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Abstract

Purpose The purpose was to quantify the structural

integrity of annulus fibrosis (AF) after injuries with repair.

Methods Punctures in the AF of 6-month-old porcine

spine specimens were made with 18-, 20-, 22-, 24-, and

26-gauge needles. Leakage testing was performed imme-

diately after needle puncture (Group 1), after the puncture

was repaired with a modified purse-string suture (MPSS)

(Group 2), and after needle puncture with immediate repair

(Group 3). Punch injuries repaired with the MPSS alone, or

with an AF graft and MPSS were also examined.

Results There was no leakage from 26-gauge needle

punctures. Pressures at which the nucleus pulposus leaked

from the 24-, 22-, 20- and 18-gauge needle punctures

(Group 1) were 4.28, 2.03, 1.27, and 1.06 MPa, respec-

tively. Failure pressure after repair (Group 2, 3) was sig-

nificantly greater than without (Group 1). Failure pressure

in Group 3 was much greater than in Group 2 with 18- and

20-gauge punctures. Punch injury repaired with a graft and

MPSS had significantly greater failure pressure than repair

with MPSS alone (1.88 vs. 1.02 MPa, p = 0.0001).

Conclusions The MPSS can restore the mechanical

integrity of the AF after needle puncture. An annular graft

along with a MPSS may increase the structural integrity of

the AF after a punch injury. As this was an acute animal

study, the measurements and results may not directly

translate to the human intervertebral disc.

Keywords Annular repair � Needle puncture � Failure
strength

Introduction

Degenerative disc disorders are associated with

mechanical failure of the annulus fibrosus (AF) as evi-

denced by the presence of annular tears, fissures, and

herniation [1–4]. These small tears coalesce and form

radial annular tears allowing the pressurized nucleus

pulposus (NP) to extrude through the defect resulting in

disc herniation [3].

Symptomatic lumbar disc herniation is often treated by

discectomy. A review of the literature indicated a greater

incidence of long-term recurrent back and leg pain after

aggressive discectomy, but a greater reported incidence of

recurrent disc herniation after limited discectomy [5]. Less

invasive procedures for the diagnosis and treatment of

intervertebral disc (IVD) disease, such as discography,

intradiscal electrothermal treatment, growth factor injec-

tion, or gene therapy typically require needle puncture to

the nucleus through the AF which compromises the

mechanical integrity of the disc and can lead to degener-

ation [2, 6, 7]. Even discography performed with a small

gauge needle and limited pressurization can result in

accelerated disc degeneration, disc herniation, and loss of

disc height [8].
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Study using a sheep model has shown that the biome-

chanical properties of the lumbar disc can be affected by

the type of annular incision [9], and change in proportion

with the size of a defect [6, 10–12]. Methods of repairing

and reinforcing the AF after needle injection or discectomy

have been investigated [13]. Suturing of the annular defect

may be performed for containment of the NP, but this does

not compensate for the loss of annulus material or reverse

biomechanical changes [14]. An animal model showed that

direct repair of annular incisions does not significantly alter

the healing strength of the IVD after lumbar discectomy

[15]. We previously reported a new suturing technique, a

modified purse-string suture (MPSS), that preserves the

competence of the disc and withstands increased stresses

after annulotomy [16, 17].

The objective of this study was to determine leakage

pressure of the lumbar IVD after a puncture injury of the

AF with different sized needles, and puncture and punch

injuries repaired with the MPSS technique. Leakage pres-

sure after a punch injury repaired with a graft of AF taken

from another disc was also examined. While only a single

biomechanical test was performed, use of an AF graft and

suture of AF defects is a new idea of dealing with disc

problem and we believe this study may provide the basis

for future research for the treatment of IVD disease.

Methods

This study was approved by the institutional animal care

and use committee of (Blinded). Spines of 6-month-old

pigs weighing 80–100 kg were purchased from a slaugh-

terhouse, and 40 motion segments comprising an inter-

vertebral disc and its adjoining two intact vertebrae were

isolated. There are six lumbar vertebral bodies in a porcine.

Because a complete motion segment was used, the level of

removal was L1–L2, L3–L4, L5–L6. The discs were 5 cm

in width, 3.5 cm in anteroposterior diameter, and 8 mm in

height. The thickness of annulus tissue in anterior portion

was 11–12 mm, in the posterior 3–5 mm, and in the lateral

8–9 mm. Before experimentation, all adjacent soft tissues

and muscles were removed keeping the anterior/posterior

ligaments intact, and the spines were kept in normal saline

at 4 �C to ensure a consistent level of pretest hydration.

Two types of annular injuries were investigated, annular

puncture injury and annular punch injury (Fig. 1).

Annular puncture injury

For an annular puncture injury, a 26-gauge needle was

inserted from the anterolateral side of the disc in each

motion segment. A 26-gauge needle was used because

when discography is performed 17- to 22-gauge needles are

commonly used, and when a double-needle approach is

used a 26-gauge needle is used as the inner needle to

decrease the size of the puncture hole [18]. Another

puncture injury on the opposite side was made by randomly

using one of four different diameter needles (18-, 20-, 22-,

and 24-gauge). Punctures were 11–12 mm deep, and were

assumed to penetrate deep into the NP. Since a needle was

used, in theory this should only sever some collagen fibers

and not remove AF tissue.

Testing was performed in two ways (Fig. 1). One set

(n = 6) of punctured discs underwent leakage testing

immediately after the puncture. Internal pressure was

applied with an influx of align gel through a stainless steel

tube inserted into the IVD and failure pressures were

recorded (Group 1). After testing, all punctures were

repaired by the MPSS technique (Fig. 2), and another

pressure test was performed (Group 2, delayed repair

group). In another set of punctured discs (n = 6) annular

MPSS repair was performed immediately after the punc-

ture injury, and testing performed (Group 3, instant repair

group).

Annular punch injury

An annular defect of approximately 3 9 4911 mm was

made in the anterolateral aspect of the disc (n = 6; Group 4)

with a curved woodcutting knife. Force was applied verti-

cally to the annulus surface, which caused the blade to

quickly cut the fibers and controlled the orientation of the

injury. Because the blade was curved, 2 punches were able to

produce a roughly rhombic defect. The defect was repaired

with the MPSS technique, and leakage testing performed.

In another set of discs (n = 6; Group 5), grafts were

used to repair the annular defects (Fig. 3). Annulus tissue

was harvested from another porcine disc, and cut to

3 9 4911 mm. The tissue was dehydrated in 75 % alcohol

for 30 min, cleaned with alcohol-soaked gauze, then stored

in PBS buffer solution. Because the annulus fibrosus is

70 % water and 15 % collagen, alcohol was used to

remove water from the annulus. This shrank the volume of

the tissue made the graft tissue easily plugged into the

defect and facilitated suturing of the tissue. The defect was

repaired with the graft and the MPSS technique, and

leakage testing performed.

Leakage testing

Leakage testing was based on a method previously

described [19]. Briefly, the motion segment was fixed in an

adjustable harness to prevent the IVD from expanding
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longitudinally during pressurization. A 0.9 mm stainless

steel tube was inserted vertically through one of the

attached vertebra and endplate into the nucleus, thus

eliminating damage to the annulus (Fig. 4a, b). The tube

was connected to a pressure generating system, which

consisted of a piston, a stainless steel syringe filled with

blue-colored algin gel, and an Instron 4467 servohydraulic

testing system (Instron Norwood, MA) (Fig. 4c). There-

fore, AF damage is entirely due to the increased pressure

within the IVD and that caused by the nucleus tissue and

injected colored gel to be expelled.

For testing, the piston was compressed a constant rate of

5 mm/min. Internal pressure was applied to the IVD by gel

influx, and the pressure at the initial leakage of algin

(failure pressure) from the annular orifice was recorded.

Statistical analysis

Continuous data of rupture pressure were expressed as

mean ± standard deviation (SD) for each experimental

group. Differences in rupture pressure between two groups

were detected by paired t test for dependent samples, and

by independent t test for independent samples. Bonferroni

correction was applied for type I error adjustment when

multiple pairwise comparisons were performed. Statistical

Fig. 1 Experimental flow chart.

a Annular puncture injury.

Discs underwent leakage testing

immediately after puncture

injury, and after repair with the

modified purse-string suture

(MPSS) technique. In another

set of punctured discs, annular

MPSS repair was performed

immediately after the puncture

injury. b Annular punch injury.

Leakage testing of punch-

injured discs was performed

after repair with the MPSS

alone, and after repair with a

graft and the MPSS
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analyses were performed with SAS software version 9.2

(SAS Institute Inc., Cary, NC). A 2-tailed p\ 0.05 indi-

cated statistical significance.

Results

In Group 1, there was no align leakage from the punctures

created by the 26-gauge needle. The pressures at which gel

leaked from 24-, 22-, 20-, and 18-gauge needle punctures

were 4.28 ± 0.51, 2.03 ± 0.42, 1.27 ± 0.44, and

1.06 ± 0.31 MPa, respectively. After annular repair, the

mean failure pressures of Group 2 (delayed repair) were

greater than Group 1 (Fig. 5). There were significant dif-

ferences between Group 2 and Group 1 with 22-, and

20-gauge needle punctures (both, p B 0.05), but not with

the 18-gauge needle puncture (p = 0.235).

In Group 3 (instant repair group), failure pressures were

significantly greater than in Group 2 (delayed repair group)

with 18-gauge (4.87 ± 0.42 vs. 1.28 ± 0.13 MPa,

p\ 0.001) and 20-gauge needle punctures (5.65 ± 0.611

vs. 2.48 ± 0.31 MPa, p\ 0.05), but not with 22- and

24-gauge punctures. Values were also significantly greater

than those in Group 1 with 18-, 20-, 22-, and 24-gauge

needle punctures (all, p\ 0.001, Fig. 5).

The failure pressures of Group 4 and Group 5 are shown

in Fig. 6. Injured discs treated with the annular graft

combined with MPSS technique had a significantly greater

failure pressure than those treated with the MPSS

technique alone (1.88 ± 0.30 vs. 1.02 ± 0.18 MPa,

p = 0.0001).

A sagittal section of the intervertebral segment after

leakage testing is shown in Fig. 7.

Discussion

The results of this study suggest that there may be a min-

imum size of needle that can prevent impairment of AF

mechanical integrity. The study also showed the MPSS

technique can restore the mechanical integrity of the AF

after needle puncture, and that an annular graft may

improve the structural integrity of the AF.

This study measured AF leakage pressure following

injury and repair; there was no direct measure of damage

and structural integrity of the IVD, and it was only an acute

study without an examination of fatigue or in vivo healing

response; the results must be interpreted within this

Fig. 2 Modified purse-string suture (MPSS). The MPSS technique

consists of two loop structures and a cross-over compression suture.

The technique provides a near watertight seal of the annular orifice

Fig. 3 Modified purse-string

suture (MPSS) and annular

graft. a An annular graft

harvested from another porcine

disc. b An annular defect of

3 9 4 9 11 mm was created by

a punch injury. The defect was

closed with a graft and MPSS
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context. A modified quantitative discomanometry tech-

nique [19] was used in order not to damage the annulus

during the production of hydrostatic pressure. A stainless

steel tube was inset into the disc through the vertebral body

and influx gel to increase disc internal pressure. With this

method the tube is placed in the IVD, and IVD structural

damage is entirely due to an increase in pressure in the

IVD. Though disc structural integrity was not precisely

studied, the cross-sectional diagram of the motion segment

in the experiment revealed that the IVD structure suffered

damage (Fig. 7), though the damage was not quantified.

While it has been shown that the mechanical properties

of a disc change in relationship with the size of annular

defect [6, 10–12], and with the depth of needle puncture

[20], the minimum size of an annular defect necessary to

compromise the functional integrity of a disc has not been

determined. Results of the puncture group showed a

decrease in rupture pressure from 4.28 to 1.06 MPa after

puncture with an increasing needle diameter from 24 gauge

(7 % of disc height) to 18 gauge (16 % of disc height). This

is consistent with the results of Elliott et al. [6] who found

that disc changes depend on the ratio of needle diameter to

disc height, and that significant changes were not observed

for needle:height ratio less than 40 %, whereas changes

were universally present for needle:height ratio over 40 %.

Fig. 4 Porcine lumbar disc and servohydraulic testing system.

a Gross appearance of the intervertebral segment. b Sagittal section

of the intervertebral segment. The tube was inserted longitudinally

through one of the attached vertebra and endplate into the nucleus

(red arrow indicates tract of the tube). c Diagram of the Instron 4467

servohydraulic testing system

Fig. 5 Comparison of failure pressure of puncture injury alone

(Group 1), puncture injury with delayed repair (Group 2), and

puncture injury with instant repair (Group 3) with different size (18-,

20-, 22-, and 24- gauge) needle punctures. Data are presented as

mean ± SD. *Compared to Group 1, p\ 0.05; �Compared to Group

2, p\ 0.05 (both, after Bonferroni correction)

Fig. 6 Failure pressure of punch-injured discs treated with a modified

purse-string suture (MPSS) alone and with a graft. Data are presented

as mean ± standard deviation (SD). *p\ 0.05; independent t test
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In the normal IVD, the annulus-nucleus-vertebral end-

plates act as a closed system. IVD herniation can occur due

to an annular fissure caused by a natural degeneration

process or after damage [2, 7]. A needle puncture through

the AF can be considered a man-made annular fissure.

Suture can be used to reinforce the mechanical function of

the disc after an annular defect, and effective sealing of the

defect may slow IVD degenerative processes [16].

The MPSS technique provides a 3-dimensional con-

struction that tightly contracts the defect without leaving

a fenestration, withstands a greater pressure than a

simple suture, and has been proven to increase annular

strength against intradiscal pressure [16, 17]. In the

current study, discs with needle punctures and nuclear

leakage were shown to have an increase in ability to

resist internal hydrostatic pressure after repair with the

MPSS technique. Failure pressure was inversely related

to the needle diameter with delayed repair, and may be

because the inner annulus and interconnections of the

lamella are disrupted to a greater extent after leakage of

the nuclear material. Interestingly, the failure pressure of

puncture injury with instant repair was much greater

than that with delayed repair in the 18- and 20-gauge

groups. It is possible that damage to interlamellar

interconnections in the instant repair group was likely

less than in the delayed repair group making the effect

of suturing in the larger size needle groups more obvi-

ous. The current study, however, did not include a his-

tological study of the annulus after damage/testing to

examine these possibilities.

Repair of an AF defect must be able to withstand the

normal loading pressures of the IVD. Intradiscal pressure is

reported to be around 1 MPa in the normal upright posi-

tion, and up to 3 MPa for maintaining normal daily loading

[21, 22]. The current pressure data showed that an annular

defect repaired using the MPSS technique can withstand

normal daily loading pressures, and that an annular graft

with MPSS provided a significantly greater failure pressure

than MPSS alone.

This experiment used annular tissue from another disc to

prove the effectiveness of an annular graft. The method is

not feasible clinically, but we believe that proof of concept

was shown. To use the method clinically, it will be nec-

essary to develop biological annulus material, such as the

biological valves taken from porcine, bovine, or human

sources used in valvular surgery. It may also be possible to

create suitable tissue scaffolds as Ledet et al. [23] have

done from the small intestine as a scaffold in closing

annular defects. Because annular injuries are typically very

small, there are nerves nearby, and the surgical work space

is very small, it is extremely difficult to suture annular tears

or defects. It will therefore be necessary to design a device

to achieve successfully suturing of the annulus.

There are a number of limitations in this study that should

be considered. While porcine discs are morphologically

similar to human discs [24], the results, including cut-off

pressures and minimum puncture size may need more val-

idation test before it applied to the human disc. Only pres-

sure was studied; other mechanical properties such as

compressive stiffness, bending compliance, and viscoelastic

creep were not examined. Factors such as volume of injected

algin, location, direction, and depth of the needle puncture,

and wall thickness of the annulus were not analyzed. In

addition, various types of annular incisions may be used

during discectomy, and annular tears that occur as a result of

disc herniation can result in significant destruction of many

layers of the AF, and in this study only fresh puncture and

punch injuries were examined. This was an acute study, and

fatigue and in vivo healing response were not examined.

Conclusions

The results of this acute biomechanical study on porcine

IVDs suggest that there may be a minimum size of needle

that can prevent impairment of AF mechanical integrity

and that the MPSS technique can restore the mechanical

integrity of the AF after needle puncture to a degree suf-

ficient to resist normal loading of the spine. An annular

graft may improve the structural integrity of the AF.

However, current data may be valid for specific animal

model on 6-month-old pigs and cannot be transferred to the

clinical situations; similarly the MPSS technique will be

difficult to transfer into clinical application. Further study

of the applicability of the techniques to the human spine

may be warranted.
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