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Abstract BACKGROUND CONTEXT: Defects in the annulus fibrosus (AF) remain a challenge in the sur-
gical treatment of lumbar disc herniations with persistent defects, allowing potential re herniation of
nucleus pulposus (NP) tissue. A cervical porcine model was chosen to simulate human lumbar inter-
vertebral disc (IVD).

PURPOSE: The aim of this study was to determine the technical feasibility of closure of the AF
of the IVD using a novel minimally invasive Kerrison-shaped suture application device.

STUDY DESIGN: Ex vivo biomechanical and in vivo porcine device evaluations were
performed.

METHODS: Ex vivo biomechanical evaluation: 15 porcine spinal units were explanted and sub-
jected to mock discectomy. The annular defect was closed using 2-0 non-absorbable (ultra-high
molecular-weight polyethylene, UHMWPE) suture and Dines knot. The knot was backed up with
two, three, or four throws. The spinal unit was subject to 4000 cycles of flexion/extension with 1500 N
of axial load, and assessed for knot slippage. In vivo porcine device evaluation: three pigs (53—
57 kg) were anesthetized and underwent a ventral surgical approach to the cervical spine. The AF
of two discs was incised, and simulated partial NP discectomy was performed. The defect was closed
at one level using the AnchorKnot device to apply the suture with a Dines knot and four throws.
The pigs were observed for 4 weeks before euthanasia, allowing 7T magnetic resonance imaging
(MRI) and histological evaluation.

FDA device/drug status: Not approved for this indication (AnchorKnot
Suture Passer, AnchorKnot Knot Pusher).
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RESULTS: A Dines knot with four throws experienced no slippage after 4000 cycles. This con-
figuration was tested in vivo. Clinically, the neurological examination in treated pigs was normal
following surgery. Histological and MRI assessment confirmed sustained defect closure at 4 weeks.
There was no reaction to the suture material and no NP extrusion at any of the sutured levels.
CONCLUSIONS: This study demonstrates that it is technically feasible to perform AF defect closure
in a porcine model. This novel device achieved AF defect closure that was maintained through 4
weeks in vivo.  © 2016 Elsevier Inc. All rights reserved.

Keywords: Annular repair; Annulus fibrosus closure; Disc repair; Discectomy; Intervertebral disc; Minimally invasive;
Porcine model; Re-herniation; Surgery; Suture application device
Introduction purpose of this study was to evaluate the feasibility of AF

Herniation of the nucleus pulposus (NP) through the
annulus fibrosus (AF) of the intervertebral disc (IVD) is a
recognized cause of low back and radicular leg pain [1]. The
surgical treatment of this condition involves partial NP
discectomy with good clinical outcomes reported [2]. The pro-
cedure involves surgical removal of herniated NP tissue
including any sequestered or detached fragments of NP and
endplate. It does not, however, address the tear or fissure in
the AF, which is the path through which the herniation oc-
curred. In some cases, a surgical annulotomy may be required
to perform the partial NP discectomy, and this leaves a per-
sistent defect in the AF immediately postprocedure. AF defects
may be important to consider when recognizing the risk of
reherniation following lumbar discectomy [3]. Carragee et al
reported that larger AF defects postdiscectomy are a risk factor
for recurrent disc herniation and poor outcome [3]. The same
group reported recurrent IVD herniation requiring surgery in
10% of cases following NP discectomy. They also observed
a25% loss of disc height 2 years postprocedure and showed
higher recurrent herniation rates associated with larger annular
defects [4].

Defects in the AF of the IVD thus remain a surgical
challenge, and efforts have been made to develop new
techniques for their closure and repair. Various techniques
have been developed to effect closure of AF defects and
stimulate healing and regeneration. The IVD is a relatively
avascular structure with low cell numbers available for a
healing response to injury. It is therefore likely that achiev-
ing AF repair will involve combined mechanical and biological
strategies [5].

With the advent of minimally invasive surgical (MIS) ap-
proaches for lumbar microdiscectomy, surgical access and
anatomy limit the types of devices that permit AF repair.
Devices are currently being developed to allow surgical closure
of the AF through standard and minimally invasive ap-
proaches to the spine [6-9]. In this study, a novel Kerrison-
shaped AF closure device (AnchorKnot Tissue Repair System,
Anchor Orthopedics XT Inc.) was evaluated. This device de-
livers a 2-0 ultra-high molecular-weight polyethylene
(UHMWPE) suture with Dines knot to the AF, facilitating
closure through commonly used surgical approaches. The

closure in an ex vivo biomechanical and in vivo preclinical
model.

Materials and methods

The AnchorKnot suture-passing device is designed for use
in the lumbar spine. A pig cervical spine model was chosen
to model human lumbar IVDs based on the comparative size
of the discs. Porcine cervical IVD is a well-recognized animal
model for human lumbar spine comparison based on its ge-
ometry, anatomy [10], and function [11]. Due to anatomical
similarities, the ventral surgical approach to the cervical spine
of a pig is similar to the anterolateral (Smith-Robinson) sur-
gical approach.

We performed bench-top evaluation of the suture-knot con-
structs, followed by ex vivo biomechanical testing of AF
closures performed on explanted pig cervical spinal units.
Based on biomechanical results, additional in vivo evalua-
tion was performed to assess the feasibility of defect closure
and determine knot integrity for 4 weeks postoperatively.

The suture used throughout the study was 2-0 UHMWPE.

A Dines knot (Fig. 1) was selected and used throughout
the study based on biomechanical and engineering factors.
It is commonly used in arthroscopic surgery and has shown
superiority over other arthroscopic knots in several biome-

chanical studies [12-15].
S
/
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Fig. 1. A Dines knot.



A.H. Bateman et al. / The Spine Journal 16 (2016) 889-895 891

Fig. 2. Application of suture using the AnchorKnot device.

Bench-top knot evaluation

We tested the straight-pull strength of the Dines knot backed
up with two, three, or four half-hitches (n=10 per group).
Suture loops were tied around a 23 mm diameter metal rod,
and each half-hitch was secured using a knot pusher.

A dynamic servohydraulic load testing system (Model 8511,
Instron Canada, Burlington, Ontario, Canada) preloaded each
suture loop with 5 N of tension and then displaced the loops
from each other at a constant rate of 0.5 mm/s. The failure
point where the force-displacement graph deviated from a
linear force-displacement relationship indicated where the knot
began to slip or the suture fail.

One-way ANOVA was used to determine any significant
difference between the different half-hitch configurations with
respect to the amount of load sustained prior to failure. A
Bonferroni correction was applied to allow for multiple com-
parisons between groups.

Ex vivo biomechanical evaluation

Functional spinal units (C3—C4 or C5-C6) were har-
vested from 15 pig spines (age: 6 months; average weight:
80 kg). All specimens met Galante’s criteria of a normal disc
[16]. The specimens were secured using non-exothermic dental
stone (Denstone, Miles, South Bend, IN, USA) and 18-
gauge wire looped bilaterally around the lamina and anterior
processes. Saline-soaked cloth and plastic wrap was used to
prevent desiccation, and each specimen was preloaded with
300 N of axial compression for 15 minutes to counter any
postmortem swelling that may have occurred [17,18]. Passive
range of motion testing with 1500 N axial load established
the linear region of axial displacement versus torque, similar
to the neutral zone described by Panjabi et al [19].

A 15-mm hole was drilled through the laminae to provide
access to the IVD of each specimen. A vertical incision was
made in the AF. The suture-passing device (AnchorKnot Suture
Passer, Anchor Orthopedics XT Inc., Mississauga, ON) was
inserted into the disc through the incision and rotated such
that a single pull of the trigger passed the suture through the

tissue 3 mm lateral to the incision. The device was then rotated
180°, and another pull of the device’s trigger retrieved the
suture through the opposing margin (Fig. 2). In this way, the
suture strand was looped around the “inside” of the defect,
with two free limbs available on the “outside” for knot tying.
A preloaded Dines knot was advanced and tightened with
a knot pusher (AnchorKnot Knot Pusher, Anchor Orthope-
dics XT Inc.). The Dines knot was backed up with two, three,
or four half-hitches (n=5 per group) and again secured with
the knot pusher. Using the same servohydraulic load testing
system, each specimen was subjected to repetitive flexion and
extension to the angles established during the passive range
of motion tests. These were conducted with 1500 N of axial
compression. Pilot testing demonstrated that if the suture was
going to slip, it would do so early on, so measurements were
made at 50, 100, 200, 300, 500, 1000, 2000, and 4000 cycles.
Durability testing was conducted on five further speci-
mens prepared in an identical manner to previous specimens.
AF closure was achieved using the four half-hitch knot con-
figuration and specimens were tested to 85,000 cycles.
Statistical analysis was performed using the Mann-
Whitney U test to compare the knot slippage data in AF tissue
between the two, three, and four half-hitch groups.

In vivo AF repair

Animal Care Committee ethics approval for this in vivo
animal study was obtained through Sunnybrook Research
Institute.

Three pigs (53-57 kg) were selected for this study. Initial
assessment confirmed good health and the absence of any clin-
ically apparent neurological deficit. The pigs were fasted for
12 hours before surgery and a non-steroidal anti-inflammatory
drug (Metacam; 0.4 mg/kg intramuscular (I.M.)) was admin-
istered. Anesthetic induction was performed using Ketamine
(10-15 mg/kg) and Atropine (0.04—0.05 mg/kg) .M. The pigs
were placed in a dorsally recumbent position, and the ventral
aspect of the neck was prepared for surgery using an aqueous
10% povidone-iodine solution. Anesthesia was maintained
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using inhalation anesthesia (2 % isoflurane in oxygen 2 L/
min). A ventral surgical approach to the cervical spine was
performed through a 20-cm incision parallel to the trachea.
The C3 to C5 vertebrae were exposed including the associ-
ated IVDs. A vertical incision was made in the AF of two discs
(C3-C4; C4-C5) using a scalpel. Simulated partial NP
discectomy was performed using a pituitary rongeur. Three
passes of the rongeur were used in each case to standardize
the amount of NP removed. One defect was closed at a ran-
domly selected level using the Anchorknot annular closure
system described above. The second defect served as un-
repaired control. The wound was sutured and closed in layers.

Following surgery, the antibiotic Duplocillin was admin-
istered at 2.5 mL/50 kg I.M. for 5 days. The pigs were
monitored twice daily for the first 48 hours postoperatively
including neurological assessments. Once analgesia was no
longer required, the animals were monitored once daily. Four
weeks after surgery, the pigs were euthanized under general
anesthesia using a pentobarbital overdose (120 mg/kg, I.V.).
The pig cervical spines were harvested for 7T magnetic res-
onance imaging (MRI) and histological evaluation. To be able
to identify the suture path in the histology slides and to dis-
tinguish it from processing artifacts, the suture was stained
with tissue dye. Unoperated control discs in each animal were
also evaluated for baseline comparison.

After decalcification of the endplates, 5-mm transverse his-
tology sections were stained with hematoxylin and eosin as
well as Safranin-O to stain the IVDs. Histological speci-
mens were reviewed for continuity of the AF closure, evidence
of NP extrusion, and evidence of an inflammatory reaction
to the suture material. Observation of any inflammatory cells
adjacent to the suture material was taken as evidence of a pos-
sible inflammatory response.

MR images were acquired using a 7T Bruker Biospin
(Bruker BioSpin MRI GmbH, Ettlingen, Germany). T2-
weighted rapid acquisition with relaxation enhancement
(RARE) images were acquired with a echo time (TE) of 54 ms,
repetition time (TR) of 5s, 8 averages, 0.2x0.2-mm/pixel,
and 0.5-mm slice thickness.

IVD material was manually segmented on the axial MR
images to eliminate bright signal from surrounding tissue. Each
voxel within the segmented region was multiplied by the nor-
malized signal intensity to reduce partial volume effects,
especially in the damaged discs. These weighted values were
summed and multiplied by the voxel volume to produce an es-
timate of the disc volume for control, sham, and sutured discs.
One-way ANOVA was used to look for any statistical differ-
ences in volume between controls, sham, and sutured discs.

Results
Bench-top knot evaluation

Data for the straight-pull testing are presented in Table 1.
The four half-hitch knots tolerated significantly more load
before failure compared to the three half-hitch (p<.001) or

Table 1
Mean failure load for the suture loops tested
Mean failure Standard
load (N) deviation (N)
Two half-hitches 46.7* 11.8
Three half-hitches 74.7° 17.3
Four half-hitches 105.0 17.1

* Indicates statistical significance when compared with the 4 half-
hitch configuration (p<.001).

" Indicates statistical significance when compared with the 4 half-
hitch configuration (p<.001).

two half-hitch (p<.001) knots. The predominant mode of failure
for the four half-hitch knots was breakage, rather than slippage.

Ex vivo biomechanical testing

The mean values for knot slippage after 4000 cycles of
flexion/extension are provided in Table 2. Under the testing
conditions described, the four half-hitch knot showed no knot
slippage compared with 2.8 mm for three half-hitches (p=.032)
and 8.8 mm for two half-hitches (p=.008). The suture in the
four half-hitch specimens was qualitatively observed to be
tight after testing and maintained closure of the annular defect.
After further testing and exposure to 85,000 cycles, no knot
slippage was evident in 3 out of 5 four-half-hitch speci-
mens, while two specimens each showed 2 mm of knot

slippage.

In vivo results

Clinical examination of pigs included a neurological as-
sessment and was normal preoperatively, postoperatively, and
at the prescribed observation points for 4 weeks following
surgery. No anesthetic or surgical complications were ob-
served in any of the three pigs.

Histological results showed maintained AF closure (Fig. 3)
at 4 weeks in all three pigs and no significant soft tissue or
inflammatory type reaction. Qualitatively on histological
review, there were no significant differences comparing sutured
discs with unrepaired discs.

MRI volumetric assessment showed reduced volume in both
unrepaired (p=.03) and sutured (p=.04) discs compared with
unoperated control discs. Although we did not have preop-

Table 2
Mean knot slippage data for the various knot configurations used. This was
obtained with 4000 cycles of flexion/extension with load

Mean knot Standard
slippage (mm) deviation (mm)
Two half-hitches 8.8% 5.1
Three half-hitches 2.87 2.3
Four half-hitches 0 0

* Indicates statistical significance when compared with the four half-
hitch configuration (p=.008).

¥ Indicates statistical significance when compared with the four half-
hitch configuration (p=.032).
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ﬁ tissue marker

Fig. 3. Transverse histological specimen and corresponding paraffin block
sample from sutured disc. Suture material was dyed postmortem with black
tissue dye.

erative and immediate postoperative MRI to more accurately
quantify the amount of NP removed, we estimated based on
follow-up MRI scan and histology that approximately 25%
of the NP was removed. There was no significant difference
observed between sutured and unsutured discs (p=.86). The
volumes are presented in Table 3.

Discussion

There are over 300,000 lumbar discectomy procedures per-
formed in the United States annually [2,5,20]. The incidence
of symptomatic reherniation requiring revision surgery is not
insignificant, and revision spine surgery has worse out-
comes when compared with index procedures [4,21]. Disc
height loss after discectomy may also be associated with
ongoing back pain symptoms and disability [22-24]. There
are theoretical advantages of AF repair that include contain-
ment of remaining NP tissue to minimize the risk of recurrent
disc herniation and maintain pressurization of the gel-like NP.
There are a variety of potential strategies for repair of AF
defects. These include suturing strategies as well as bio-
logic strategies such as cell, protein, or gene delivery with
or without synthetic or naturally occurring scaffolds [5]. Our
AF closure method has several advantages relative to other
available methods. The suture device was designed to be op-
erated in a manner intuitive for spinal surgeons: the hand-

Table 3
Estimated disc volumes in milliliters (based on weighted axial MRI images
taken immediately postsacrifice)

Unoperated Unrepaired Sutured
Pig (mL) (mL) (mL)
1 0.57 0.29 0.31
2 0.43 0.12 0.09
3 0.86 0.09 0.15
Mean 0.62 0.17 0.18
1 Standard deviation 0.22 0.11 0.11

MRI, magnetic resonance imaging. One-way ANOVA was used. Sutured
vs unrepaired (p=.86); unoperated vs sutured (p=.038); unoperated vs unsutured
(p=.033).

held device is similar in size and in shape to a spinal Cloward/
Kerrison rongeur and engages disc tissue through a familiar
hand-grip closure maneuver. A strong suture-knot configu-
ration has been chosen, extrapolated from our experience in
orthopedic arthroscopy, which to our knowledge has not been
previously applied to the spine. Finally, the device was de-
signed to be usable for both open and MIS spine surgical
approaches.

Our study demonstrates the feasibility of suture repair of
the AF using a novel Kerrison-shaped AF closure device with
sustained closure through 4 weeks in vivo. Ex vivo biome-
chanical testing demonstrated that a Dines knot with four half-
hitches provided the optimal strength configuration under
described testing conditions. Surgical access to the AF during
discectomy may be limited in common with other MIS ap-
proaches such as those used for shoulder rotator cuff repair.
The arthroscopic literature was therefore reviewed, and pre-
vious studies have determined that one of the best arthroscopic
knots is the Dines knot [12—15]. This knot showed the least
knot slippage and can be easily applied through a limited
approach.

The biomechanical testing protocol simulated the approx-
imate in vivo distraction forces across the AF defect
experienced in a 2-week period [25]. 1500 N of axial load
approximates the forces experienced in the human lumbar spine
during lifting a light load [26]. Despite these efforts to sim-
ulate likely forces through the AF, it is not practical to fully
simulate the in vivo forces through the AF in an ex vivo model.
After initial testing showed early knot slippage in the two and
three half-hitch groups, further endurance testing focused on
the four half-hitch configuration. In vivo, we would expect
a gristling process that could conceivably stiffen the knot and
reduce slippage. This was absent in our cadaveric model, and
so endurance testing was limited to 85,000 cycles. Future
studies evaluating effects of combined flexion-torsion will be
important to consider in clinical translation of this research.
Under prolonged fatigue testing, without any biological
healing, the distance between the two vertebral bodies of the
motion segment was reduced. This reduction was due to high
levels of annular delamination [11] and bulging [27] beyond
that seen in the 4000 cycle tests. The delamination and bulging
occur radially, potentially stretching out the suture con-
struct. This mechanism could have resulted in the late slippage
observed in the endurance tests.

Our in vivo study validated sustained AF closure through
4 weeks postoperatively. A novel and attractive element of
this suture closure device is its Kerrison rongeur-like design,
which holds tactile familiarity among spine surgeons per-
forming discectomy. The addition of half-hitches following
initial application of the Dines knot requires a knot pusher
to hand tighten the hitches to the initial knot. AF closure in-
struments have been designed for ease of insertion through
both minimally invasive tubular systems as well as conven-
tional microdiscectomy surgical approaches.

MRI assessment of the in vivo IVD showed higher volumes
for sutured and unsutured discs in pig #1 compared with the
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other two because these data were acquired in fixed rather
than fresh tissue. We found much greater T2 contrast between
the disc and the surrounding tissue when imaging fresh tissue,
so the volumes in pig #1 may be overestimated. Additional-
ly, the disc volume appears to vary from disc to disc, so it is
possible that a difference in volume between sutured and
unsutured discs would be seen in a larger study. In our study,
we did not perform preoperative MRI scans of the pig spines
to compare potential differences in disc volume between ad-
jacent disc levels a priori. Each MRI scan performed requires
general anesthesia in our animal model. We did, however, at
the time of surgery randomly assign selection of each disc
for suture repair or no suture repair in an effort to minimize
potential bias. The endpoint of this study was primarily to
test the feasibility of repair using the novel suture device and
to assess maintenance of closure of the disc repair site at 4
weeks.

There is evolving literature on the use of AF suture
repair strategies following lumbar discectomy. In one 2-year
multicenter matched-cohort prospective study of 76 pa-
tients, the authors reported greater maintenance of disc
height and improved 1-year leg pain, back pain, and low-
back disability in their annular repair (Barracaid) cohort
when compared with controls. By 2-year follow-up, symp-
tomatic recurrent same-level disc herniation was observed
in 6.5% of patients in the control cohort compared with 0%
in the annular closure cohort. In their follow-up report,
potentially significant costs savings with annular closure
were estimated to be $222,573 per 100 primary discectomy
procedures [28]. In another randomized control trial of the
Xclose Tissue Repair System (Anulex Technologies, Min-
netonka, MN), the authors observed a significant reduction
in the rate of reherniation at 3 and 6 months postoperatively
in patients with leg-dominant pain receiving annular repair
after discectomy [29]. Non-significant trends favoring repair
were observed through 2 years. Annular repair did not lead
to increased risks for patients.

Our study has several limitations. A porcine cervical
spine was chosen to model the human lumbar spine for
which the device is optimized. The porcine cervical spine is
a suitable analog for human lumbar spine comparison
based on its geometry, anatomy [10], and function [11].
Despite the similarities, it is important to recognize that
there are also differences including increased hydration of
pig NP as compared with human NP. This difference would
in theory increase the likelihood of NP extrusion in our
young healthy pig model. Our in vivo study involved a
simulated open approach to the cervical disc, and we did
not evaluate the use of the device through a tubular system.
We also need to recognize the heterogeneity in the morphol-
ogy of human disc herniations. There may be a subset of
patients in whom AF suture repair strategies would be
applicable. For example, AF tissues need to be able to be
reapproximated and held together by suture closure. Large
uncontained AF defects pose a challenge and may require
alternate biologic or combined strategies.

Conclusions

In summary, this study shows promise in the use of a novel
suture closure device for AF repair following surgical
discectomy. A Dines knot with four half-hitches provided the
optimal configuration, and the in vivo study validated the fea-
sibility of AF closure sustained through 4 weeks. This
motivates a planned clinical study to further evaluate the fea-
sibility, safety, and effectiveness of this device in patients
requiring surgery for lumbar disc herniation.
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