repaired conditions were significantly 

different compared to the repaired conditions for both defect types.  For the circular 

defect, the failure pressure increased by approximately 76 and 131 percent with one or 

two tension bands, respectively, as compared to the control.  In addition, the failure 
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pressure for two tension bands (in either configuration) was approximately 32 percent 

higher than that for one tension band; this difference was significant.  For the slit defect, 

with one or two tension bands the maximum failure pressure increased by approximately 

21 and 37 percent, respectively, as compared to the control.  No significant difference 

was found between two tension bands in the cruciate and parallel configurations for 

either defect. 

Current literature and the results of this laboratory simulation suggest anular 

repair reduces reherniation after a lumbar discectomy.  First, the significant differences 

found in the maximum failure pressures for repaired versus non-repaired groups suggest a 

reduced risk for reherniation when anular repair is performed.  Second, this study 

indicated that defect size and shape are relevant when choosing a repair configuration.  

Finally, two tension bands were seen to improve the ability to retain disc material, 

especially for the circular defect.  The use of a laboratory experiment such as this enabled 

control of variables that would normally be difficult to test in a surgical setting, and laid 

the groundwork for the use of laboratory simulations in evaluating anular repair and its 

respective techniques.   
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1. Introduction 

1.1 Anatomy of the Spinal Column 

The spine is composed of bones called vertebrae that extend from the skull to the 

pelvis7.  The vertebrae stack vertically and are separated from one another by an 

intervertebral disc (IVD)8.  The vertebrae are grouped into four regions: cervical (C1 – 

C7), thoracic (T1 – T12), lumbar (L1 – L5), and sacrum (S1 – S5); these extend down 

and increase in size from the skull to the pelvis7.  In addition there are three to four fused 

coccygeal segments below the sacral vertebrae18.    Seven vertebrae (C1 – C7) form the 

cervical spine; these begin at the base of the skull8.  Its purpose is to support the skull and 

enable various head movements.  The thoracic spine is located in the chest area and 

connects to the ribs9.  The lumbar vertebrae are located in the lower back, increase in size 

from L1 to L5, and are larger than the cervical or thoracic vertebrae7.  The lumbar region 

bears most of the body’s weight9; this makes the region vulnerable to disorders that can 

cause low back pain, including but not limited to herniated discs10.  The sacrum is located 

behind the pelvis, and sits between the two hipbones connecting the spine to the pelvis; 

its five bones are fused into a triangular shape7.  The coccyx, or tailbone, is below the 

sacrum, and is formed by three fused bone segments (Figure 1.1)7,18. 
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Figure 1. 1. Lateral and Posterior Views of the Spinal Column.  This figure illustrates the 
regions of the spinal column: cervical, thoracic, lumbar, sacrum, and coccyx.  The lumbar 
region is the area most affected by herniated dsics7. 

 

Functions of the vertebrae include surrounding and protecting the spinal cord 

from damage1.  In addition, they serve as a base for attachment by ligaments, muscles, 

and tendons; lend structural support; and provide flexibility and mobility, including 

flexion (forward bending), extension (backwards bending), lateral bending, rotation, and 

combinations of these movements7.  The vertebral bodies are the weight bearing 

structures of the spinal column; upper body weight is distributed through the spine down 

to the sacrum and pelvis.   
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The spine has four natural curves: lordotic (convex anteriorly in the cervical and 

lumbar regions) and kyphotic (convex posteriorly in the thoracic and sacral regions). 

These curves lend increased flexibility and shock-absorbing capacity to the spinal column 

while maintaining adequate stiffness and stability at the intervertebral joint level7,9,18.   

 

Figure 1. 2.  Ligaments of the Spine. The ligamentum flavum connects under the facet 
joints to provide a cover over the posterior openings between the vertebrae.  The anterior 
longitudinal ligament attaches to the anterior of each vertebra and runs up and down the 
spine; the posterior longitudinal ligament attaches to the posterior of each vertebra, sits in 
the spinal canal, and runs up and down the spine.  Adapted from13. 

 

Additional spinal anatomical components of interest include ligaments and joints.  

Ligaments hold the vertebrae and discs together, stabilize, and prevent excessive 

movement in any one direction10.  Three important ligaments are the ligamentum flavum, 
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anterior longitudinal ligament, and posterior longitudinal ligament (Figure 1.2)13.  The 

ligamentum flavum, in addition to forming a cover for the layer of tissue that protects the 

spinal cord, connects under the facet joints to provide a cover over the posterior openings 

between the vertebrae13.  The anterior longitudinal ligament attaches to the anterior 

(toward the front) of each vertebrae and runs up and down the spine, while the posterior 

longitudinal ligament attaches to the posterior (toward the back) of each vertebrae, sits in 

the spinal canal, and runs up and down the spine13.  The facet joints (Figure 1.3) are 

located in the posterior of the spinal column, and link the vertebrae together to stabilize 

the spine; in addition, they aid in the spine’s motion and flexibility (i.e. flexion, 

extension, and twisting)10,11.  Each vertebrae has two sets of facet joints, one pair faces 

upward (the superior articular facet) and one downward (the inferior articular facet), with 

one joint on each of the left and right sides11.    

 
Figure 1. 3.  Facet Joints.  A: Posterior view of the facet joints: the facet joints link the 
vertebrae together and lend the spine stability, motion, and flexibility.  B: Facet joint 
motion: flexion is seen on the right, and extension on the left.  Adapted from11. 
 

The vertebrae are connected by an intervertebral disc and two facet joints (Figure 

1.4)1.  There are 23 intervertebral discs in the spinal column; they are thinnest in the 

Facet Joints 

Vertebral Body IVD 

Flexion Extension 
IVD 
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thoracic region and thickest in the lumbar region5.  There are no discs between the C1, 

C2, and coccyx vertebrae12.  The disc is made of connective tissue and acts as a cushion 

between vertebrae, absorbs pressure, and distributes shock during movement1,5,8,10.  

Together the disc and facet joints allow a person to bend and rotate their neck and back1.   

 
Figure 1. 4.  Vertebral Body Anatomy in Relation to the IVD.  The IVD is sandwiched 
between two vertebral bodies. Together the disc and facet joints allow a person to bend 
and rotate their neck and back.  Adapted from12,17.  

 
1.1.1 Intervertebral Disc 

The intervertebral disc is composed of the three parts: the anulus fibrosus (AF), 

nucleus pulposus (NP), and cartilaginous endplate5.  The outer ring of the IVD is the AF, 

and the center, which the AF encloses, is the NP (Figure 1.5)1.  The discs act as 

fibrocartilaginous cushions that serve as the spine’s shock absorbing system12.  In 

addition, they allow for some motion (extension and flexion), but an individual disc’s 

movement in very limited.  Intervertebral discs are not vascular, and thus depend on the 

Intervertebral Disc 

Intervertebral Disc 

Vertebral Body 
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endplates to diffuse the needed nutrients12.  The IVD is anisotropic (directionally 

dependent properties), heterogeneous (not uniform in structure), and viscoelastic.  Its   

 
Figure 1. 5.  Intervertebral Disc Anatomy.  The anulus encloses the nucleus.  Adapted 
from14. 

 

anisotropic nature is illustrated by its variations in stiffness and strength: samples taken 

from different planes in the disc (horizontal, along the fiber direction, etc.) vary in 

stiffness and strength (Figure 1.6)18.  The anterior and outer regions are stiffer than the 

posterolateral and inner regions, respectively21, and the anterior and posterior regions are 

stronger than the lateral and central regions18. In addition to being an anisotropic 

structure,  the IVD is viscoelastic.  Degeneration makes the disc less viscoelastic; thus a 
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degenerating disc loses its ability to attenuate shocks and to uniformly distribute loads 

over the endplate.        

 

Figure 1. 6.  Disc Anisotropy.  A: Variations in stiffness of the AF; stiffness is greatest at 
15 degrees.  B: Strength of the AF in two directions; stiffness was greatest along the 
direction of fibers18. 

 

The IVD is subjected to various forces, and along with the facet joints, carries all 

of the compressive loading the spine is subjected to21. When a compressive load is 

applied to the spine the IVD creeps as interstitial fluid redistributes within the NP and AF 

until equilibrium is reached6. Regarding its compression characteristics, the IVD provides 

little resistance at low loads and becomes stiffer as loads are increased; this translates to 

flexibility at low loads and stability at high loads18.  Experimental findings indicate pure 

compressive loads do not result in herniation, so one looks to bending and torsional 

loads18.  Bending alone (six to eight degrees) has not been found to result in disc failure;  

however, once posterior elements were removed and bending was increased, failure did 

occur.  Torsion has been seen to injure the anulus by cracking and tearing it.  Non-

degenerated discs were found to have a 25 percent higher failure torque than their 

degenerated counterparts18.  It wouldn’t appear compression, bending, or torsion alone 

result in herniation, but rather it is likely that discs fail because of combined loading.     
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Loads to which the disc are subjected fall into two categories: short duration (high 

amplitude, i.e. jerk lifting) and long duration (low magnitude due to normal activity)18.  

Short duration, high level loads cause irreparable structural damage when a stress 

exceeds the ultimate failure stress.  Failure results from long-duration, low-level, 

repetitive loading due to fatigue failure; here a tear develops at a point where the nominal 

stress is relatively high and eventually enlarges, causing failure.  It is also known that the 

biomechanical behavior of the disc is dependent upon its extent of degeneration, which is 

age-dependent.        

1.1.1.1 Anulus Fibrosus 

The AF is a porous, heterogeneous, anisotropic, and fiber-reinforced material6,24.  

The AF arises from the cartilaginous plates, surrounds the NP, and inserts into the 

anterior and posterior longitudinal ligaments and into the bone of the vertebrae24.  The 

biochemical constituents vary within the AF, specifically in the radial direction and 

anterior and posterior regions6.  Water comprises 65 to75 percent of the total tissue 

weight, while 60 to 70 percent of the solid matrix consists of collagen; the rest of the disc 

is made of proteoglycans and other matrix proteins.  Proteoglycans attract and retain 

water12.  The AF is thought to be stronger anteriorly because of a stronger attachment to 

the longitudinal ligament, which may explain the higher frequency of posterior 

herniations5.   

The AF is composed of fibrous and fibrocartilaginous lamellae5.  These lamellae 

are concentric rings that are made of collagen fiber bundles3. The fibers are of three 

groups: those that stream off of the inner surface of the endplates where there is a gradual 
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transition from hyaline cartilage to fibrocartilage, those that pass anteriorly and 

posteriorly to insert into the longitudinal spinal ligaments, and those that pass over the 

edge of the vertebral body and sink into the bone of the vertebrae5.  The fibers are 

arranged in a helicoid pattern; in each individual ring the fibers run in the same direction, 

but in any two adjacent bands they run in the opposite direction18.  In individual lamella, 

the fibers run parallel to each other at an angle of approximately 60 degrees to the vertical 

(i.e. 30 degrees to the disc plane); adjacent fiber bundles alternate to the right and left of 

the vertical (Figure 1.7)3,18.  In the lumbar region, there are between 15 (posterior) and 25 

(lateral) lamella in an IVD; they increase in thickness towards the center of the disc and 

as an individual ages3,24.  With increasing age lamellae become more complex – their 

arrangement becomes more intricate, probably as a response to different loading 

patterns3.   

 

Figure 1. 7.  Orientation of Anular Fibers. The left figure shows how the adjacent fiber 
bundles alternate to the right and left of the vertical.  The right figure illustrates fiber 
direction: thirty degrees to the horizontal or sixty degrees from the vertical18. 

 

The AF can be divided into an inner and outer region24.  The inner region serves 

as a transition zone between the highly organized collagenous structure of the outer AF 
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and the highly hydrated NP.  It bears more of the high hydrostatic pressures of the NP 

than the tensile forces found in the outer AF.   The layers of the inner region are more 

widely spaced than those in the outer AF.  In the outer AF long elastic fibers are found in 

the lamellae and run parallel to one another, whereas in the inner AF, these fibers are 

present between and within lamellae.  These elastic fibers couple adjacent lamellae 

together, and in addition to preventing separation of the lamellae during torsional 

compressive loading, allow them to work together during dynamic loading24.   

The intrinsic healing potential of the AF has been shown to be limited; this does 

not help enhance successful outcomes after a discectomy. Key and Ford studied the 

healing potential of posterior anular lesions in a dog model24.  Initially (up to 22 weeks) 

the defects were filled with various debris (blood, fibrin, bone, cartilage); later this debris 

was replaced with a thin layer of fibrous tissue.  Thus healing may result in a thin layer of 

biomechanically inferior fibrous tissue; however, this is not equivalent to native tissue.  

This indicates the AF has a limited regenerative capacity after anulotomy (i.e. when a 

surgeon makes an incision in the AF).   

1.1.1.2 Nucleus Pulposus 

The NP is the hydrated gel-like center of the IVD that resists compression and 

absorbs shock1,12,14.  It is composed of a very loose and translucent network of fibrous 

strands in a liquid-saturated reticulum, which is gelatinous and mucoid5,18.  In young 

individuals the NP is gelatinous and distinct from the AF, with a water content of 70 to 

90 percent3,18.  As an individual ages, the boundary between the NP and AF becomes 
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blurred and the NP becomes drier and more fibrous3.  Normally the NP is under tension5.  

It comprises 30 to 50 percent of the IVD’s cross-section18.     

1.1.1.3 Cartilage Endplate 

The cartilage endplate, a thin layer of hyaline cartilage, sits between the disc and 

vertebral body3.  It extends across most of the vertebral body, except at the outer rim.  

Here fibers from the AF insert into the vertebral bodies, which secures the structure to the 

adjacent tissue; the disc and the vertebrae are called a motion segment3.  The endplate 

acts as a barrier between the active pressure of the NP and adjacent vertebral body5.  If 

the plate is perforated or torn, the NP can flow into the adjacent vertebra and it can no 

longer act as a hydrodynamic ball bearing. 

1.2 Herniated Discs 

A herniation occurs when the nucleus pulposus moves from its normal space in 

the disc (Figures 1.8 and 1.9)14.  The nucleus may press against the anulus causing the 

anulus to bulge, or herniate completely through the anulus. A herniated disc most often  

 



 

 12 

 

Figure 1. 8. Lumbar Herniated Disc.  The nucleus has completely herniated through the 
anulus and is pressing against the nerve.  Adapted from14. 

 

 

Figure 1. 9.  Herniated  Disc.  The left figure shows a herniated disc in vivo, and the right 
figure illustrated this further.  Adapted from14.   

 

occurs in the lumbar region, as this region carries most of the body’s weight15.  The 

posterolateral anulus is where the highest stresses are observed during loading and where 

anular tears, protrusions, extrusions, and sequestrations may develop24.   There are four 
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stages of disc herniation (Figure 1.10), where extrusion and sequestration represent true 

disc herniations16:  

1) Disc degeneration: the NP weakens due to age related degeneration in the disc;   

 anular cracks and tears are present.  No bulging has occurred.  

2) Prolapse: the form or position of the disc changes as a slight bulge starts to  

form; it is possible for this bulge to crowd the spinal cord.  A bulging disc may 

be a precursor to a herniation. 

3) Extrusion: the NP breaks through the AF, but still remains within the disc. 

4) Sequestration: the NP breaks through the AF and moves outside the disc into  

 the spinal canal.   

 
Figure 1. 10.  Stages of a Herniated Disc.  From left to right: disc degeneration, prolapse, 
extrusion, and sequestration. Adapted from16. 

 

The nucleus presses against the anulus during normal daily activities, but the body 

can usually withstand this pressure14.  Thus many cases of lumbar disc herniation are the 

result of degenerative changes in the spine.  As the disc ages, the NP can lose water 

content which makes the disc less effective as a cushion, and the AF can crack and tear; 

over time this degeneration weakens the anulus1,14.  A weakened anulus may create a 

Disc Degeneration Prolapse Extrusion Sequestration 
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pathway for herniation of the NP through the damaged anulus and into the space 

containing the nerves.  Once degeneration starts, it affects the mechanics of the 

intervertebral joint, which may lead to further degeneration36.  In addition to 

degeneration, repetitive motion, such as bending, twisting, and lifting can place abnormal 

pressure on the nucleus.  If this pressure is large enough it can injure the anulus, and may 

ultimately lead to herniation14.  Finally, an acute injury can also cause herniation, such as 

when lifting improperly or falling.     

In a herniated disc the nucleus material can press on the nerves in the spinal cord 

if the nucleus material extends past the disc wall; this can cause pain, numbness, tingling, 

or weakness in the shoulders or arms1,2.  Pain from a herniation may come in the form of 

mechanical pain – pain from discs and ligaments; inflammation – pain from the nucleus 

extruding through the anulus and coming into contact with the blood supply; and 

neurogenic pain - pain from pressure against a spinal nerve14. Regardless of the origin of 

pain, the changes that lead to a herniated disc produce symptoms gradually. First signs of 

a herniation may include dull low back pain; this is likely due to small anular tears.  If 

larger cracks and tears are present in the anulus, pain may spread to the buttocks or lower 

limbs.  When the disc completely herniates, symptoms are likely to be immediate, with 

sharp pain in the lower extremities.  Commonly, after complete herniation, pain may no 

longer be felt in the back but only in the legs, this is due to the release of tension on the 

anulus when the nucleus pushed completely through. When pain does not improve, 

surgery may be necessary1.   
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1.3 Anular Defects  

Anular defects are classified as radial, circumferential, or rim (Figure 1.11).  

Radial tears may extend from the NP to the outer layer of the AF on a plane parallel or 

oblique to the endplate35.   These tears primarily affect posterior and posterolateral zones 

of the anulus; however, large clefts may extend anteriorly.  Radial tears are a common 

outcome of advanced degeneration.  They may be associated with nuclear displacement 

and form the pathway for the outlet of nuclear and endplate material, thus leading to disc 

protrusion and herniation.  While these tears interrupt anular fibers, this disruption, when 

compared to rim lesions, affects only a small part of the resistive capability of the 

intervertebral disc36.    

 

Figure 1. 11.  Anular Defects.  Rim lesions have been found to reduce the ability of the 
disc to resist motion, while radial tears have been found to affect the stress distribution of 
the disc36. Adapted from38,41. 

Circumferential tears are ruptures between layers of the anulus (i.e. crescentic 

separations of the lamellae), and run along the circumference of the disc36,37.  They are 

commonly found in the lateral anulus, and may extend into the anterior and posterior 

Radial Tear Circumferential Tear Rim Lesion 
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anulus35.  Osti et al38 saw an equal number anteriorly and posteriorly at the four upper 

lumbar disc levels; at L5S1, more were seen posteriorly.  These are commonly viewed in 

relation with rim lesions35.  These tears interrupt the inter-lamellar bonds of the anulus, 

which serve to bind lamellae together and allow movement of one lamella with respect to 

others.  Thus concentric tears do not hinder tensile or compressive responses; torsional 

load capability is marginally affected36. 

Rim lesions are tears at the periphery of the anulus that are parallel and adjacent 

to the endplates35,37.   They most commonly occur in people over the age of thirty, with a 

higher frequency after fifty years of age.  They have been found to be more frequent in 

the anterior part of the disc38,36, except at L5S138.  Rim lesions have been linked with 

circumferential tears38.  It has been postulated that these tears are traumatic in 

origin37,35,38, versus degenerative, and may be related to low back pain37,38.   Rim lesions 

were found to have a consistent effect on reducing the disc’s ability to resist left lateral 

bending and right axial rotation36.   

Frequencies of anular defects have been noted.  Osti et al.38 (Table 1) found that 

circumferential tears were the most common tear type in both the anterior and posterior 

anulus.  For the anterior anulus, there was a higher incidence of rim lesions than radial 

tears.  In the posterior anulus, there was a higher incidence of radial tears over rim 

lesions.  Vernon-Roberts40 (Table 1) looked at defect frequency in the L4L5 disc.  

Anterior and posterior radial tears were found to have the highest incidence, followed by 

circumferential tears and rim lesions.  Additionally, circumferential and radial tears often 

appeared first in the posterior disc and were frequent throughout life, while rim lesions 
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increased in older discs.  Many anterior concentric tears were linked to rim lesions in the 

same area.  

Table 1.  Frequency of Anular Defects. 

Spine Levels Radial Tears 
Circumferential 

Tears Rim Lesion 
L1/L2 to L5/S138 37* 117* 51* 

L4/L540 102* 68 39 
*anterior and posterior 

 

1.3.1 Anular Healing 

Complete, successful healing has not been seen for radial, circumferential, and 

rim tears35.  This is not surprising as this area, especially the inner anulus, is avascular.  

In addition, the displaced nucleus may discourage healing by serving as a plug in the 

defect and thus preventing the defect from bridging.  However, superficial healing of the 

anulus has been seen; healing of the inner anulus has not35,39,40,43.  Regarding rim lesions, 

there have been a few studies showing evidence of attempted repair 37,39,40,41,43.  

Attempted repair consisted of fibrovascular and fibrocartilagenous tissue at the area of 

the rim40, mature scar tissue41, and healing of the outer one-third of the tear43.  Two 

points should be taken away from these studies: 1) while the peripheral portion of the 

anulus may have the ability to heal, the inner anulus does not; 2) if healing does occur it 

is not equivalent histologically to native tissue.   

One may then ask what conditions lend increased healing potential to the anulus?  

Close approximation of the tissue in torn ligaments has lead to improved repair results.  

The healing processes of ligaments, which attach to bone just as the AF does to the 

vertebrae, were looked at.  Close approximation of torn ligament ends was seen to 

improve the chances for complete repair, with healing occurring in an orderly 
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process44,45.  On the other hand, if the ends of the ligaments were not close, healing was 

by diffuse extensive scar formation44.  The idea that close approximation of torn 

ligaments facilitates healing can be extended to defects in the anulus.  Specifically, the 

use of a slit defect would allow for close approximation of the disc material over a box or 

window defect.  Ahlgren et al.46 showed that a slit incision in the anulus withstood higher 

amounts of internal pressure than a box incision at two, four, and six weeks of healing, 

with differences significant at two and four weeks.  Therefore the slit incision indicated 

stronger anular closure when compared to a box incision.  Both of these incisions, slit and 

box, were significantly weaker than a control (no defect), until six weeks of healing was 

reached.  This indicated that close approximation (i.e. a slit defect) resulted in a stronger 

closure of anular material.  Anular repair is a way to ensure close approximation to attain 

anular closure, especially if the defect is wider than a slit.  In addition, repaired anular 

defects would facilitate faster healing and prevent further nuclear migration over non-

repaired defects. 

1.4 Surgical Solutions 

1.4.1 Discectomy 

If a person is experiencing mild symptoms and it is not likely for these symptoms 

to worsen, surgery is not usually recommended; however, if pressure is building on the 

nerves or if there is persistent pain, surgery is recommended14.  Surgical options to treat a 

herniated disc include: discectomy, microdiscectomy, and posterior lumbar fusion.   

Lumbar discectomy is the traditional and most common surgical procedure 

performed in the United States for a ruptured or herniated lumbar disc in the lumbar 
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spine; it is the most performed spinal surgical procedure worldwide2,17,22,24.  More than 

435,000 herniated lumbar discs in the U.S. receive a discectomy annually34.  In this 

procedure, the surgeon will make an incision down the middle of the low back in the skin 

over the spine (posterior) and separate the tissues to expose the bone2,17.  In some cases 

ligament and bone material will be removed so that the surgeon can visualize and gain 

access to the herniated disc without damaging the nerve tissue; this is called a 

laminectomy or laminotomy depending on the amount of the lamina bone removed (the 

lamina bone forms a protective cover over the back of the spinal cord).  After the 

laminotomy (if one is performed), a small opening is cut in the ligamentum flavum to 

expose the nerves inside the spinal cord.  The nerve that the pain is emanating from is 

moved aside so that the injured disc can be examined.  An incision is made in the AF; 

while many surgeons minimize the amount of AF removed, some surgeons will make a 

box type incision, and thus remove more AF material.  Forceps are then placed through 

this incision to clean out the NP material in the disc (Figure 1.12).  Any additional NP 

fragments inside and outside the disc space are removed.   

There is no standard amount of NP material removed.  Many surgeons remove the 

minimum amount of NP material, but this minimum amount is not defined between 

surgeons.  The amount of nucleus material removed has been correlated with a decrease 

in intradiscal pressure61.  Removing three grams of disc tissue lowered intradiscal 

pressure by 40 percent.  This is significant, as a high intradiscal pressure facilitates 

mechanical function of the disc.  Specifically, tensile stress is provided by the intradiscal 
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pressure; tensile stress is needed to resist bulging, thus a high intradiscal pressure is 

needed to keep disc bulge at a minimum. 

 

Figure 1. 12.  Discectomy After Laminotomy.  A portion of the lamina bone has been 
removed to visualize and gain access to the herniated disc, and a hole has been cut in the 
AF;  forceps are placed inside to clean out the disc material.  Adapted from14. 

 

1.4.2 Additional Surgical Procedures 

Two additional surgical options to treat a herniated disc are microdiscectomy and 

fusion.  While the conventional discectomy procedure continues to be used, the 

minimally invasive microdiscectomy procedure was developed in the late 1970s20 and is 

becoming more common14,17.  The advent of microsurgical techniques has reduced 

damage associated with conventional discectomy20.  A microdiscectomy is performed 

with a surgical microscope, and a very small incision is made in the back directly over 
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the problem disc14,17.  The benefits of a microdiscectomy include: ease of performance, 

prevention of scarring around the nerves and joints, and reduction in recovery time14.  

However, this method has been criticized for having a higher incidence of disc 

rehernation19.  The second surgical alternative to discectomy is fusion surgery.  It is used 

to stop movement of the painful area by joining, or fusing, two or more vertebrae into one 

bone14.  This prevents the bones and joints from moving, and thus eases pain caused by 

wear and tear in the lumbar spine. 

The idea of removing the extruded portion of the nucleus is to reduce the chance a 

disc will reherniate17.  However, there are consequences associated with removing too 

much disc material.  One consequence of nucleus removal in a discectomy is a loss of 

disc height; a decrease up to 25 percent has been noted22.  This results in a higher load 

contribution to the facet joints4,14.  This higher load induces narrowing of the foramina, 

which causes compression of the nerve roots (i.e. leg and back pain)4,14, and may also 

cause accelerated degeneration of the AF due to compressive loading to the anular ring, 

causing increased bulging.  A second consequence is epidural scarring, which makes 

revision surgery more difficult20.  Due to these negative effects of disc removal, the 

current trend in surgery has been to minimize the amount of NP removed4.  Watters et 

al.19 conducted a literature review to examine the consequences of conservative 

(microdiscectomy) versus aggressive (traditional method) discectomy for patients with 

primary lumbar disc herniation with radiculopathy.  Conservative discectomy was 

associated with a shorter operation time, quicker return to work, and a decreased 

incidence of long-term recurrent low back pain; however it may also lead to an increased 
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incidence of recurrent disc herniation.  The incidence of recurrent lumbar disc herniation 

was 6 to 18 percent for conservative discectomy and 2 to 9 percent for aggressive 

discectomy.  The less aggressive microdiscectomy is more appealing, but the associated 

increased risk of recurrent herniation is not.  This is where anular repair would prove to 

be beneficial in reducing the reherniation rate, while allowing the benefits of 

microdiscectomy to be realized. 

1.5 Reoperations 

As mentioned, lumbar discectomy is the most common surgical procedure for 

herniated lumbar discs in the United States.  This surgery improves pain; however, 

recurrent herniation is a complication that often requires an additional surgery22.  

Retrospective studies have reported reherniation rates as high as 18 percent22. McGirt 

identified a lack of prospective controlled studies to determine same-level recurrent disc 

herniations; it was found that recurrent herniation requiring revision surgery affected 10.2 

percent of the patient population 10.5 months post-op.     

1.6 Anular Repair 

Recurrent herniation affects many patients: reherniation rates of 18 percent have 

been reported22.  If a reherniation occurs, revision surgery may lead to a second or third 

reherniation.  In addition, revision surgeries have been associated with an increased 

instability and intra- and postoperative complications, including but not limited to 

recurrent disc herniation23,25.  Since current discectomy procedures are not aimed to treat 

the damaged IVD, it is possible they may aggravate existing damage; thus low back pain 

may persist after surgery24.  The following evidence leads one to realize the benefits of 
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anular repair: reherniation rates of 18 percent, the association of a microdiscectomy with 

recurrent herniation, initial revision surgery leading to additional revisions, the low 

healing potential of AF, and the idea that close approximation promotes anular healing. 

These reasons illustrate why anular repair is beneficial.  To prevent and lower the 

incidence of recurrent reherniation, and thus repeat surgical procedures, anular repair 

techniques have been developed and should be considered.  Repairing the anulus quickly 

and efficiently allows the disc material to be preserved and contained, and thus will 

potentially diminish reherniations31. 

McGirt et al22 found that patients with a recurrent herniation (10.2 percent) had 

larger anular defects (defect area: 46 versus 32 mm2) and a lower percentage of disc 

volume removed (13 versus 28 percent). Larger anular defects or the removal of less disc 

material should increase concern of recurrent herniation; this is a situation in which 

anular repair may be helpful.  While greater disc removal correlates with a decreased risk 

of herniation, it may lead to accelerated disc degeneration; this has been associated with 

long-term back pain.   Therefore, anular repair allows for the minimum percentage of disc 

material to be removed without fear of reherniation. 

When discussing anulus closure devices, there are several requirements because 

of the properties of the AF and NP.  Closure devices should be highly flexible since the 

AF must resist high intradiscal pressures4.  The intervertebral disc is avascular, thus there 

is low healing and growth potential for biological anulus closure devices4.  In addition to 

having a large deformation capability, an anulus closure method should be easy to apply, 

and should provide long-term stability4. 



 

 24 

Heuer et al.4 studied AF closure methods in conjunction with nucleus replacement 

in a calf lumbar spine.  The authors looked at closing the AF with sutures alone, fibrin 

and cyanoacrylate glue alone, and fibrin and cyanoacrylate glue with sutures.  For each 

specimen an incision was made, the NP removed and replaced by a collagen matrix, and 

the incision treated with an anulus closure method.  The authors found that cyanoacrylate 

glue with suture was the best AF closure method; however it could not sustain the 

maximum number of fatigue cycles. 

Ahlgren25 looked at anular repair and healing strength in a sheep model.  Three 

defects were made on the right anterolateral portion of the disc: a straight transverse slit, 

a cruciate incision, and a window (i.e. box) incision.  Healing was assessed at two, four, 

and six weeks with pressure-volume testing for repaired (with suture) or non-repaired 

conditions.  Stronger healing was found for repaired discs.  For non-repaired discs, the 

box incision had only 40 to 50 percent of the strength of the slit or cruciate defects during 

early healing.  Thus the incisions leaving more tissue in place led to stronger pressure 

resistance.  

Various data, from retrospective and prospective studies, is available that 

compares reherniation rates for repaired and non-repaired conditions.  Two retrospective, 

single-surgeon cases compared surgical outcomes for lumbar microdiscectomy cases.  In 

the first one, microdiscectomy was performed with and without AF repair in order to 

examine the need for subsequent surgeries26.  It was found that anular repair after 

microdiscectomy reduced reoperations by nearly 50 percent.  Without anular repair, the 

reoperation rate (i.e. a second discectomy) was 12.9 percent within one year of the first 
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discectomy, versus 6.8 percent for the anular repair group.  Two of these patients 

required a third discectomy in the non-repair group within one year of the second 

discectomy.  In the second study, it was found that in cases where anular repair was 

performed, only 2.2 percent of patients needed a second discectomy, versus 6.6 percent 

for cases without anular repair27.  This study showed that repair of the AF can reduce the 

need for reoperations after a lumbar microdiscectomy by 45 to 65 percent.  One multi-

center, prospective study on microdiscectomy found a 48.8 percent reduction in 

reoperations when anular repair was used29.   

For discectomy procedures, the results of two prospective studies are as follows.  

For the first study, anular repair was compared to non-repaired conditions after a 

discectomy.  It was found that repair was achievable in 83 percent of the cases, and 95 

percent of attempted repairs resulted in defect closure33.  In the second study, repair of 

the AF after a lumbar discectomy by a single surgeon was looked at28.  Same level, same 

side reherniations were 12.5 percent for the control group, and 4.5 percent for the anular 

repair group.  This amounted to a 64 percent reduction of true reherniations after a 

lumbar discectomy with anular repair.  This shows anular repair to be beneficial, 

particularly for those with true recurrent herniations. 

Not only can surgical techniques that improve discectomy outcomes be 

considered for their affect on a patient’s health, but they can also be examined from a 

cost perspective.  Cost-wise, anular repair may be beneficial34.  Lumbar discectomy is a 

cost-effective operation, and after a discectomy, clinical outcomes were found to be non-

favorable in up to 28 percent of cases 18 months after surgery; more than one-third get a 
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second operation.  For all discectomies performed, 11percent of patients got a second 

operation, 20 percent of which were more costly fusions, within 18 months (the rest were 

repeat discectomies).  Increased Costs associated with poor discectomy outcomes should 

not be overlooked.  Anular repair can help to decrease repeat discectomies, and thus 

decrease costs. 

1.6.1 Current Anular Repair Devices 

The prominent commercially-available anular repair device on the market in the 

U.S. is the suture-based XcloseTM Tissue Repair System (Anulex Technologies, Inc.); it is 

used in soft tissue approximation for procedures such as general and orthopedic surgery 

(Figure 1.13).  This device has been used to repair the AF after lumbar discectomy and 

microdiscectomy procedures26,27,28.  It consists of two braided white 3-0 suture and T-

anchor assemblies connected by a loop of green 2-0 suture (the tension band)42.  The T-

anchors are placed below the tissue surface, and hold the tension bands in place.  The 2-0 

suture loop and pre-tied knot facilitate tightening of the tension bands; it draws the 3-0 

suture assemblies together to re-approximate the tissue of the AF.  The tension bands are 

made of non-absorbable polyethylene terephthalate (PET).  The device is provided 

sterile, and the suture and T-anchor assemblies are preloaded on a disposable delivery 

instrument. 
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Figure 1. 13.  Xclose™ Tissue Repair System. A: a tension band delivery instrument - 
each system comes with two tension band delivery instruments.  B: tissue defect.  C:  
placement of the second tissue anchor of the first tension band.  D: view of two tension 
bands placed in a cruciate pattern47. 

 

A system kit consists of two tension band devices and a knot pusher, and gives the 

surgeon flexibility to place the anchors according to anatomic need32.  Repair options 

include multiple tension bands in various geometric patterns, such as a cruciate or parallel 

pattern, with the chosen placement option best accommodating existing anatomical 

variations.  Directions are given for insertion and deployment of two tension band 

devices, and two placement options are shown: cruciate and parallel.  The instructions for 

use state that ‘preoperative consideration should be given to the final desired repair 

system placement option that best accommodates anatomical variations.’  Currently, the 

number of bands chosen to implant is based on disc dimensions; reduced disc height and 

the location and size of the anular defects may also present obstacles to effective repair.  

B C D 
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In addition, after placing one band, the defect may visually look closed, leading to the use 

of only one band. 

1.7 Limitations of Animal and Human Models 

Due to the limitations animal and human models present when studying anular 

repair and other spinal topics, there is a need for a non-biological medium with which to 

test anular repair products and techniques in a controlled and repeatable setting.  An in 

vitro laboratory model can provide a controlled and repeatable environment in which to 

examine the effectiveness of anular repair.  A laboratory model of this type would allow 

one to examine anular repair without the confounding variables that are inherent in 

animal and human models.  Limitations of all model types need to be taken into account; 

however an in vitro model provides a good base with which to examine the efficacy of 

anular repair and specific anular repair devices without the variations seen in other model 

types.  A model’s limitations need to be taken into consideration when extending results 

to a clinical setting.  With that said, a bench top model can prove valuable in the research 

and development phase.  To date, there have been no commercially-available solutions in 

this area. 

There are variations between animal and human spinal anatomy; even use of a 

human model presents variations within each human spine. Animal models are chosen 

because they are cost effective compared to human models, and thus provide a less 

expensive step before moving onto cadaveric testing.  However, animal models have 

smaller discs49 and many are quadrupeds, which mean their spines are subjected to loads 

different from humans, although many studies have shown similarities in geometry, 
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mechanical properties, and loading for quadruped and human spines48.  Aside from 

potential loading differences, it has been noted that animals have a higher vertebral bone 

density, thus quadruped vertebrae are stronger than human vertebrae; this may pose a 

problem when extending findings to a human vertebrae48.  Similarities can be seen in the 

stiffness of lumbar segments to axial torsion.  In choosing an animal model, those with 

similar disc morphology and in vivo loading to humans should be chosen50.  Each animal 

model has strengths and limitations, however the objective of the study, and whether or 

not it will be performed in vivo or in vitro will help determine which animal model is 

best49,50,51,52,53,54,55,56,57,.  In summary, the limitations of animal models should be noted 

when considering the transferability of results between animals and humans.   

Animal models used in spinal research have come under scrutiny due to their 

difference in anatomy compared to humans, thus one may look to use human specimens.  

Human spines exhibit much variation between individuals, in size and structural 

orientation48,49.  In addition, human specimens can be difficult to obtain, especially if 

specimens from the younger population are needed48.  A younger population would 

decrease the variable of degeneration, but again, younger spines are harder to obtain.  

These are reasons why experiments have been performed on animal specimens; they are 

more accessible and have more uniform properties48.  However, even if an animal’s 

properties are uniform, that does not signify their properties are similar to humans.      

1.8 Study Aims 

 To reduce reherniation after a lumbar discectomy, anular repair should be 

incorporated into the surgical procedure.  To show anular repair results in a reduction of 
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herniation post-discectomy, the objectives of this study were two-fold: to determine the 

effectiveness of anular repair in preventing recurrent disc herniation using the Xclose 

anular repair device, and to determine which configurations of anular repair are most 

effective in preventing reherniation.   

2. Methods 

2.1. Artificial Test Materials and Apparatus 

The primary objective of material choice was to develop an artificial AF to test the 

efficacy of the XcloseTM Tissue Repair System as an anular repair device.  While the 

material used to simulate the NP was also considered, it was not the primary focus.  

Material considerations for the artificial AF and NP included both size and mechanical 

characteristics. 
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Figure 2. 1.  Test Apparatus and Artificial Anulus Fibrosus.  A: an artificial AF was 
placed in a sealed pressure chamber that enabled controlled evaluation of anular repair 
and related devices.  B: overall size and shape of the material used as an artificial AF.  C: 
close-up cross-sectional view of the material layers used in the AF construction.   

 

2.1.1 Artificial Anulus Fibrosus 

To develop an artificial AF, materials of different durometers were layered in 

various configurations.  The materials used during this initial fabrication ranged from 

silicone rubber (durometers 10A to 30A), gel rubber (durometer 15 OO), nylon fabric 

with vinyl and polyurethane coatings, and polyurethane film (durometer 40 OO).  Both 

quantitative and qualitative tests were conducted to determine the relative accuracy of the 
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artificial AF models.  Quantitative tests included puncture testing, while tactile methods 

were used as qualitative measurement of accuracy.   

Puncture tests were conducted with a load cell, and the puncture force was 

recorded in pounds.  An average of seven puncture values at various locations for each 

artificial AF was recorded.  Previously, Anulex Technologies, Inc. found that cadaveric 

AF had a puncture force of approximately ten pounds.  The results obtained for the 

artificial AF materials were compared to the puncture test results performed on cadaveric 

AF. 

Based on tactile evaluation of the models that underwent puncture testing (i.e. 

qualitatively comparing them to cadaveric AF), a model chosen to represent the artificial 

AF for the in vitro tests was chosen.  The artificial model chosen to simulate the AF 

measured approximately 32mm x 70mm, with a target thickness of 6mm (Figure 2.1.B).  

These sizes were chosen not to mimic the in vivo AF dimensions in relation to the 

vertebral body, but to serve as a rectangular portion taken from the posterior AF.  The AF 

incorporated layers of two types of silicone rubber (Extreme Temperature Silicone 

Rubber: Super Soft Sheets, Durometer 20A, Part Number 9010K812, McMaster-Carr, 

Elmhurst, IL; and Extreme Temperature Silicone Rubber: Adhesive-Backed Film, 

Durometer 30A, Part Number: 8622K31, McMaster-Carr, Elmhurst, IL) and polyester 

mesh (Mesh Green Fabric (Polyester), Item Number: 2029239, Hancock Fabrics, pore 

size: 2mm2).   The polyester mesh was used as reinforcement to prevent the T-anchors 

from tearing through the silicone layers.  Silicone sealant (3M Super Silicone Sealant, 
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Part Number: 74955A66, McMaster-Carr, Elmhurst, IL) was chosen to hold the layers 

together. 

To simulate the fiber geometry of the AF, multi-directional layers were 

incorporated into the design; specifically, the polyester mesh was cut at +60 and -60 

degree angles to the vertical.   Final AF construction was layered as follows: three layers 

of silicone rubber (20A) placed in between two layers of textured, adhesive-backed 

silicone rubber (30A) with polyester mesh attached via the silicone sealant (Figure 

2.1.C).  

2.1.2 Artificial Nucleus Pulposus 

The focus of material selection was on an artificial AF; however an artificial 

material for the NP also needed to be chosen.  Materials tested varied in viscosity 

(qualitatively).  The NP-like material was chosen based primarily on qualitative 

assessment.  Materials with lower viscosities, such as those resembling gel were found to  

be too soft.  Two different visco-elastomers were used during testing (Figure 2.2), and 

were chosen based on how they visually represented expulsion of the NP material from 

the defect in the AF.  When expulsed, the elastomer chosen to represent the NP needed to 

have a high enough viscosity to stay intact.  For elastomers tested with a lower viscosity, 

expulsion resembled ‘shaved ice’ versus the intended intact ‘bubble’ profile. A limited 

quantity of the first elastomer required selection of a replacement NP.  The second 

elastomer used in testing was chosen for its qualitative similarity to the first elastomeric 

nucleus pulposus.  
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Figure 2. 2.  Elastomers Used to Simulate the Nucleus Pulposus.  The tests with the 3 mm 
defect used the artificial NP on the left, while the 6 mm defect used the artificial NP on 
the right. 

 

2.1.3 Simulation of the Intervertebral Disc 

To simulate an IVD, the artificial AF was placed in a sealed chamber (Figure 

2.1.A).  The volume of the inner chamber of this apparatus with the plunger at neutral 

position was approximately 6.50 cm3.  During testing the artificial NP material was 

placed into the chamber, and the chamber was sealed with a plunger.  A pressure 

regulator (Space-Saver Stacked Air Filter/Pressure Regulator,  McMaster-Carr, Elmhurst, 

IL) and pneumatic cylinder (Pneumatic cylinder, Part Number: 6648k55, McMaster-Carr, 

Elmhurst, IL) were used to increase the chamber pressure in a step-wise fashion until 

artificial NP material was expulsed through a defect created in the artificial AF.  A 

pressure transducer (Pressure transducer, Part Number: PX600-200GV, Omega, 

Stamford, CT) was placed in a well on top of the polycarbonate plate, and was used to 

obtain the maximum failure pressure at the moment of NP expulsion.  Input pressure, the 

pressure read off the pressure regulator, was recorded independently, and failure or non-

failure of the repair device was noted.   
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2.2 Anular Repair Device 

The commercially-available Xclose™ Tissue Repair System (Part Number: 

DS001474, Part Number: DS001474, Anulex Technologies, Inc., Minnetonka MN) was 

used in these experiments (Figure 1.13). This system is for use in soft tissue 

approximation for procedures such as general and orthopedic surgery.  The device is 

provided sterile and preloaded on disposable delivery instruments. The system places 

tension bands in the tissue that are held in place with T-anchors.  A pre-tied knot is used 

to facilitate tightening of the tension band after the tissue anchors are in place: the 

construct is drawn together, thereby closing the defect in the tissue.  Repair options 

include multiple tension bands in various geometric patterns, such as a cruciate or parallel 

pattern, with the chosen placement option best accommodating existing anatomical 

variations (Figure 2.3).  In all cases, repair constructs were implanted according to 

manufacturer’s recommended technique.  
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Figure 2. 3.  Xclose Repair Options and Anatomy.  A: cruciate (top) and parallel 
configurations42.  B: shows the tissue anchors deployed below the tissue surface.  The 
green sutures are the tension bands58. 

 

2.3 Test Protocol 

Two defect types, a circular opening 3mm in diameter or a 6mm vertical slit 

(perpendicular to the horizontal plane), were created in the AF.  These defects penetrated 

the thickness of the AF, and were placed in the approximate center of the AF.  The 

circular opening was created with a metal cutting cylinder approximately 3mm in 

diameter, while the slit was created with an #11 blade scalpel.  Two sets of pressure tests 

were performed.  The first set used the 3mm circular defect, and the second set used the 6 

mm slit as the defect.  Four configurations were tested for each test set; six trials were 

performed for every configuration.  Thus twenty-four trials were performed for each of 
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the two defects, for a total of forty-eight tests. The four configurations tested with the 

XcloseTM Tissue Repair System for each of the two defect types were: 1) Control (no 

repair), 2) single tension band, 3) two tension bands in a cruciate pattern, and 4) two 

tension bands in a parallel pattern (Figure 2.4).    

 

Figure 2. 4.  Test Configurations.  The top two photos show the two defect types. The 
three repair configurations are shown below these.   

 

Each trial used a new surrogate AF and NP.  Instruments used, namely the 

Xclose, had to function properly.  That is, if the sutures and/or tissue anchors broke or 

malfunctioned during deployment, that trial was scrapped and repeated.  Chamber 

pressure (i.e. input pressure to the pneumatic cylinder) was increased by the pneumatic 

cylinder in 5psi increments (from 10psi on) until extrusion of the NP occurred; expulsion 
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of the NP constituted failure.  Failure of the device construct, including displaced tissue 

anchors or broken tension bands, was noted (Figure 2.5); and maximum pressure at 

failure was recorded via digital data acquisition from a pressure transducer independently 

of input pressure (Figure 2.6).  

 
Figure 2. 5.  Xclose Failure Modes.  A: one band configuration with a broken tension 
band.  B: a two band cruciate configuration whose failure modes included a broken 
tension band (top arrow) and a displaced tissue anchor (bottom arrow).  C: one band 
configuration failed by a displaced tissue anchor. 
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Figure 2. 6.  Input Pressure Graphs.  A: this figure shows the increase in pressure (psi) for 
a one band slit configuration.  Pressure was initially increased from 0 to 10psi, after 
which pressure was increased in time steps of 5psi; pressure was increased to 45psi.  B: 
Pressure versus time at maximum failure pressure.  The maximum failure point is noted. 

 

2.4 Data Analysis 

 The maximum failure pressure for each trial was averaged to obtain one value for 

the maximum failure pressure for each control and repair configuration.  The average 

maximum failure pressure for each repair configuration was compared to its respective 

control (unrepaired) group (i.e. circular or slit defect).   Comparisons were made using a 

two-sample unpaired student’s t-test assuming unequal variance.  A two-tailed P value of 

P < 0.05 was considered significantly different.   

3. Results 

3.1 Circular Defects 

Student’s t-tests were performed to determine which configurations had 

significantly different maximum failure pressures.  For the circular defect (Figure 3.1), 

significantly higher resistance to failure (p < 0.05) was seen for: repaired conditions as 

compared to unrepaired conditions, and two tension bands (in either a cruciate or parallel 
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configuration) versus a single tension band.  With one or two tension bands the average 

maximum failure pressure increased by approximately 76 and 131 percent, respectively, 

when compared to the unrepaired control group average.  In addition, the failure pressure 

for two tension bands in either the cruciate or parallel configuration was approximately 

32 percent higher than for one tension band.  There was no significant difference between 

the cruciate and parallel configurations. 

 
Figure 3. 1.  Comparison of Anular Repair Configurations with the Xclose Tissue Repair 
System for the Circular Defect.  Differences were significant (p < 0.05) for all repaired 
versus unrepaired conditions, and for two versus one band configurations. 

 

Failure modes at maximum pressure for the circular defects included both broken 

tension bands and displaced tissue anchors (Figure 3.2).  In all, eight out of thirty tension 

bands broke during circular defect trials.  Twice when testing the cruciate configuration 
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both tension bands broke; in all other cases only one band broke.  There were eight out of 

sixty displaced tissue anchors noted during the circular defect trials.  In only one case was 

there more than one displaced tissue anchor on an artificial AF.  Partially displaced tissue 

anchors were not included in this total; there were four partially displaced tissue anchors 

for all circular defect trials. 

 
Figure 3. 2.  Xclose Failure Modes for the Circular Defect.  Failure modes shown for 
each repair condition: one band, two bands cruciate, and two bands parallel. 

 

3.2 Slit Defects 

For the slit defect (Figure 3.3), significantly higher resistance to failure (p < 0.05) 

was seen for: repaired conditions as compared to unrepaired conditions.  With one or two 

tension bands, the maximum failure pressure increased by approximately 21 and 37 

percent, respectively, when compared to the control group average.  There was no 

significant difference between one and two bands (in either the cruciate or parallel 

configurations), nor was there a difference between the cruciate and parallel 

configurations.  
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Figure 3. 3.  Comparison of Anular Repair Configurations with the Xclose Tissue Repair 
System for the Slit Defect. Differences were significant (p < 0.05), for all repaired versus 
unrepaired conditions. 

 

Failure modes at maximum pressure for the slit defects included only broken 

tension bands (Figure 3.4).  Four out of thirty tension bands broke for all slit defect trials; 

one in the single band repair, two in the cruciate pattern repair, and one in the parallel 

pattern repair.  There were no displaced tissue anchors.  Partially displaced tissue anchors 

were not included in this total; there were three partially displaced tissue anchors for all 

slit defect trials. 
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Figure 3. 4.  Xclose Failure Modes for the Slit Defect.  Failure modes broken down by 
repair condition: one band, two bands cruciate, or two bands parallel. 

 

3.3 Circular and Slit Defect Comparison  

Comparing the two control conditions, the slit defect withstood significantly 

higher pressure (p < 0.05).  For both circular and slit defects, one band and two parallel 

bands withstood similar pressures, whereas the circular defect withstood significantly 

higher pressure (p < 0.05) for the two band cruciate configuration (Figure 3.5).   
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Figure 3. 5.  Comparison of Maximum Failure Pressures Between Defect Types. The 
maximum failure pressures were significantly different (p < 0.05) for the control and 
cruciate configurations. 

 

3.4 Nucleus Pulposus Behavior at Low and High Pressures 

With the circular defect, a void of material is present; whereas, with the slit 

defect, the pressure must reach a threshold value before a pathway for the nucleus 

material is created (Figure 3.6).  At low pressures, the front side (posterior) of the slit 

defect (Figure 3.7.B) started to separate, with the backside (anterior) creating a seal to the 
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Figure 3. 6.  Comparison of Control Models: Circular and Slit defects.  A: the material 
void present with the circular defect.  B: the slit defect.  

 

nucleus material.  As the pressure was increased toward failure, the front side of the 

defect continued to separate, until the backside was unable to restrain the nucleus 

material (Figure 3.7.C and 3.7.D). 

 

Figure 3. 7.  Slit Defect (Control): Behavior at Low and High Pressures.  The figure 
shows the progression (A – D) of increased input pressure, and the effect it has on the 
behavior of the defect.  
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 For both circular and slit defects, all repair conditions responded similarly at low 

and high pressures.  At low pressures, the defect held closed.  As the pressure was 

increased towards failure, the section of the defect above and/or below the tension bands 

began to separate.  This eventually allowed the NP to expulse through the defect.  For 

some trials, when the pressure was increased, the anchor holes enlarged (Figure 3.8). 

 

Figure 3. 8.  Behavior at High Pressure with Various Tension Band Configurations.  This 
figure shows the separation above and below the tension bands (A - C), as well as 
enlargement of the anchor holes (D).  

 
3.5 Comparing Anular Defects with No Repair to an Intact Anulus Fibrosus: Finite-

Element Analysis 

Three models representing the artificial AF used in these experiments were 

composed in SolidWorks.  The three models represented: 1) a model with no defect (this 

condition was not used in the above experiments), 2) a non-repaired circular defect (3 
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mm in diameter), and 3) a non-repaired slit defect (6 x 0.1 mm). The pressure used was 

the average value obtained for the control trials: 93.8 and 134.9 psi for the circular and 

slit trials, respectively.  The models and pressures used in the simulation were as follows: 

1) model with no defect – two trials, one with 93.8 psi and the second with 134.9 psi, 2) a 

non-repaired circular defect – 93.8 psi, and 3) a non-repaired slit defect – 134.9.  The 

SolidWorks COSMOSXpress program was used to visualize the stress concentrations 

present when these models were subjected to the above pressures.  A rubber material 

(isotropic) was chosen to represent these models.  This analysis allows one to see where 

the stress concentrations are highest; this may be useful in determining where to place 

tension bands for anular repair.  

For the models without any defects present, the model with the pressure for the 

slit defect (134.9 psi) resulted in stress concentrations with a higher absolute value.  For 

both applied pressures, the stress distribution was similar in terms of where the stress 

concentrations were located. 

For the circular defect (Figure 3.9), stress concentrations were present around the 

defect, and the defect bulged outward (i.e. towards the posterior).  For the slit defect 

(Figure 3.10), stress concentrations were not readily visible around the defect; no bulging 

was seen.  The question becomes, how should a slit be modeled, as there is no removal of 

material with a slit defect.  Additional work with this program may see modeling a wider 

slit. 
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Figure 3. 9.  Stress Distribution for the Circular Defect.  A: overall view of posterior side.  
The pressure (93.8 psi) was applied on the anterior side.  B: Enlarged view of the defect 
(posterior).  C: Enlarged view of the defect (anterior).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. 10.  Stress Distribution for the Slit Defect.  A: overall view of posterior side.  
The pressure (134.9 psi) was applied on the anterior side.  B: Enlarged view of the defect 
(posterior).  C: Enlarged view of the defect (anterior).   
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4. Discussion 

 During a lumbar discectomy, standard procedure calls for removing the extruded 

portion of the disc that is pressing on the nerves2,17.  Typically an incision (anulotomy) is 

made in the anulus to remove the extruded portion.  While many patients benefit from a 

discectomy, there is potential for the disc to reherniate through the incision made in the 

anulus; thus continuing pain and requiring additional surgery.  There are obvious benefits 

associated with lumbar discectomy, especially in the short-term23,24,25; however, long-

term results may result in multiple reherniations.  Recurrent disc herniation is a common 

clinical problem, affecting as many as 18 percent of discectomy patients22.  An anular 

repair device, such as the XcloseTM Tissue Repair System, allows the surgeon to 

reapproximate the tissue; this facilitates healing and serves as a barrier to recurrent disc 

herniation that may otherwise require a repeat discectomy or other subsequent surgery.    

This study had two objectives: to determine the effectiveness of anular repair in 

preventing recurrent disc herniation using the Xclose anular repair device, and to 

determine which configurations of anular repair are most effective in preventing 

reherniation.  The benefits of anular repair were realized in this in vitro laboratory 

simulation.  Previous studies on anular repair included animal4,25,  prospective28,29,33, and 

retrospective studies26,27; however, the variation48,49 that exists between animals and 

humans, and within human spines, can make transferability of results difficult.  The use 

of a laboratory experiment such as this enables control of variables, such as tissue quality, 

anular thickness, and size of defect that would normally be difficult to test in a surgical 
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setting.  There is a gap in the types of platforms used in anular repair studies, specifically 

for laboratory simulations using artificial test materials.  This study aimed to fill this gap. 

As the field of anular repair continues to grow and evolve, in vitro laboratory 

simulations prove to be beneficial in the interim between product development and 

animal or clinical studies.  By testing repaired conditions against non-repaired conditions 

of an incised AF in a controlled laboratory simulation, information about the benefits of 

anular repair and various repair configurations was gathered.  The results of this study 

demonstrate the benefit of anular repair, and suggest that a two band repair configuration 

improves the potential of a successful outcome.   

To start, a surrogate AF with a standardized composition and size was created.  

Two different defects, a circular and slit opening, were tested.  The circular defect served 

to represent an anulotomy or natural defect that would allow surgeons to removed loose 

or extruding disc material.  The vertical slit defect is similar to an incision created in the 

anulus to remove a contained herniation.  

For the non-repaired conditions, the slit defect withstood higher pressure (134.9 

psi versus 93.8 psi).  This difference is not surprising, as with the circular defect there is a 

void of material that serves as a conduit to the pressure chamber.  There is no channel to 

the chamber with the slit defect; rather the applied pressure must reach a large enough 

value to open the defect. 

A single band was seen to increase the resistance to expulsion of disc material.  

The pressure increased by 76 and 21 percent, respectively for the circular and slit defects 

when compared to non-repaired conditions.  Since the circular defect had a lower 
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resistance for the non-repaired condition, it makes sense that a larger percentage increase 

was seen. 

Two tension bands saw an even larger increase in resistance to failure over non-

repaired conditions: 131 and 37 percent, respectively for circular and slit defects.  

Comparing the increase in resistance for two bands versus one band, an increase of 32 

was seen for the circular defect.  This increase was not significant for the slit defect.  

Through comparison of the circular and slit defects for each of the four test 

configurations (Figure 3.5), significant differences for resistance to failure were found for 

control and cruciate configurations.  As mentioned earlier, the circular defect has a void 

of material present, whereas a slit defect does not, and thus the pressure must reach a 

threshold value before extrusion can occur.  This fact explains the difference detected for 

the control and cruciate configurations when comparing circular and slit defects.  The 

cruciate repair on the circular defect needs to seal a defect 3 mm in diameter, whereas 

with the slit defect it needs to seal a defect 6 mm long.  As the cruciate configuration only 

seals in one spot (i.e. the point where the two tension bands meet), it stands to reason that 

the cruciate repair would seal the compact circular defect more effectively.  This also 

explains why there was no difference between the parallel configurations for the circular 

and slit defects; two parallel bands were able to better seal the 6 mm length of the slit 

defect.  

Based on the results in this study, anular repair results in higher resistance to 

failure compared to a non-repaired anulus.  At a minimum one tension band should be 

used in anular repair, with two being superior.  The benefits seen with multiple tension 
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bands are dependent on the shape and size of the defect.  Furthermore, finite-element 

analysis revealed higher stress concentrations for the circular defect.  This sort of 

information can be used to determine optimal repair configurations and the strength of 

anular repair needed for different defect types, and is an area to expand on in future 

studies. 

4.1 Intradiscal Pressures 

The ability of anular repair techniques to withstand intradiscal pressures is a 

worthwhile consideration, and can help determine if and how laboratory experiments 

such as this can be related to in vivo data.  It is important to determine how the maximum 

failure pressures obtained can be related to intradiscal pressures.  Given the differences in 

artificial materials and pressures applied in this study versus what occurs in vivo, it can be 

difficult to extrapolate laboratory results to results obtained from actual lumbar spine 

measurements.  In spite of these limitations, comparing the maximum pressures in this 

study to those in literature can provide insights and validations of the methods used in 

this study and highlight the value of anular repair.   

There are two prominent papers describing intradiscal pressure in the lumbar 

spine.  Wilke59 and Nachemson60 conducted studies that measured intradiscal pressures 

for different body positions and activities (Figure 4.1).  Data from these papers were 

recalculated in pounds per square inch (psi) in order to compare the data to this study.  

Ideally the maximum failure pressures reached by an anular repair device would be 

higher than these measured intradiscal pressures, assuming direct extrapolation is valid.   
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Figure 4. 1.  Intradiscal Pressures of Activities of Daily Living. 

 
In the control case for both defect types, the failure pressures obtained in this 

study (93.8 and 134.9 psi) generally fall below those reported for laughing, sitting, 

standing, walking, and lifting (Figure 4.1).  Without anular repair, patients may be at 

more risk for reherniation when performing these activities, again assuming one can 

extrapolate this data to real life.  The highest average pressure obtained for both defects 

was used for comparison; the highest pressure was that for two parallel bands. 

It can be seen that the maximum failure pressure for two Xclose tension bands in 

the parallel configuration are above the intradiscal pressures obtained for most activities.  

If this study data can be extrapolated to real life, care should be taken when lifting, as 
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these intradiscal pressures are above what was seen in this study.  This comparison 

illustrates the importance of using anular repair to prevent reherniation during normal 

daily activities.  

4.2 Limitations 

There are obvious limitations when using artificial materials to simulate human 

anatomy and pathologic conditions.  Limitations of the current methods include lack of 

fiber orientation and dynamic properties in the artificial AF.  An ideal artificial AF 

material would be heterogeneous with anisotropic properties.  Placing the polyester mesh 

in the artificial anulus at sixty degree angles may not be sufficient to simulate 

inhomogeneity, although this was the rationale.  Future artificial AF designs that 

incorporate the heterogeneous nature of the AF can be examined; the use of hydrogel 

materials may be relevant, as they exhibit some of the material properties, such as stress 

relaxation, seen in human tissues.  In addition, the IVD used to evaluate anular repair 

could take into account the transition phase between the anulus and nucleus; this feature 

was not incorporated in these experiments.  Furthermore, mechanical property transitions 

along the length of the anulus may serve to more closely mimic normal or diseased 

pathology, depending on the goals of experimentation.  These dynamic properties could 

be simulated by using a non-symmetrical design; materials with various elastic moduli 

could be placed in different configurations.   

Additional considerations for future experimentations could look at the use of a 

curved versus flat plate.  The current study placed the artificial AF on a flat surface.  The 

purpose of a curved plate would be to simulate the anatomical curvature of the posterior 
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disc.  However the curvature value would need to be chosen based on anatomical values.  

Furthermore, additional work with finite-element analysis could be conducted.  

Specifically, more defect types could be included in the finite-element analysis; these 

additional defects could also be included in a similar laboratory simulation. 

  As mentioned, extrapolation of these experiments to the intradiscal pressure 

studies59, 60 may not be accurate.  Regardless, comparisons of this nature can provide 

useful insights into how anular repair and related devices would protect a person against 

reherniation.  Thus, an issue to further explore is how to properly correlate the pressure 

results for daily activities to those of the pressure results obtained in studies such as this.    

5. Conclusions 

 The results of this study suggest anular repair reduces reherniation after a lumbar 

discectomy.  Repaired configurations had a significantly higher resistance to failure 

compared to non-repaired configurations; this suggests a reduced risk for reherniation 

when anular repair is performed.  In addition, this study indicated that defect size and 

shape are relevant when choosing a repair configuration.  Finally, two tension bands were 

seen to improve the ability to retain disc material, especially for the circular defect.  This 

study laid the groundwork for the use of laboratory simulations in evaluating anular 

repair and its respective techniques.  
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Appendices 

Appendix A: Calibration 

 Calibration of the pressure transducer was performed by connecting a pressure 

gauge to the transducer.  The pressure was transmitted to the transducer via a pressure 

pump (range: 0-160psi, McMaster-Carr, Elmhurst, IL), read from the pressure gauge 

(Glycerin-Filled Stainless Steel-Case Pressure, Part Number: 4053K238, McMaster-Carr, 

Elmhurst, IL), and recorded by the USB Data Acquisition Module (DAQ, For circular 

defect: USB Data Acquisition Module, Part Number: OMB-DAQ-54, Omega 

Engineering, Inc., Stamford, CT; For slit defect: USB Data Acquisition Module, Part 

Number: OMB-DAQ-55, Omega Engineering, Inc., Stamford, CT).  Pressure values in 

psi from the pressure gauge and the corresponding output in volts from the DAQ software 

were correlated.   

 A pressure value of 0 psi was read from the pressure gauge, and the corresponding 

output in volts from the DAQ software was recorded.  Gauge pressure was increased to 

70 psi, and the corresponding output in volts from the DAQ software was again recorded.  

The psi values were plotted against the values in volts.  The best fit line and linear 

equation were determined.  The slope and y-intercept represented the scale and offset 

values, respectively, that were inputted into the DAQ software.   
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Appendix B: Test Protocol 

The following steps were performed for each trial: 

1) Cut circular defect with the circular cutting tool or cut slit defect with an #11 blade;  

place defect in the center of the artificial AF model.   

2) For non-control trials, insert the Xclose device.  Place the device 3mm from the defect 

(at minimum).  Place the Xclose device as follows for the circular and slit configurations: 

(drawings not to scale) 

 
 

   
Figure B. 1.  Circular Repair Configuration Placement. 
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Figure B. 2.  Slit Repair Configuration Placement. 

 
3) Place the artificial AF into the groove on the polycarbonate plate on the pressure 

fixture device.  Screw the metal plate into the polycarbonate plate.  Screw until metal 

plate is firmly in place. 

4) Place the artificial NP into the pressure chamber behind the artificial AF.  Once   

the NP is inserted into the chamber, place the plunger into the chamber. 

5) Start recording with the DAQ software and increase the input pressure as per the input 

pressure protocol (increase in 5 psi increments after 10 psi) until extrusion of the NP 

occurs. 

6) Record the maximum failure pressure from the software.  Also note the input pressure.  

If failure occurred, note the failure mode (and failure location if possible).  
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Appendix C: Input Pressure 
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Figure C. 1.  Input Pressure for the Circular Opening.  The input pressure followed the 
same trends as the maximum failure pressure t-test results. 
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Figure C. 2.  Input Pressure for the Slit Defect.  The input pressure followed the same 
trends as the maximum failure pressure t-test results.  
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