Marquette University
e-Publications@Marquette

Biomedical Engineering Faculty Research and

Publications Biomedical Engineering, Department of

5-1-2009

Bioresorbable Film for the Prevention of Adhesion
to the Anterior Spine After Anterolateral
Discectomy

Lisa S. Klopp
Colorado State University

Jeftrey M. Toth
Marquette University, jeffrey.toth@marquette.edu

William C. Welch
University of Pittsburgh

Sangeeta Rao
Colorado State University

Joseph W. Tai

MacroPore Biosurgery, Inc.

See next page for additional authors

Accepted version. The Spine Journal, Vol. 9, No. 5 (May 2009): 411-417. DOL. © 2009 Elsevier BV.
Used with permission.


https://epublications.marquette.edu
https://epublications.marquette.edu/bioengin_fac
https://epublications.marquette.edu/bioengin_fac
https://epublications.marquette.edu/bioengin
https://doi.org/10.1016/j.spinee.2009.01.001

Authors
Lisa S. Klopp, Jeffrey M. Toth, William C. Welch, Sangeeta Rao, Joseph W. Tai, Kevin A. Thomas, and Simon
Turner

This article is available at e-Publications@Marquette: https://epublications.marquette.edu/bioengin_fac/546


https://epublications.marquette.edu/bioengin_fac/546

Marquette University

e-Publications@Marquette

Biomedical Engineering Faculty Research and
Publications/College of Engineering

This paper is NOT THE PUBLISHED VERSION; but the author’s final, peer-reviewed
manuscript. The published version may be accessed by following the link in the citation
below.

The Spine Journal, Vol. 9, No. 5 (March, 2009): 411-417. DOI. This article is © Elsevier and
permission has been granted for this version to appear in e-Publications@Marquette. Elsevier
does not grant permission for this article to be further copied/distributed or hosted elsewhere
without the express permission from Elsevier.

Bioresorbable Film for the Prevention of Adhesion to the
Anterior Spine After Anterolateral Discectomy

Lisa S. Klopp
Department of Clinical Sciences, Colorado State University, 300 West Drake Rd, Fort Collins, CO

Jeffrey M. Toth
Department of Orthopaedic Surgery, Medical College of Wisconsin, Milwaukee, WI

William C. Welch
Department of Neurological Surgery, University of Pittsburgh, Pittsburgh, PA

Sangeeta Rao
Department of Clinical Sciences, Colorado State University, 300 West Drake Rd, Fort Collins, CO

Joseph W. Tai
MacroPore Biosurgery, Cytori Therapeutics Company, 3020 Callan Rd, San Diego, CA

Kevin A. Thomas
MacroPore Biosurgery, Cytori Therapeutics Company, 3020 Callan Rd, San Diego, CA

Simon Turner
Department of Clinical Sciences, Colorado State University, 300 West Drake Rd, Fort Collins, CO


https://doi.org/10.1016/j.spinee.2009.01.001
http://epublications.marquette.edu/
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#!

Keywords
Postoperative adhesions, Discectomy, Polylactide film, Antiadhesion barrier

Abstract
Background context
The development of scar tissue and adhesions postoperatively is a natural consequence of

healing but can be associated with medical complications and render reoperation difficult.
Many biocompatible products have been evaluated as barriers or deterrents to adhesions.

Purpose

To evaluate the efficacy of a bioresorbable polylactide film as a barrier to adhesion formation
after anterolateral discectomy.

Study design
Experimental study.
Methods

Seven, skeletally mature female sheep underwent a retroperitoneal approach to the
anterolateral lumbar spine. A discectomy was performed at two levels with an intervening
unoperated disc site. One site was treated with a polylactide film barrier (Hydrosorb Shield;
MacroPore Biosurgery, San Diego, CA) affixed with tacks manufactured from the same
material. The second site was left untreated. Treatment and control sites were randomly
assigned. Postmortem analysis included scar tenacity scoring on five spines and histological
evaluation on two spines.

Results

The application of the Hydrosorb film barrier allowed a definite dissection plane during scar
tenacity scoring and there was a significant difference in the development of adhesions to the
disc between the control and treated sites. Histological evaluation revealed evidence of barrier
formation to scar tissue and no significant adverse inflammatory reactions.

Conclusions

Hydrosorb Shield appears to be an effective postoperative barrier to scar tissue adhesion after
anterolateral discectomy. The use of polylactide tacks was beneficial to affix the barrier film in
place. Safety issues associated with delayed healing or adverse response to the film or tacks
were not observed. Hydrosorb film may be useful as an antiadhesion barrier facilitating
dissection during surgical revision in anterior approaches to the spine. Further studies are
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indicated to evaluate the performance of the bioresorbable material as an antiadhesion barrier
in techniques of spinal fusion and disc replacement.

Introduction

Postoperative fibrosis is a natural consequence of wound healing. Fibrosis, which can lead to
adhesions between healing tissues, is a problem that is seen in a wide array of surgical
specialties. Adhesions that form postoperatively have been associated with “failed back
syndrome,” bowel obstruction, chronic pain, and infertility 11 [21. 81 [4]. 5], [6], [7], [8], [9], [10], [11], [12], [13],
[14], [15], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25] | gddition, subsequent surgeries are made more
challenging and can lead to organ injury because of attachment between structures that are
usually independent of one another. Extensive research has been conducted into the
mechanism of adhesion formation. It is believed that after surgery there is a decreased
concentration and activity of fibrinolytic activity, resulting in deposition of fibrin matrix on which
organized collagen, and thus, scar formation can occur &1 (2 [8]. [6]. [7], [8], [11], [14], [15], [20], [23], [26], [27]
Because of the morbidity associated with unwanted or excessive adhesion between tissues,
multiple strategies have been used and studied to prevent adhesion formation. Many of these
have included pharmacologic or biochemical methods of impairing scar tissue formation.

Others have included the use of a physical barrier to adhesion attachment to the tissues of
concern 21 6, [9], [13], [20], [22], [24], [25], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], [40], [41], [42], [43], [44], [45],

[46], [47], [48], [49], [50], [51], [52], [53], [54], [585], [56], [57], [58], [59], [60], [61], [62], [63]

There are several preclinical studies evaluating safety and efficacy associated with the use of
a bioresorbable polylactide film (70:30 poly-I-lactide-co-d,I-lactide barrier film; Hydrosorb
Shield; MacroPore Biosurgery, San Diego, CA) as a barrier to adhesion formation. Most of
these studies have shown that this bioresorbable film is efficacious in minimizing adhesion
after various procedures including hemisternotomy and pericardiumotomy, pelvic surgery,
spinal laminectomy, abdominal surgery, and bowel anastomosis surgery [2. [81 [22]. [64], [65] ' Most
recently, a study of Hydrosorb Shield revealed its efficacy as a barrier to adhesion between the
paraspinal musculature and dura mater of the spinal cord in sheep without inhibiting healing of
an iatrogenically induced dural tear with cerebrospinal fluid leakage 8., In the current study,
the safety and efficacy of this film, as well as affixing tacks made of the same material, were
investigated in an anterolateral discectomy model, an anatomical location not previously
studied for this material.

Materials and methods
Animal care and use
Seven skeletally mature, female, Rambouillet—Columbian cross sheep were used in this study.

The care and use of these animals were approved by and in compliance with the Colorado
State University Animal Care and Use Committee.
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Anesthesia and pain management

The sheep were sedated with 7.5 mg of diazepam IV (Hospira, Inc., Lake Forest, IL, USA) and
4 mg/kg of ketamine IV (Ketavet; IVX Animal Health, Inc., St. Joseph, MO, USA), and
anesthesia was maintained with isoflurane at 1.5% to 3% in 100% oxygen at 2 I/min (IsoFlo;
Abbott Laboratories, North Chicago, IL, USA). The sheep were given 15 mg/kg of atracurium
IV (Mayne Pharma, Inc., Paramus, NJ, USA) intraoperatively to facilitate muscle dissection
and retraction. Respiration was controlled with a mechanical ventilator to maintain
normocapnia and adequate oxygenation.

Fentanyl patches (5 and 10 mg) (Mylan Laboratories, Inc., Morgantown, WV, USA) were
applied 24 hours preoperatively and maintained for 3 days. In addition, phenylbutazone 1 g per
os (VetOne; Bimeda, Inc., LeSueur, MN, USA) was administered daily from one day
preoperatively to 3 days postoperatively. Before skin incision, 8 ml of lidocaine 2% (Hospira,
Inc., Lake Forest, IL, USA) was injected into the subcutaneous tissues along the length of the
incision site.

Operative procedure

The sheep were placed in right lateral recumbency and were clipped and prepared for aseptic
surgery from the last rib to the ilium in the cranial to caudal direction and from the posterior
midline to halfway to the anterior midline. A retroperitoneal surgical approach to the spine was
performed. The psoas major muscle was dissected from the left anterolateral aspect of the
intervertebral disc and the two adjacent vertebral bodies that comprised a single study site.
Each study site was separated by an undissected segment to separate treatment and control
levels. One site was used for autonomous control and the other site for treatment (Table 1).
Two small drill holes (anterior and posterior) using a Steinmann pin were made in the vertebral
bodies on both sides of the intervertebral disc at both the treatment and control sites. A
bioresorbable tack made of the same material as the barrier film was placed in each drill hole
at the control site. The annulus fibrosus and nucleus pulposus of the intervertebral disc were
disrupted with an 18-g hypodermic needle and the outer annulus fibrosis was removed using

discectomy forceps.

Table 1. Results of scar tenacity scoring

Sheep number Spinal level and treatment Score 1 (LSK) Score 2 (JWT) Score 3 (WCW)

L2—-L3 treatment 2.5 2.5 3
1 L4—-L5 control 4 4 4
L1-L2 control 3.5 3.5 3
2 L3-L4 treatment 1 1 2
L1-L2 control 3 3 3
3 L3-L4 treatment 0 0 2
4 L2—-L3 control 3 3 4
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Sheep number Spinal level and treatment Score 1 (LSK) Score 2 (JWT) Score 3 (WCW)

L4—-L5 treatment 0 0 3
5 L2—-L3 treatment 1 1 3
L4—L5 control 2 2 4

Average = standard deviation; control, 3.27 + 0.68; and treatment, 1.47 £ 1.17.

Scar tenacity score: 0, no adhesions present; 1, thin membranous threads, easily detachable;
2, slight adhesion, some blunt dissection required; 3, moderate adhesions, blunt dissection, or
some sharp dissection; and 4, tenacious adhesions, sharp dissection required.

At the treatment site, a sheet (approximately 3.5 cm x 1.5 cm x 0.02 mm) of 70:30 poly-I-
lactide-co-d,|-lactide barrier film (Hydrosorb Shield; MacroPore Biosurgery, San Diego, CA,
USA) was placed to overlay the disrupted intervertebral disc and adjacent vertebral bodies.
Hypodermic needles (25 g) were placed through the film into the drill holes to provide
temporary fixation of the film, then individually removed, and replaced with a bioresorbable
tack. Once all four tacks were applied, the muscle fascia, subcutaneous tissues, and skin were
approximated in a routine manner.

Evaluation of the antiadhesion efficacy of the barrier

At 8 weeks postoperatively, the sheep were euthanized with 20 ml of pentobarbital sodium
euthanasia solution. The lumbar spines were removed en bloc with the anterolateral spinal
muscles undisturbed. Two of the spines were submitted for histological evaluation. The
remaining five spines were evaluated grossly for scar tenacity. The degree of difficulty in
removing the muscle and the amount of scar tissue directly in contact with the surgical site was
scored by three independent, blinded observers. Two of the observers (LSK and JWT) were
present for the dissection at postmortem. The third observer (WCW) made scoring evaluations
by digital videotape of the dissections. The evaluation scale used for scar tenacity scoring is
shown in Table 1. The scoring system used has been previously described [66]. For data
analysis, SPSS for Windows 11.5 was used (SPSS, Inc., Chicago, IL, USA).

Histological evaluation

The disc spaces of all spinal levels were sectioned in the sagittal plane, at a slight angle to the
left anteriorly in the coronal plane, to produce four tissue slabs for analysis. The two medial
slabs were routinely processed for decalcified histology and tissue embedding was performed.
Tissue blocks were cut on a rotary microtome to produce thin sections between 6 and 10 um in
thickness. To evaluate the host response seen in tissues adjacent to the polylactide film and
tacks the sections were stained with hematoxylin and eosin, toluidine blue-O metachromasia,
and Mallory—Heidenhain stains. Approximately, 5 to 10 sagittal plane sections through two
lateral slabs were processed for undecalcified samples. Differential staining using a proprietary
trichrome-based stain was used to permit histological differentiation in the undecalcified
histology.
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Images of the decalcified and undecalcified histology were scanned using image analysis
system software (Image Pro Plus Software v 5.0; Media Cybernetics, Silver Spring, MD, USA)
on a PC workstation. The host response to the polylactide film and tacks was characterized
using ASTM F981 “Standard Practice for Assessment of Compatibility of Biomaterials for
Surgical Implants with Respect to Effect of Materials on Muscle and Bone” [66]. The scoring
values for the ASTM guidelines are found in Table 2.

Table 2. Scoring system for inflammatory reaction to the polylactide film and tacks

Number of elements Score (quantitative) Score (qualitative)
0 0 None
1-5 0.5 Very slight
6-15 1 Mild
16-25 2 Moderate
26 or more 3 Marked

From the ASTM F981 “Standard Practice for Assessment of Compatibility of Biomaterials for
Surgical Implants with Respect to the Effect of Materials on Muscle and Bone.”

Analysis of the sections was based on the following criteria: characterization of the type and
orientation of tissues adjacent to the polylactide film and tacks; presence or absence of tissue
planes with and without the film and tacks that might create a surgical dissection plane and
eliminate or reduce adhesions adjacent to disc tissues after discectomy; and characterization
of the host response to the polylactide film and tacks.

Results

There were no implant- or surgery-related complications associated with this study and all
sheep were ambulating and eating on the first postoperative day. In addition, there was no
evidence of systemic disease or wound infection or dehiscence in any sheep.

Scar scores

The scar tenacity scoring results and parameters defining the scores are shown in Table 1.
There was complete agreement between the two observers who were present and scored the
dissection at postmortem (LSK and JWT). The remote observer (WCW), tended to assign
higher scar scores to treatment sites, with, 3 samples scored 2 grades higher and 1 scored 3
grades higher; the remaining 6 of 10 samples were scored the same or within 1 grade. Overall
the control sample scores averaged 3.27 (standard deviation, 0.68), and the film-treated
sample scores averaged 1.47 (standard deviation, 1.17).

Because each animal had a film-treated and untreated (control) sample, the scoring data were
considered to be related (paired) samples. Therefore, a Wilcoxon signed-ranks test was
performed on the 15 pairs of data (5 animals x 3 scorers). For each of the 15 pairs the treated
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score was less than the untreated score (zero ties). The difference in the treated and control
scores was significant at p < .001. Photographs of the dissection of control and treatment sites
are found in Fig. 1, top and bottom, respectively.

Fig. 1. Postmortem dissection of the untreated (control) discectomy site. (Top) The tissues
were difficult to remove and adhesions (arrow) to the periosteum and outer annulus fibrosis
were observed. Postmortem dissection of the treated discectomy site. (Bottom) The tissues
were easily detached by gentle elevation because of the presence of the Hydrosorb film. The
elevated tissue is indicated by the arrow.

Histological results

Histology was unable to determine the tenacity of tissues to the disc or other anatomic
structures. However, histology was evaluated for the presence/absence of tissue planes that
might create a surgical dissection plane and eliminate or reduce adhesions adjacent to disc
tissues after discectomy with and without the polylactide film and tacks. Sections of the control
(untreated) disc spaces confirmed disruption of the anterolateral annulus and the presence of
fibrovascular tissues in direct contact with Sharpey's fibers of the annulus (Fig. 2, top, left). No
adhesions between distinct tissue planes/layers adjacent to the polylactide film-treated levels
were observed. Formation of an organized collagen fiber matrix, which ran cranial to caudal,
was observed external to the polylactide film by histology. This layer was not in contact with
the anterior aspect of the disc space (Fig. 2, top, right). Thus, in the film-treated levels, no
adhesions to the anterior aspect of the disc were recognized in decalcified sections. Histology
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further revealed that when the tacks were found in bony tissues, no intervening fibrous
interface was observed adjacent to the tacks in the bone. Fibrovascular tissues and formation
of organized collagen fiber matrices were observed adjacent to the heads of the tacks that
were seen external to the bony cortex. The polylactide film was fragmented and surrounded by
fibroblasts and fibrovascular tissues (Fig. 2, top, right and bottom, left). Exostoses adjacent to
the anterior treatment sites were not observed by microradiography or histology. No
osteoclastic resorption was observed adjacent to the polylactide tacks or polylactide film. Bone
density as visualized on microradiographs identified no changes in bone mineralization
adjacent to the polylactide tacks and film.

Fig. 2. Histology of the untreated (control) discectomy site showing fibrous connective tissues
(indicated by arrow) adjacent to the discectomy site and adhered to the periosteum. (Top, left)
The intervertebral disc is indicated by the asterisk. Mallory—Heidenhain stain, 3x original
magnification. Histology of the treated discectomy site. The operated region has been
protected from fibrosis and adhesions by the Hydrosorb film (indicated by arrow). The
discectomy injury is evident as a cleft in the intervertebral disc (indicated by asterisk). (Top,
right) Mallory—Heidenhain stain, 3% original magnification. Partially polarized light
photomicrograph demonstrating a fibrous tissue interface with fibroblasts in fibrous tissues
adjacent to the birefringent polylactide film (indicated by asterisk). (Bottom, left) Hematoxylin
and eosin (H&E) stain, partially polarized light, 200x original magnification. Histology image
demonstrating a single foreign body giant cell (indicated by arrow) at the interface of the
polylactide film. (Bottom, right) The vertebral end plate is indicated by the asterisk. H&E stain,
313x original magnification.
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No inflammatory response was observed in tissues anterior to the disc in untreated control
levels. No acute inflammatory response was observed adjacent to the film or tacks. In one of
the two treated levels examined by histology, no inflammatory response was observed
adjacent to the polylactide tacks. An occasional single foreign body giant cell was observed on
the surface of the polylactide film (Eig. 2, bottom, right). This was an infrequent finding. Based
on these findings, the host response to the polylactide film and tacks would be best
interpreted/characterized as “very slight reaction” by ASTM F981-04 561,

Discussion

A multitude of studies have been performed to evaluate the use of various products as
antiadhesion barriers [l 1, [9], [10], [13], [20], [22], [24], [25], [27], [28], [30], [31], [32], [33], [36], [37], [38], [39], [40], [41], [42],
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formation is a normal part of the healing process, excessive scarring or scarring in regions
where adhesions cause anatomical dysfunction (eg, intestinal adhesions) is detrimental. The
purpose of this study was to evaluate a bioresorbable 70:30 poly-I-lactide-co-d,l-lactide barrier
film (Hydrosorb Shield, MacroPore Biosurgery, San Diego, CA, USA) as a barrier to adhesion
in an anterior discectomy model. The use of this product has been previously reported to have
efficacy in surgical scenarios to reinforce soft tissue, for temporary wound support, and

to minimize soft-tissue adhesions in the viscera [2 [2 [22]. [64]. [65] |n gddition, this film has been
studied in several models evaluating efficacy against peridural adhesion in laminectomy and
laminotomy models 241 [46], [64]

Nonparametric statistical analysis (sign test) demonstrated a significant difference in the
control and film-treated scar scores (p < .001). It should be noted, however, that this study
included a small number of animals, and only a single time period was evaluated. Evaluation of
scar scoring from video has both advantages and disadvantages. The advantages include the
ability to re-evaluate the video multiple times to determine the scar score. However,
visualization is limited and the barrier film margins and relationships to scar tissue may not be
as easily determined as by direct observation. The area of interest is more difficult to observe
on video recording and the remote observer has a more difficult task in assessing the scar
scoring. In summary, a larger number of sites (treated/control), perhaps at additional time
points, and direct observation of all scar scoring would address the limitations of the present
study.

On histological analysis, the barrier film was associated with slight inflammatory reactions. This
is not unexpected for a few reasons. First, although it is general accepted that most commonly
used, marketed bioresorbable material do not incite significant inflammation, some degree of
inflammation may be expected by the process of having a foreign object in the surgical-altered
tissues. Macrophagocytic inflammation would be expected to be involved in the breakdown
and bioresorption of this material. Second, a slight amount of inflammation is within acceptable
limits. The benefit that was observed with the use of Hydrosorb Shield in this study was the
lack or decreased amount of adhesion to the disc and adjacent vertebral body end plates, both
on scar scoring and histological evaluation. In addition, the tacks made from an identical
material did not induce any pathology associated with their elevated profile and remained well
seated in the cortex of the vertebral bodies without evidence of osteolysis on histology.
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Previous studies have shown that the polylactide film does not elicit an acute or chronic
inflammatory response [ [22]. [24]. [46]. [65] | 3 cardiac model after 4 weeks, there was a mild
inflammatory response with isolated lymphocytes and giant cells, with no evidence of an acute
or chronic inflammatory reaction to the film &, In this same cardiac model at 49 weeks there
was no gross or palpable presence of implanted polylactide material, histology did not reveal
the presence of any residual polymer, and there was no evidence of inflammation or foreign
body reaction [, The data at 49 weeks confirmed the earlier results in the cardiac model that
that the polylactide film effectively controlled adhesions. With the same film in a pelvic
adhesion model 122, there was only a mild inflammatory response at 4 weeks, which was
reduced by 12 weeks. At both 4 and 12 weeks the film significantly reduced the formation on
pelvic adhesions. The adhesion data also suggested that soft-tissue attachments did not form
continuously throughout the postoperative healing period and that that some early soft-tissue
attachments did not persist during the healing period 22, Therefore, the 8-week time point for
the present study was based on allowing sufficient time for postoperative adhesions to occur, if
adhesions were to occur at all in either treated or control animals, and the previous published
studies demonstrating that the film degraded without eliciting either an acute or chronic
inflammatory response.

In summary, the findings of this study demonstrate that Hydrosorb Shield applied as described
is an efficacious barrier to adhesions in an ovine anterior discectomy model in the sheep.
Histological evaluation identified fibrous attachment to the intervertebral disc in the absence of
the barrier film, and a lack of fibrous attachment in sites where the barrier film was present. A
dissection plane was easily identifiable at sites where the film was present. This is especially
helpful in situations where surgical revision may be required. The film and the tacks were in the
process of resorption at the termination of this 8-week study. In this study, the film barrier and
tacks presented no apparent safety issues related to their placement near the paraspinal
tissues and intervertebral disc. The current study evaluated the performance of the polylactide
barrier film after anterolateral lumbar discectomy in the ovine model only. Based on the
encouraging results in this model, future studies could be conducted to evaluate the
performance of the bioresorbable barrier film after disc replacement or spinal fusion. The risks
and benefits with the use of the barrier in these procedures are not known. Long-term efficacy
in preventing adhesion in anterolateral spine in the human patient has not been reported and
results may differ from animal models.

References

[1] M. Samy Abdou, R.W. Hardy Jr., Epidural fibrosis and the failed back surgery
syndrome: history and physical findings, Neurol Res, 21 (Suppl. 1) (1999), pp. S5-
S8.

[2] S. Avital, T.J. Bollinger, J.D. Wilkinson, et al., Preventing intra-abdominal adhesions
with polylactic acid film: an animal study, Dis Colon Rectum, 48 (2005), pp. 153-
157.

[3] M. Bendebba, H. Augustus van Alphen, D.M. Long, Association between peridural scar
and activity-related pain after lumbar discectomy, Neurol Res, 21 (Suppl. 1) (1999),
pp. S37-S42.


https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bib9
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bib22
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bib24
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bib46
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bib65
https://www.sciencedirect.com/topics/medicine-and-dentistry/lymphocyte
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bib9
https://www.sciencedirect.com/topics/medicine-and-dentistry/palpation
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bib71
https://www.sciencedirect.com/topics/medicine-and-dentistry/pelvis
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bib22
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bib22
https://www.sciencedirect.com/topics/medicine-and-dentistry/intervertebral-disk
https://www.sciencedirect.com/topics/medicine-and-dentistry/surgical-revision
https://www.sciencedirect.com/topics/medicine-and-dentistry/lumbar-discectomy
https://www.sciencedirect.com/topics/medicine-and-dentistry/spinal-fusion
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib1
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib2
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib3

[4] Y.F. Fan, V.F. Chong, S.K. Tan, Failed back surgery syndrome: differentiating epidural
fibrosis and recurrent disc prolapse with Gd-DTPA enhanced MRI, Singapore Med
J, 36 (1995), pp. 153-156.

[5] E.W. Fritsch, J. Heisel, S. Rupp, The failed back surgery syndrome: reasons,
intraoperative findings, and long-term results: a report of 182 operative
treatments, Spine, 21 (1996), pp. 626-633.

[6] F.H. Geisler, Prevention of peridural fibrosis: current methodologies, Neurol Res, 21
(Suppl. 1) (1999), pp. S9-S22.

[7] L. Holmdahl, E. Eriksson, M. al-Jabreen, B. Risberg, Fibrinolysis in human peritoneum
during operation, Surgery, 119 (1996), pp. 701-705.

[8] L. Holmdahl, Making and covering of surgical footprints, Lancet, 353 (1999), pp. 1456-
1457.

[9] J. lliopoulos, G.B. Cornwall, R.O. Evans, et al., Evaluation of a bioabsorable polylactide
film in a large animal model for the reduction of retrosternal adhesions, J Surg
Res, 118 (2004), pp. 144-153.

[10] R.R. Jacobs, O. McClain, J. Neff, Control of postlaminectomy scar formation: an
experimental and clinical study, Spine, 5 (1980), pp. 223-229.

[11] E. Kern, C. Kuhbier, Pathogenesis, clinical aspects, therapy and prevention of
peritoneal adhesions, Ergeb Chir Orthop, 46 (1964), pp. 48-80.

[12] H. LaRocca, I. Macnab, The laminectomy membrane. Studies in its evolution,
characteristics, effects and prophylaxis in dogs, J Bone Joint Surg [Br], 56 (1974),
pp. 545-550.

[13] K.J. Lawson, J.L. Malycky, J.L. Berry, et al., Lamina repair and replacement to control
laminectomy membrane formation in dogs, Spine, 16 (Suppl. 6) (1991), pp. S222-
S226.

[14] T. Liakakos, N. Thomakos, P.M. Fine, et al., Peritoneal adhesions: etiology,
pathophysiology, and clinical significance. Recent advances in prevention and
management, Dig Surg, 18 (2001), pp. 260-273.

[15] J.C. Maroon, A. Abla, J. Bost, Association between peridural scar and persistent low
back pain after lumbar discectomy, Neurol Res, 21 (Suppl. 1) (1999), pp. S43-S46.

[16] J.S. Ross, R. Delamarter, M.G. Hueftle, et al., Gadolinium-DTPA-enhanced MR imaging
of the postoperative lumbar spine: time course and mechanism of enhancement,
AJR Am J Roentgenol, 152 (1989), pp. 825-834.

[17]1 J.S. Ross, J.T. Robertson, R.C. Frederickson, et al., Association between peridural
scar and recurrent radicular pain after lumbar discectomy: magnetic resonance
evaluation. ADCON-L European Study Group, Neurosurgery, 38 (1996), pp. 855-861.

[18] J.S. Ross, N. Obuchowski, M.T. Modic, MR evaluation of epidural fibrosis: proposed
grading system with intra- and inter-observer variability, Neurol Res, 21 (Suppl. 1)
(1999), pp. S23-S26.

[19] M.N. Songer, W. Rauschning, E.W. Carson, et al., Analysis of peridural scar formation
and its prevention after lumbar laminotomy and discectomy in dogs, Spine, 20
(1995), pp. 571-580.


https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib4
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib5
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib6
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib7
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib8
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib9
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib10
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib11
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib12
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib13
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib14
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib15
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib16
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib17
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib18
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib19

[20] K. Swolin, Experimental studies on the prevention of intra-abdominal adhesions.
Studies on rats with an emulsion of lipid and prednisolone, Acta Obstet Gynecol
Scand, 45 (1966), pp. 473-498.

[21] J.P. Vogelsang, M. Finkenstaedt, M. Vogelsang, et al., Recurrent pain after lumbar
discectomy: the diagnostic value of peridural scar on MRI, Eur Spine J, 8 (1999),
pp. 475-479.

[22] W.R. Walsh, R.O. Evans, J. lliopoulos, et al., Evaluation of a bioresorbable polylactide
sheet for the reduction of pelvic soft tissue attachments in a porcine animal
model, J Biomed Mater Res B Appl Biomater, 79 (2006), pp. 166-175.

[23] M.A. Weibel, G. Majno, Peritoneal adhesions and their relation to abdominal surgery.
A postmortem study, Am J Surg, 126 (1973), pp. 345-353.

[24] W.C. Welch, G.B. Cornwall, J.M. Toth, et al., Use of polylactide resorbable film as an
adhesion barrier, Orthopedics, 25 (Suppl. 10) (2002), pp. s1121-s1130.

[25] J.R. Wujek, S. Ahmad, A. Harel, et al., A carbohydrate polymer that effectively
prevents epidural fibrosis at laminectomy sites in the rat, Exp Neurol, 114 (1991),
pp. 237-245.

[26] Q. Hogan, J. Toth, Anatomy of soft tissues of the spinal canal, Reg Anesth Pain Med,
24 (1999), pp. 303-310.

[27] M.N. Vipond, S.A. Whawell, J.N. Thompson, et al., Peritoneal fibrinolytic activity and
intra-abdominal adhesions, Lancet, 335 (1990), pp. 1120-1122.

[28] H. Bora, S.V. Aykol, N. Akyurek, et al., Inhibition of epidural scar tissue formation after
spinal surgery: external irradiation vs. spinal membrane application, Int J Radiat
Oncol Biol Phys, 51 (2001), pp. 507-513.

[29] J. Brotchi, B. Pirotte, O. De Witte, et al., Prevention of epidural fibrosis in a
prospective series of 100 primary lumbo-sacral discectomy patients: follow-up
and assessment at re-operation, Neurol Res, 21 (Suppl. 1) (1999), pp. S47-S50.

[30] A. Ceviz, A. Arslan, H.E. Ak, et al., The effect of urokinase in preventing the formation
of epidural fibrosis and/or leptomeningeal arachnoiditis, Surg Neurol, 47 (1997),
pp. 124-127.

[31] T.Y. Chuang, W.J. Chen, L.H. Chen, et al., Acute postoperative aggravation of
radiculopathy as a complication of free fat transplantation in lumbar disc surgery:
case report, Changgeng Yi Xue Za Zhi, 22 (1999), pp. 498-502.

[32] A. Colak, M. Bavbek, N.E. Aydin, et al., Effect of CO2 laser on spinal epidural fibrosis,
Acta Neurochir (Wien), 138 (1996), pp. 162-166.

[33] S.D. Cook, A.B. Prewett, J.E. Dalton, et al., Reduction in perineural scar formation
after laminectomy with polyactive membrane sheets, Spine, 19 (1994), pp. 1815-
1825.

[34] L. de Medinaceli, R. al Khoury, M. Merle, Large amounts of polylactic acid in contact
with divided nerve sheaths have no adverse effects on regeneration, J Reconstr
Microsurg, 11 (1995), pp. 43-49.

[35] N. de Tribolet, F. Porchet, T.W. Lutz, et al., Clinical assessment of a novel
antiadhesion barrier gel: prospective, randomized, multicenter, clinical trial of


https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib20
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib21
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib22
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib23
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib24
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib25
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib26
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib27
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib28
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib29
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib30
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib31
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib32
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib33
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib34
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib35

ADCON-L to inhibit postoperative peridural fibrosis and related symptoms after
lumbar discectomy, Am J Orthop, 27 (1998), pp. 111-120.

[36] F.A. DiFazio, J.B. Nichols, M.H. Pope, et al., The use of expanded
polytetrafluoroethylene as an interpositional membrane after lumbar
laminectomy, Spine, 20 (1995), pp. 986-991.

[37] F. Dogulu, G. Kurt, H. Emmez, et al., Topical mitomycin C-induced inhibition of
postlaminectomy peridural fibrosis in rabbits, J Neurosurg, 99 (Suppl. 1) (2003), pp.
76-79.

[38] S.L. Einhaus, J.T. Robertson, F.C. Dohan Jr., et al., Reduction of peridural fibrosis
after lumbar laminotomy and discectomy in dogs by a resorbable gel (ADCON-L),
Spine, 22 (1997), pp. 1440-1446.

[39] D. Ganzer, K. Giese, L. Volker, et al., Two-year results after lumbar microdiscectomy
with and without prophylaxis of a peridural fibrosis using Adcon-L, Arch Orthop
Trauma Surg, 123 (2003), pp. 17-21.

[40] S.E. Gautier, M. Oudega, M. Fragoso, et al., Poly(alpha-hydroxyacids) for application
in the spinal cord: resorbability and biocompatibility with adult rat Schwann cells
and spinal cord, J Biomed Mater Res, 42 (1998), pp. 642-654.

[41] P.C. Gerszten, J.J. Moossy, J.C. Flickinger, et al., Inhibition of peridural fibrosis after
laminectomy using low-dose external beam radiation in a dog model,
Neurosurgery, 46 (2000), pp. 1478-1485.

[42] Y. He, M. Revel, B. Loty, A quantitative model of post-laminectomy scar formation.
Effects of a nonsteroidal anti-inflammatory drug, Spine, 20 (1995), pp. 557-563.

[43] T.T. Jensen, K. Asmussen, E.M. Berg-Hansen, et al., First-time operation for lumbar
disc herniation with or without free fat transplantation. Prospective triple-blind
randomized study with reference to clinical factors and enhanced computed
tomographic scan 1 year after operation, Spine, 21 (1996), pp. 1072-1076.

[44] S. Kemaloglu, U. Ozkan, F. Yilmaz, et al., Prevention of spinal epidural fibrosis by
recombinant tissue plasminogen activator in rats, Spinal Cord, 41 (2003), pp. 427-
431.

[45] G. Kessel, H.G. Bocher-Schwarz, M. Schwarz, Use of ADCON-L to prevent peridural
fibrosis following re-operation for recurrent lumbar radiculopathy: clinical results,
Minim Invasive Neurosurg, 45 (2002), pp. 129-131.

[46] L.S. Klopp, W.C. Welch, J.W. Tai, et al., Use of polylactide resorbable film as a barrier
to postoperative peridural adhesion in an ovine dorsal laminectomy model,
Neurosurg Focus, 16 (2004), pp. 8-16.

[47] T.E. Kuivila, J.L. Berry, G.R. Bell, et al., Heparinized materials for control of the
formation of the laminectomy membrane in experimental laminectomies in dogs,
Clin Orthop Relat Res, 236 (1988), pp. 166-174.

[48] J.Y. Lee, H. Ebel, M. Friese, et al., Influence of TachoComb in comparison to local
hemostyptic agents on epidural fibrosis in a rat laminectomy model, Minim
Invasive Neurosurg, 46 (2003), pp. 106-109.


https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib36
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib37
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib38
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib39
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib40
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib41
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib42
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib43
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib44
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib45
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib46
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib47
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib48

[49] A. Llado, J. Guimera, F. Garcia, et al., Expanded polytetrafluoroethylene membrane
for the prevention of peridural fibrosis after spinal surgery: an experimental
study, Eur Spine J, 8 (1999), pp. 138-143.

[50] H. Lo, R.C. Frederickson, Use of ADCON in neurosurgery: preclinical review, Neurol
Res, 21 (1999), pp. S27-S32.

[51] M.A. MacKay, J.S. Fischgrund, H.N. Herkowitz, et al., The effect of interposition
membrane on the outcome of lumbar laminectomy and discectomy, Spine, 20
(1995), pp. 1793-1796.

[62] S. Martin-Ferrer, Failure of autologous fat grafts to prevent postoperative epidural
fibrosis in surgery of the lumbar spine, Neurosurgery, 24 (1989), pp. 718-721.

[53] Massie JB, Giurea A, Waters S, et al. Anti-fibrotic gels versus a barrier sheet in the
prevention of epidural fibrosis postlaminectomy. Paper presented at 16th Annual
Meeting; October 31-November 3, 2001; Seattle, WA: 120-122.

[54] E. Nyilas, T.H. Chiu, R.L. Sidman, et al., Peripheral nerve repair with bioresorbable
prosthesis, Trans Am Soc Artif Intern Organs, 29 (1983), pp. 307-313.

[65] M. Oudega, S.E. Gautier, P. Chapon, et al., Axonal regeneration into Schwann cell
grafts within resorbable poly(alpha-hydroxyacid) guidance channels in the adult
rat spinal cord, Biomaterials, 22 (2001), pp. 1125-1136.

[56] J.L. Petrie, J.S. Ross, Use of ADCON-L to inhibit postoperative peridural fibrosis and
related symptoms following lumbar disc surgery: a preliminary report, Eur Spine
J, 5 (Suppl. 1) (1996), pp. S10-S17.

[57] F. Porchet, D. Lombardi, J. de Preux, et al., Inhibition of epidural fibrosis with ADCON-
L: effect on clinical outcome one year following re-operation for recurrent lumbar
radiculopathy, Neurol Res, 21 (Suppl. 1) (1999), pp. S51-S60.

[58] V.R. Prusick, D.S. Lint, W.J. Bruder, Cauda equina syndrome as a complication of free
epidural fat-grafting. A report of two cases and a review of the literature, J Bone
Joint Surg Am, 70 (1988), pp. 1256-1258.

[59] J.J. Quist, W.J. Dhert, B.P. Meij, et al., The prevention of peridural adhesions. A
comparative long-term histomorphometric study using a biodegradable barrier
and a fat graft, J Bone Joint Surg Br, 80 (1998), pp. 520-526.

[60] J.T. Robertson, A.L. Meric, F.C. Dohan Jr., et al., The reduction of postlaminectomy
peridural fibrosis in rabbits by a carbohydrate polymer, J Neurosurg, 79 (1993), pp.
89-95.

[61] J.T. Robertson, K. Maier, R.W. Anderson, et al., Prevention of epidural fibrosis with
ADCON-L in presence of a durotomy during lumbar disc surgery: experiences
with a pre-clinical model, Neurol Res, 21 (Suppl. 1) (1999), pp. S61-S66.

[62] A.L. Schimizzi, J.B. Massie, M. Murphy, et al., High-molecular-weight hyaluronan
inhibits macrophage proliferation and cytokine release in the early wound of a
preclinical postlaminectomy rat model, Spine J, 6 (2006), pp. 550-556.

[63] B.R. Seckel, T.H. Chiu, E. Nyilas, et al., Nerve regeneration through synthetic
biodegradable nerve guides: regulation by the target organ, Plast Reconstr Surg,
74 (1984), pp. 173-181.


https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib49
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib50
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib51
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib52
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib53
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib54
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib55
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib56
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib57
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib58
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib59
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib60
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib61
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib62
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib63

[64] W.H. Akeson, J.B. Massie, B. Huang, et al., Topical high-molecular-weight hyaluronan
and a roofing barrier sheet equally inhibit postlaminectomy fibrosis, Spine J, 5
(2005), pp. 180-190.

[65] Tai JW, Wiseman DC, Moser RC, et al. Resorbable polylactide polymer film does not
inhibit healing in a rabbit anastomosis model. Transactions of the 30th Annual Meeting
of the Society for Biomaterials; 2005: 316.

[66] ASTM F981-04 Standard Practice for assessment of compatibility of biomaterials for
surgical implants with respect to effect of materials on muscle and bone, Available
at: ASTM International, West Conshohocken, PA (2004) www.astm.org Accessed May
15, 2008

[67] L.D. Hieb, D.L. Stevens, Spontaneous postoperative cerebrospinal fluid leaks
following application of anti-adhesion barrier gel: case report and review of the
literature, Spine, 26 (2001), pp. 748-751.

[68] J.L. Hinton Jr., D.J. Warejcka, Y. Mei, et al., Inhibition of epidural scar formation after
lumbar laminectomy in the rat, Spine, 20 (1995), pp. 564-570.

[69] I. Mohsenipour, M. Daniaux, F. Aichner, et al., Prevention of local scar formation after
operative discectomy for lumbar disc herniation, Acta Neurochir (Wien), 140 (1998),
pp. 9-13.

[70] J.T. Robertson, J. Soble-Smith, N. Powers, et al., Prevention of cerebrospinal fistulae
and reduction of epidural scar with new surgical hemostat device in a porcine
laminectomy model, Spine, 28 (2003), pp. 2298-2303.

[71] Cornwall GB, Walsh WR, lliopoulos J, et al. Long term evaluation of a polylactide film in a
retrosternal pericardial adhesion model. Paper presented at Transactions of the 7th
World Biomaterials Congress, Sydney, Australia, 2004.

This study was supported by MacroPore Biosurgery, 3020 Callan Road, San Diego, CA
92121, USA.

The animal used in this study was approved by and in compliance with the Colorado
State University Animal Care and Use Committee.

FDA drug/device status: approved for this indication (Hydrosorb Shield).

Author disclosures: LSK (research support from MacroPore Biosurgery); JMT (received
research support from Medtronic, Cytori, DePuy Spine; consultant at Medtronic); WCW
(stockholder in Transcendental Spine; consultant at Synthes; speaker at Zimmer Spine
and Stryker Spine); JWT (stockholder, employee Alphatec Spine Inc); KAT (employee
PaxMed International LLC).


https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib64
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib65
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib66
http://www.astm.org/
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib67
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib68
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib69
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib70
https://www.sciencedirect.com/science/article/pii/S1529943009000102?via%3Dihub#bbib71

	Marquette University
	e-Publications@Marquette
	5-1-2009

	Bioresorbable Film for the Prevention of Adhesion to the Anterior Spine After Anterolateral Discectomy
	Lisa S. Klopp
	Jeffrey M. Toth
	William C. Welch
	Sangeeta Rao
	Joseph W. Tai
	See next page for additional authors
	Authors


	Marquette University
	e-Publications@Marquette
	Biomedical Engineering Faculty Research and Publications/College of Engineering
	This paper is NOT THE PUBLISHED VERSION; but the author’s final, peer-reviewed manuscript. The published version may be accessed by following the link in the citation below.
	The Spine Journal, Vol. 9, No. 5 (March, 2009): 411-417. DOI. This article is © Elsevier and permission has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier. 
	Bioresorbable Film for the Prevention of Adhesion to the Anterior Spine After Anterolateral Discectomy
	Lisa S. Klopp
	Department of Clinical Sciences, Colorado State University, 300 West Drake Rd, Fort Collins, CO
	Jeffrey M. Toth
	Department of Orthopaedic Surgery, Medical College of Wisconsin, Milwaukee, WI
	William C. Welch
	Department of Neurological Surgery, University of Pittsburgh, Pittsburgh, PA
	Sangeeta Rao
	Department of Clinical Sciences, Colorado State University, 300 West Drake Rd, Fort Collins, CO
	Joseph W. Tai
	MacroPore Biosurgery, Cytori Therapeutics Company, 3020 Callan Rd, San Diego, CA
	Kevin A. Thomas
	MacroPore Biosurgery, Cytori Therapeutics Company, 3020 Callan Rd, San Diego, CA
	Simon Turner
	Department of Clinical Sciences, Colorado State University, 300 West Drake Rd, Fort Collins, CO
	Keywords
	Postoperative adhesions, Discectomy, Polylactide film, Antiadhesion barrier
	Abstract
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	The development of scar tissue and adhesions postoperatively is a natural consequence of healing but can be associated with medical complications and render reoperation difficult. Many biocompatible products have been evaluated as barriers or deterrents to adhesions.
	To evaluate the efficacy of a bioresorbable polylactide film as a barrier to adhesion formation after anterolateral discectomy.
	Experimental study.
	Seven, skeletally mature female sheep underwent a retroperitoneal approach to the anterolateral lumbar spine. A discectomy was performed at two levels with an intervening unoperated disc site. One site was treated with a polylactide film barrier (Hydrosorb Shield; MacroPore Biosurgery, San Diego, CA) affixed with tacks manufactured from the same material. The second site was left untreated. Treatment and control sites were randomly assigned. Postmortem analysis included scar tenacity scoring on five spines and histological evaluation on two spines.
	The application of the Hydrosorb film barrier allowed a definite dissection plane during scar tenacity scoring and there was a significant difference in the development of adhesions to the disc between the control and treated sites. Histological evaluation revealed evidence of barrier formation to scar tissue and no significant adverse inflammatory reactions.
	Hydrosorb Shield appears to be an effective postoperative barrier to scar tissue adhesion after anterolateral discectomy. The use of polylactide tacks was beneficial to affix the barrier film in place. Safety issues associated with delayed healing or adverse response to the film or tacks were not observed. Hydrosorb film may be useful as an antiadhesion barrier facilitating dissection during surgical revision in anterior approaches to the spine. Further studies are indicated to evaluate the performance of the bioresorbable material as an antiadhesion barrier in techniques of spinal fusion and disc replacement.
	Introduction
	Postoperative fibrosis is a natural consequence of wound healing. Fibrosis, which can lead to adhesions between healing tissues, is a problem that is seen in a wide array of surgical specialties. Adhesions that form postoperatively have been associated with “failed back syndrome,” bowel obstruction, chronic pain, and infertility [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25]. In addition, subsequent surgeries are made more challenging and can lead to organ injury because of attachment between structures that are usually independent of one another. Extensive research has been conducted into the mechanism of adhesion formation. It is believed that after surgery there is a decreased concentration and activity of fibrinolytic activity, resulting in deposition of fibrin matrix on which organized collagen, and thus, scar formation can occur [1], [2], [3], [6], [7], [8], [11], [14], [15], [20], [23], [26], [27]. Because of the morbidity associated with unwanted or excessive adhesion between tissues, multiple strategies have been used and studied to prevent adhesion formation. Many of these have included pharmacologic or biochemical methods of impairing scar tissue formation. Others have included the use of a physical barrier to adhesion attachment to the tissues of concern [2], [6], [9], [13], [20], [22], [24], [25], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], [40], [41], [42], [43], [44], [45], [46], [47], [48], [49], [50], [51], [52], [53], [54], [55], [56], [57], [58], [59], [60], [61], [62], [63].
	There are several preclinical studies evaluating safety and efficacy associated with the use of a bioresorbable polylactide film (70:30 poly-l-lactide-co-d,l-lactide barrier film; Hydrosorb Shield; MacroPore Biosurgery, San Diego, CA) as a barrier to adhesion formation. Most of these studies have shown that this bioresorbable film is efficacious in minimizing adhesion after various procedures including hemisternotomy and pericardiumotomy, pelvic surgery, spinal laminectomy, abdominal surgery, and bowel anastomosis surgery [2], [9], [22], [64], [65]. Most recently, a study of Hydrosorb Shield revealed its efficacy as a barrier to adhesion between the paraspinal musculature and dura mater of the spinal cord in sheep without inhibiting healing of an iatrogenically induced dural tear with cerebrospinal fluid leakage [46]. In the current study, the safety and efficacy of this film, as well as affixing tacks made of the same material, were investigated in an anterolateral discectomy model, an anatomical location not previously studied for this material.
	Materials and methods
	Animal care and use
	Anesthesia and pain management
	Operative procedure
	Evaluation of the antiadhesion efficacy of the barrier
	Histological evaluation

	Seven skeletally mature, female, Rambouillet–Columbian cross sheep were used in this study. The care and use of these animals were approved by and in compliance with the Colorado State University Animal Care and Use Committee.
	The sheep were sedated with 7.5 mg of diazepam IV (Hospira, Inc., Lake Forest, IL, USA) and 4 mg/kg of ketamine IV (Ketavet; IVX Animal Health, Inc., St. Joseph, MO, USA), and anesthesia was maintained with isoflurane at 1.5% to 3% in 100% oxygen at 2 l/min (IsoFlo; Abbott Laboratories, North Chicago, IL, USA). The sheep were given 15 mg/kg of atracurium IV (Mayne Pharma, Inc., Paramus, NJ, USA) intraoperatively to facilitate muscle dissection and retraction. Respiration was controlled with a mechanical ventilator to maintain normocapnia and adequate oxygenation.
	Fentanyl patches (5 and 10 mg) (Mylan Laboratories, Inc., Morgantown, WV, USA) were applied 24 hours preoperatively and maintained for 3 days. In addition, phenylbutazone 1 g per os (VetOne; Bimeda, Inc., LeSueur, MN, USA) was administered daily from one day preoperatively to 3 days postoperatively. Before skin incision, 8 ml of lidocaine 2% (Hospira, Inc., Lake Forest, IL, USA) was injected into the subcutaneous tissues along the length of the incision site.
	The sheep were placed in right lateral recumbency and were clipped and prepared for aseptic surgery from the last rib to the ilium in the cranial to caudal direction and from the posterior midline to halfway to the anterior midline. A retroperitoneal surgical approach to the spine was performed. The psoas major muscle was dissected from the left anterolateral aspect of the intervertebral disc and the two adjacent vertebral bodies that comprised a single study site. Each study site was separated by an undissected segment to separate treatment and control levels. One site was used for autonomous control and the other site for treatment (Table 1). Two small drill holes (anterior and posterior) using a Steinmann pin were made in the vertebral bodies on both sides of the intervertebral disc at both the treatment and control sites. A bioresorbable tack made of the same material as the barrier film was placed in each drill hole at the control site. The annulus fibrosus and nucleus pulposus of the intervertebral disc were disrupted with an 18-g hypodermic needle and the outer annulus fibrosis was removed using discectomy forceps.
	Table 1. Results of scar tenacity scoring
	Score 3 (WCW)
	Score 2 (JWT)
	Score 1 (LSK)
	Spinal level and treatment
	Sheep number
	3
	2.5
	2.5
	L2–L3 treatment
	1
	4
	4
	4
	L4–L5 control
	3
	3.5
	3.5
	L1–L2 control
	2
	2
	1
	1
	L3–L4 treatment
	3
	3
	3
	L1–L2 control
	3
	2
	0
	0
	L3–L4 treatment
	4
	3
	3
	L2–L3 control
	4
	3
	0
	0
	L4–L5 treatment
	3
	1
	1
	L2–L3 treatment
	5
	4
	2
	2
	L4–L5 control
	Average ± standard deviation; control, 3.27 ± 0.68; and treatment, 1.47 ± 1.17.
	Scar tenacity score: 0, no adhesions present; 1, thin membranous threads, easily detachable; 2, slight adhesion, some blunt dissection required; 3, moderate adhesions, blunt dissection, or some sharp dissection; and 4, tenacious adhesions, sharp dissection required.
	At the treatment site, a sheet (approximately 3.5 cm × 1.5 cm × 0.02 mm) of 70:30 poly-l-lactide-co-d,l-lactide barrier film (Hydrosorb Shield; MacroPore Biosurgery, San Diego, CA, USA) was placed to overlay the disrupted intervertebral disc and adjacent vertebral bodies. Hypodermic needles (25 g) were placed through the film into the drill holes to provide temporary fixation of the film, then individually removed, and replaced with a bioresorbable tack. Once all four tacks were applied, the muscle fascia, subcutaneous tissues, and skin were approximated in a routine manner.
	At 8 weeks postoperatively, the sheep were euthanized with 20 ml of pentobarbital sodium euthanasia solution. The lumbar spines were removed en bloc with the anterolateral spinal muscles undisturbed. Two of the spines were submitted for histological evaluation. The remaining five spines were evaluated grossly for scar tenacity. The degree of difficulty in removing the muscle and the amount of scar tissue directly in contact with the surgical site was scored by three independent, blinded observers. Two of the observers (LSK and JWT) were present for the dissection at postmortem. The third observer (WCW) made scoring evaluations by digital videotape of the dissections. The evaluation scale used for scar tenacity scoring is shown in Table 1. The scoring system used has been previously described [66]. For data analysis, SPSS for Windows 11.5 was used (SPSS, Inc., Chicago, IL, USA).
	The disc spaces of all spinal levels were sectioned in the sagittal plane, at a slight angle to the left anteriorly in the coronal plane, to produce four tissue slabs for analysis. The two medial slabs were routinely processed for decalcified histology and tissue embedding was performed. Tissue blocks were cut on a rotary microtome to produce thin sections between 6 and 10 μm in thickness. To evaluate the host response seen in tissues adjacent to the polylactide film and tacks the sections were stained with hematoxylin and eosin, toluidine blue-O metachromasia, and Mallory–Heidenhain stains. Approximately, 5 to 10 sagittal plane sections through two lateral slabs were processed for undecalcified samples. Differential staining using a proprietary trichrome-based stain was used to permit histological differentiation in the undecalcified histology.
	Images of the decalcified and undecalcified histology were scanned using image analysis system software (Image Pro Plus Software v 5.0; Media Cybernetics, Silver Spring, MD, USA) on a PC workstation. The host response to the polylactide film and tacks was characterized using ASTM F981 “Standard Practice for Assessment of Compatibility of Biomaterials for Surgical Implants with Respect to Effect of Materials on Muscle and Bone” [66]. The scoring values for the ASTM guidelines are found in Table 2.
	Table 2. Scoring system for inflammatory reaction to the polylactide film and tacks
	Score (qualitative)
	Score (quantitative)
	Number of elements
	None
	0
	0
	Very slight
	0.5
	1–5
	Mild
	1
	6–15
	Moderate
	2
	16–25
	Marked
	3
	26 or more
	From the ASTM F981 “Standard Practice for Assessment of Compatibility of Biomaterials for Surgical Implants with Respect to the Effect of Materials on Muscle and Bone.”
	Analysis of the sections was based on the following criteria: characterization of the type and orientation of tissues adjacent to the polylactide film and tacks; presence or absence of tissue planes with and without the film and tacks that might create a surgical dissection plane and eliminate or reduce adhesions adjacent to disc tissues after discectomy; and characterization of the host response to the polylactide film and tacks.
	Results
	Scar scores
	Histological results

	There were no implant- or surgery-related complications associated with this study and all sheep were ambulating and eating on the first postoperative day. In addition, there was no evidence of systemic disease or wound infection or dehiscence in any sheep.
	The scar tenacity scoring results and parameters defining the scores are shown in Table 1. There was complete agreement between the two observers who were present and scored the dissection at postmortem (LSK and JWT). The remote observer (WCW), tended to assign higher scar scores to treatment sites, with, 3 samples scored 2 grades higher and 1 scored 3 grades higher; the remaining 6 of 10 samples were scored the same or within 1 grade. Overall the control sample scores averaged 3.27 (standard deviation, 0.68), and the film-treated sample scores averaged 1.47 (standard deviation, 1.17).
	Because each animal had a film-treated and untreated (control) sample, the scoring data were considered to be related (paired) samples. Therefore, a Wilcoxon signed-ranks test was performed on the 15 pairs of data (5 animals × 3 scorers). For each of the 15 pairs the treated score was less than the untreated score (zero ties). The difference in the treated and control scores was significant at p < .001. Photographs of the dissection of control and treatment sites are found in Fig. 1, top and bottom, respectively.
	/
	Fig. 1. Postmortem dissection of the untreated (control) discectomy site. (Top) The tissues were difficult to remove and adhesions (arrow) to the periosteum and outer annulus fibrosis were observed. Postmortem dissection of the treated discectomy site. (Bottom) The tissues were easily detached by gentle elevation because of the presence of the Hydrosorb film. The elevated tissue is indicated by the arrow.
	Histology was unable to determine the tenacity of tissues to the disc or other anatomic structures. However, histology was evaluated for the presence/absence of tissue planes that might create a surgical dissection plane and eliminate or reduce adhesions adjacent to disc tissues after discectomy with and without the polylactide film and tacks. Sections of the control (untreated) disc spaces confirmed disruption of the anterolateral annulus and the presence of fibrovascular tissues in direct contact with Sharpey's fibers of the annulus (Fig. 2, top, left). No adhesions between distinct tissue planes/layers adjacent to the polylactide film-treated levels were observed. Formation of an organized collagen fiber matrix, which ran cranial to caudal, was observed external to the polylactide film by histology. This layer was not in contact with the anterior aspect of the disc space (Fig. 2, top, right). Thus, in the film-treated levels, no adhesions to the anterior aspect of the disc were recognized in decalcified sections. Histology further revealed that when the tacks were found in bony tissues, no intervening fibrous interface was observed adjacent to the tacks in the bone. Fibrovascular tissues and formation of organized collagen fiber matrices were observed adjacent to the heads of the tacks that were seen external to the bony cortex. The polylactide film was fragmented and surrounded by fibroblasts and fibrovascular tissues (Fig. 2, top, right and bottom, left). Exostoses adjacent to the anterior treatment sites were not observed by microradiography or histology. No osteoclastic resorption was observed adjacent to the polylactide tacks or polylactide film. Bone density as visualized on microradiographs identified no changes in bone mineralization adjacent to the polylactide tacks and film.
	/
	Fig. 2. Histology of the untreated (control) discectomy site showing fibrous connective tissues (indicated by arrow) adjacent to the discectomy site and adhered to the periosteum. (Top, left) The intervertebral disc is indicated by the asterisk. Mallory–Heidenhain stain, 3× original magnification. Histology of the treated discectomy site. The operated region has been protected from fibrosis and adhesions by the Hydrosorb film (indicated by arrow). The discectomy injury is evident as a cleft in the intervertebral disc (indicated by asterisk). (Top, right) Mallory–Heidenhain stain, 3× original magnification. Partially polarized light photomicrograph demonstrating a fibrous tissue interface with fibroblasts in fibrous tissues adjacent to the birefringent polylactide film (indicated by asterisk). (Bottom, left) Hematoxylin and eosin (H&E) stain, partially polarized light, 200× original magnification. Histology image demonstrating a single foreign body giant cell (indicated by arrow) at the interface of the polylactide film. (Bottom, right) The vertebral end plate is indicated by the asterisk. H&E stain, 313× original magnification.
	No inflammatory response was observed in tissues anterior to the disc in untreated control levels. No acute inflammatory response was observed adjacent to the film or tacks. In one of the two treated levels examined by histology, no inflammatory response was observed adjacent to the polylactide tacks. An occasional single foreign body giant cell was observed on the surface of the polylactide film (Fig. 2, bottom, right). This was an infrequent finding. Based on these findings, the host response to the polylactide film and tacks would be best interpreted/characterized as “very slight reaction” by ASTM F981-04 [66].
	Discussion
	A multitude of studies have been performed to evaluate the use of various products as antiadhesion barriers [2], [6], [9], [10], [13], [20], [22], [24], [25], [27], [28], [30], [31], [32], [33], [36], [37], [38], [39], [40], [41], [42], [43], [44], [45], [46], [47], [48], [49], [50], [52], [53], [54], [55], [56], [57], [59], [60], [61], [62], [64], [65], [67], [68], [69], [70]. Although scar formation is a normal part of the healing process, excessive scarring or scarring in regions where adhesions cause anatomical dysfunction (eg, intestinal adhesions) is detrimental. The purpose of this study was to evaluate a bioresorbable 70:30 poly-l-lactide-co-d,l-lactide barrier film (Hydrosorb Shield, MacroPore Biosurgery, San Diego, CA, USA) as a barrier to adhesion in an anterior discectomy model. The use of this product has been previously reported to have efficacy in surgical scenarios to reinforce soft tissue, for temporary wound support, and to minimize soft-tissue adhesions in the viscera [2], [9], [22], [64], [65]. In addition, this film has been studied in several models evaluating efficacy against peridural adhesion in laminectomy and laminotomy models [24], [46], [64].
	Nonparametric statistical analysis (sign test) demonstrated a significant difference in the control and film-treated scar scores (p < .001). It should be noted, however, that this study included a small number of animals, and only a single time period was evaluated. Evaluation of scar scoring from video has both advantages and disadvantages. The advantages include the ability to re-evaluate the video multiple times to determine the scar score. However, visualization is limited and the barrier film margins and relationships to scar tissue may not be as easily determined as by direct observation. The area of interest is more difficult to observe on video recording and the remote observer has a more difficult task in assessing the scar scoring. In summary, a larger number of sites (treated/control), perhaps at additional time points, and direct observation of all scar scoring would address the limitations of the present study.
	On histological analysis, the barrier film was associated with slight inflammatory reactions. This is not unexpected for a few reasons. First, although it is general accepted that most commonly used, marketed bioresorbable material do not incite significant inflammation, some degree of inflammation may be expected by the process of having a foreign object in the surgical-altered tissues. Macrophagocytic inflammation would be expected to be involved in the breakdown and bioresorption of this material. Second, a slight amount of inflammation is within acceptable limits. The benefit that was observed with the use of Hydrosorb Shield in this study was the lack or decreased amount of adhesion to the disc and adjacent vertebral body end plates, both on scar scoring and histological evaluation. In addition, the tacks made from an identical material did not induce any pathology associated with their elevated profile and remained well seated in the cortex of the vertebral bodies without evidence of osteolysis on histology. Previous studies have shown that the polylactide film does not elicit an acute or chronic inflammatory response [9], [22], [24], [46], [65]. In a cardiac model after 4 weeks, there was a mild inflammatory response with isolated lymphocytes and giant cells, with no evidence of an acute or chronic inflammatory reaction to the film [9]. In this same cardiac model at 49 weeks there was no gross or palpable presence of implanted polylactide material, histology did not reveal the presence of any residual polymer, and there was no evidence of inflammation or foreign body reaction [71]. The data at 49 weeks confirmed the earlier results in the cardiac model that that the polylactide film effectively controlled adhesions. With the same film in a pelvic adhesion model [22], there was only a mild inflammatory response at 4 weeks, which was reduced by 12 weeks. At both 4 and 12 weeks the film significantly reduced the formation on pelvic adhesions. The adhesion data also suggested that soft-tissue attachments did not form continuously throughout the postoperative healing period and that that some early soft-tissue attachments did not persist during the healing period [22]. Therefore, the 8-week time point for the present study was based on allowing sufficient time for postoperative adhesions to occur, if adhesions were to occur at all in either treated or control animals, and the previous published studies demonstrating that the film degraded without eliciting either an acute or chronic inflammatory response.
	In summary, the findings of this study demonstrate that Hydrosorb Shield applied as described is an efficacious barrier to adhesions in an ovine anterior discectomy model in the sheep. Histological evaluation identified fibrous attachment to the intervertebral disc in the absence of the barrier film, and a lack of fibrous attachment in sites where the barrier film was present. A dissection plane was easily identifiable at sites where the film was present. This is especially helpful in situations where surgical revision may be required. The film and the tacks were in the process of resorption at the termination of this 8-week study. In this study, the film barrier and tacks presented no apparent safety issues related to their placement near the paraspinal tissues and intervertebral disc. The current study evaluated the performance of the polylactide barrier film after anterolateral lumbar discectomy in the ovine model only. Based on the encouraging results in this model, future studies could be conducted to evaluate the performance of the bioresorbable barrier film after disc replacement or spinal fusion. The risks and benefits with the use of the barrier in these procedures are not known. Long-term efficacy in preventing adhesion in anterolateral spine in the human patient has not been reported and results may differ from animal models.
	References
	[1] M. Samy Abdou, R.W. Hardy Jr., Epidural fibrosis and the failed back surgery syndrome: history and physical findings, Neurol Res, 21 (Suppl. 1) (1999), pp. S5-S8.
	[2] S. Avital, T.J. Bollinger, J.D. Wilkinson, et al., Preventing intra-abdominal adhesions with polylactic acid film: an animal study, Dis Colon Rectum, 48 (2005), pp. 153-157.
	[3] M. Bendebba, H. Augustus van Alphen, D.M. Long, Association between peridural scar and activity-related pain after lumbar discectomy, Neurol Res, 21 (Suppl. 1) (1999), pp. S37-S42.
	[4] Y.F. Fan, V.F. Chong, S.K. Tan, Failed back surgery syndrome: differentiating epidural fibrosis and recurrent disc prolapse with Gd-DTPA enhanced MRI, Singapore Med J, 36 (1995), pp. 153-156.
	[5] E.W. Fritsch, J. Heisel, S. Rupp, The failed back surgery syndrome: reasons, intraoperative findings, and long-term results: a report of 182 operative treatments, Spine, 21 (1996), pp. 626-633.
	[6] F.H. Geisler, Prevention of peridural fibrosis: current methodologies, Neurol Res, 21 (Suppl. 1) (1999), pp. S9-S22.
	[7] L. Holmdahl, E. Eriksson, M. al-Jabreen, B. Risberg, Fibrinolysis in human peritoneum during operation, Surgery, 119 (1996), pp. 701-705.
	[8] L. Holmdahl, Making and covering of surgical footprints, Lancet, 353 (1999), pp. 1456-1457.
	[9] J. Iliopoulos, G.B. Cornwall, R.O. Evans, et al., Evaluation of a bioabsorable polylactide film in a large animal model for the reduction of retrosternal adhesions, J Surg Res, 118 (2004), pp. 144-153.
	[10] R.R. Jacobs, O. McClain, J. Neff, Control of postlaminectomy scar formation: an experimental and clinical study, Spine, 5 (1980), pp. 223-229.
	[11] E. Kern, C. Kuhbier, Pathogenesis, clinical aspects, therapy and prevention of peritoneal adhesions, Ergeb Chir Orthop, 46 (1964), pp. 48-80.
	[12] H. LaRocca, I. Macnab, The laminectomy membrane. Studies in its evolution, characteristics, effects and prophylaxis in dogs, J Bone Joint Surg [Br], 56 (1974), pp. 545-550.
	[13] K.J. Lawson, J.L. Malycky, J.L. Berry, et al., Lamina repair and replacement to control laminectomy membrane formation in dogs, Spine, 16 (Suppl. 6) (1991), pp. S222-S226.
	[14] T. Liakakos, N. Thomakos, P.M. Fine, et al., Peritoneal adhesions: etiology, pathophysiology, and clinical significance. Recent advances in prevention and management, Dig Surg, 18 (2001), pp. 260-273.
	[15] J.C. Maroon, A. Abla, J. Bost, Association between peridural scar and persistent low back pain after lumbar discectomy, Neurol Res, 21 (Suppl. 1) (1999), pp. S43-S46.
	[16] J.S. Ross, R. Delamarter, M.G. Hueftle, et al., Gadolinium-DTPA-enhanced MR imaging of the postoperative lumbar spine: time course and mechanism of enhancement, AJR Am J Roentgenol, 152 (1989), pp. 825-834.
	[17] J.S. Ross, J.T. Robertson, R.C. Frederickson, et al., Association between peridural scar and recurrent radicular pain after lumbar discectomy: magnetic resonance evaluation. ADCON-L European Study Group, Neurosurgery, 38 (1996), pp. 855-861.
	[18] J.S. Ross, N. Obuchowski, M.T. Modic, MR evaluation of epidural fibrosis: proposed grading system with intra- and inter-observer variability, Neurol Res, 21 (Suppl. 1) (1999), pp. S23-S26.
	[19] M.N. Songer, W. Rauschning, E.W. Carson, et al., Analysis of peridural scar formation and its prevention after lumbar laminotomy and discectomy in dogs, Spine, 20 (1995), pp. 571-580.
	[20] K. Swolin, Experimental studies on the prevention of intra-abdominal adhesions. Studies on rats with an emulsion of lipid and prednisolone, Acta Obstet Gynecol Scand, 45 (1966), pp. 473-498.
	[21] J.P. Vogelsang, M. Finkenstaedt, M. Vogelsang, et al., Recurrent pain after lumbar discectomy: the diagnostic value of peridural scar on MRI, Eur Spine J, 8 (1999), pp. 475-479.
	[22] W.R. Walsh, R.O. Evans, J. Iliopoulos, et al., Evaluation of a bioresorbable polylactide sheet for the reduction of pelvic soft tissue attachments in a porcine animal model, J Biomed Mater Res B Appl Biomater, 79 (2006), pp. 166-175.
	[23] M.A. Weibel, G. Majno, Peritoneal adhesions and their relation to abdominal surgery. A postmortem study,  Am J Surg, 126 (1973), pp. 345-353.
	[24] W.C. Welch, G.B. Cornwall, J.M. Toth, et al., Use of polylactide resorbable film as an adhesion barrier, Orthopedics, 25 (Suppl. 10) (2002), pp. s1121-s1130.
	[25] J.R. Wujek, S. Ahmad, A. Harel, et al., A carbohydrate polymer that effectively prevents epidural fibrosis at laminectomy sites in the rat, Exp Neurol, 114 (1991), pp. 237-245.
	[26] Q. Hogan, J. Toth, Anatomy of soft tissues of the spinal canal, Reg Anesth Pain Med, 24 (1999), pp. 303-310.
	[27] M.N. Vipond, S.A. Whawell, J.N. Thompson, et al., Peritoneal fibrinolytic activity and intra-abdominal adhesions, Lancet, 335 (1990), pp. 1120-1122.
	[28] H. Bora, S.V. Aykol, N. Akyurek, et al., Inhibition of epidural scar tissue formation after spinal surgery: external irradiation vs. spinal membrane application, Int J Radiat Oncol Biol Phys, 51 (2001), pp. 507-513.
	[29] J. Brotchi, B. Pirotte, O. De Witte, et al., Prevention of epidural fibrosis in a prospective series of 100 primary lumbo-sacral discectomy patients: follow-up and assessment at re-operation, Neurol Res, 21 (Suppl. 1) (1999), pp. S47-S50.
	[30] A. Ceviz, A. Arslan, H.E. Ak, et al., The effect of urokinase in preventing the formation of epidural fibrosis and/or leptomeningeal arachnoiditis, Surg Neurol, 47 (1997), pp. 124-127.
	[31] T.Y. Chuang, W.J. Chen, L.H. Chen, et al., Acute postoperative aggravation of radiculopathy as a complication of free fat transplantation in lumbar disc surgery: case report, Changgeng Yi Xue Za Zhi, 22 (1999), pp. 498-502.
	[32] A. Colak, M. Bavbek, N.E. Aydin, et al., Effect of CO2 laser on spinal epidural fibrosis, Acta Neurochir (Wien), 138 (1996), pp. 162-166.
	[33] S.D. Cook, A.B. Prewett, J.E. Dalton, et al., Reduction in perineural scar formation after laminectomy with polyactive membrane sheets, Spine, 19 (1994), pp. 1815-1825.
	[34] L. de Medinaceli, R. al Khoury, M. Merle, Large amounts of polylactic acid in contact with divided nerve sheaths have no adverse effects on regeneration, J Reconstr Microsurg, 11 (1995), pp. 43-49.
	[35] N. de Tribolet, F. Porchet, T.W. Lutz, et al., Clinical assessment of a novel antiadhesion barrier gel: prospective, randomized, multicenter, clinical trial of ADCON-L to inhibit postoperative peridural fibrosis and related symptoms after lumbar discectomy, Am J Orthop, 27 (1998), pp. 111-120.
	[36] F.A. DiFazio, J.B. Nichols, M.H. Pope, et al., The use of expanded polytetrafluoroethylene as an interpositional membrane after lumbar laminectomy, Spine, 20 (1995), pp. 986-991.
	[37] F. Dogulu, G. Kurt, H. Emmez, et al., Topical mitomycin C-induced inhibition of postlaminectomy peridural fibrosis in rabbits, J Neurosurg, 99 (Suppl. 1) (2003), pp. 76-79.
	[38] S.L. Einhaus, J.T. Robertson, F.C. Dohan Jr., et al., Reduction of peridural fibrosis after lumbar laminotomy and discectomy in dogs by a resorbable gel (ADCON-L), Spine, 22 (1997), pp. 1440-1446.
	[39] D. Ganzer, K. Giese, L. Volker, et al., Two-year results after lumbar microdiscectomy with and without prophylaxis of a peridural fibrosis using Adcon-L, Arch Orthop Trauma Surg, 123 (2003), pp. 17-21.
	[40] S.E. Gautier, M. Oudega, M. Fragoso, et al., Poly(alpha-hydroxyacids) for application in the spinal cord: resorbability and biocompatibility with adult rat Schwann cells and spinal cord, J Biomed Mater Res, 42 (1998), pp. 642-654.
	[41] P.C. Gerszten, J.J. Moossy, J.C. Flickinger, et al., Inhibition of peridural fibrosis after laminectomy using low-dose external beam radiation in a dog model, Neurosurgery, 46 (2000), pp. 1478-1485.
	[42] Y. He, M. Revel, B. Loty, A quantitative model of post-laminectomy scar formation. Effects of a nonsteroidal anti-inflammatory drug, Spine, 20 (1995), pp. 557-563.
	[43] T.T. Jensen, K. Asmussen, E.M. Berg-Hansen, et al., First-time operation for lumbar disc herniation with or without free fat transplantation. Prospective triple-blind randomized study with reference to clinical factors and enhanced computed tomographic scan 1 year after operation, Spine, 21 (1996), pp. 1072-1076.
	[44] S. Kemaloglu, U. Ozkan, F. Yilmaz, et al., Prevention of spinal epidural fibrosis by recombinant tissue plasminogen activator in rats, Spinal Cord, 41 (2003), pp. 427-431.
	[45] G. Kessel, H.G. Bocher-Schwarz, M. Schwarz, Use of ADCON-L to prevent peridural fibrosis following re-operation for recurrent lumbar radiculopathy: clinical results, Minim Invasive Neurosurg, 45 (2002), pp. 129-131.
	[46] L.S. Klopp, W.C. Welch, J.W. Tai, et al., Use of polylactide resorbable film as a barrier to postoperative peridural adhesion in an ovine dorsal laminectomy model, Neurosurg Focus, 16 (2004), pp. 8-16.
	[47] T.E. Kuivila, J.L. Berry, G.R. Bell, et al., Heparinized materials for control of the formation of the laminectomy membrane in experimental laminectomies in dogs, Clin Orthop Relat Res, 236 (1988), pp. 166-174.
	[48] J.Y. Lee, H. Ebel, M. Friese, et al., Influence of TachoComb in comparison to local hemostyptic agents on epidural fibrosis in a rat laminectomy model,  Minim Invasive Neurosurg, 46 (2003), pp. 106-109.
	[49] A. Llado, J. Guimera, F. Garcia, et al., Expanded polytetrafluoroethylene membrane for the prevention of peridural fibrosis after spinal surgery: an experimental study, Eur Spine J, 8 (1999), pp. 138-143.
	[50] H. Lo, R.C. Frederickson, Use of ADCON in neurosurgery: preclinical review, Neurol Res, 21 (1999), pp. S27-S32.
	[51] M.A. MacKay, J.S. Fischgrund, H.N. Herkowitz, et al., The effect of interposition membrane on the outcome of lumbar laminectomy and discectomy, Spine, 20 (1995), pp. 1793-1796.
	[52] S. Martin-Ferrer, Failure of autologous fat grafts to prevent postoperative epidural fibrosis in surgery of the lumbar spine, Neurosurgery, 24 (1989), pp. 718-721.
	[53] Massie JB, Giurea A, Waters S, et al. Anti-fibrotic gels versus a barrier sheet in the prevention of epidural fibrosis postlaminectomy. Paper presented at 16th Annual Meeting; October 31–November 3, 2001; Seattle, WA: 120–122.
	[54] E. Nyilas, T.H. Chiu, R.L. Sidman, et al., Peripheral nerve repair with bioresorbable prosthesis, Trans Am Soc Artif Intern Organs, 29 (1983), pp. 307-313.
	[55] M. Oudega, S.E. Gautier, P. Chapon, et al., Axonal regeneration into Schwann cell grafts within resorbable poly(alpha-hydroxyacid) guidance channels in the adult rat spinal cord, Biomaterials, 22 (2001), pp. 1125-1136.
	[56] J.L. Petrie, J.S. Ross, Use of ADCON-L to inhibit postoperative peridural fibrosis and related symptoms following lumbar disc surgery: a preliminary report, Eur Spine J, 5 (Suppl. 1) (1996), pp. S10-S17.
	[57] F. Porchet, D. Lombardi, J. de Preux, et al., Inhibition of epidural fibrosis with ADCON-L: effect on clinical outcome one year following re-operation for recurrent lumbar radiculopathy, Neurol Res, 21 (Suppl. 1) (1999), pp. S51-S60.
	[58] V.R. Prusick, D.S. Lint, W.J. Bruder, Cauda equina syndrome as a complication of free epidural fat-grafting. A report of two cases and a review of the literature, J Bone Joint Surg Am, 70 (1988), pp. 1256-1258.
	[59] J.J. Quist, W.J. Dhert, B.P. Meij, et al., The prevention of peridural adhesions. A comparative long-term histomorphometric study using a biodegradable barrier and a fat graft, J Bone Joint Surg Br, 80 (1998), pp. 520-526.
	[60] J.T. Robertson, A.L. Meric, F.C. Dohan Jr., et al., The reduction of postlaminectomy peridural fibrosis in rabbits by a carbohydrate polymer, J Neurosurg, 79 (1993), pp. 89-95.
	[61] J.T. Robertson, K. Maier, R.W. Anderson, et al., Prevention of epidural fibrosis with ADCON-L in presence of a durotomy during lumbar disc surgery: experiences with a pre-clinical model, Neurol Res, 21 (Suppl. 1) (1999), pp. S61-S66.
	[62] A.L. Schimizzi, J.B. Massie, M. Murphy, et al., High-molecular-weight hyaluronan inhibits macrophage proliferation and cytokine release in the early wound of a preclinical postlaminectomy rat model, Spine J, 6 (2006), pp. 550-556.
	[63] B.R. Seckel, T.H. Chiu, E. Nyilas, et al., Nerve regeneration through synthetic biodegradable nerve guides: regulation by the target organ, Plast Reconstr Surg, 74 (1984), pp. 173-181.
	[64] W.H. Akeson, J.B. Massie, B. Huang, et al., Topical high-molecular-weight hyaluronan and a roofing barrier sheet equally inhibit postlaminectomy fibrosis, Spine J, 5 (2005), pp. 180-190.
	[65] Tai JW, Wiseman DC, Moser RC, et al. Resorbable polylactide polymer film does not inhibit healing in a rabbit anastomosis model. Transactions of the 30th Annual Meeting of the Society for Biomaterials; 2005: 316.
	[66] ASTM F981-04 Standard Practice for assessment of compatibility of biomaterials for surgical implants with respect to effect of materials on muscle and bone, Available at: ASTM International, West Conshohocken, PA (2004) www.astm.org Accessed May 15, 2008
	[67] L.D. Hieb, D.L. Stevens, Spontaneous postoperative cerebrospinal fluid leaks following application of anti-adhesion barrier gel: case report and review of the literature, Spine, 26 (2001), pp. 748-751.
	[68] J.L. Hinton Jr., D.J. Warejcka, Y. Mei, et al., Inhibition of epidural scar formation after lumbar laminectomy in the rat, Spine, 20 (1995), pp. 564-570.
	[69] I. Mohsenipour, M. Daniaux, F. Aichner, et al., Prevention of local scar formation after operative discectomy for lumbar disc herniation, Acta Neurochir (Wien), 140 (1998), pp. 9-13.
	[70] J.T. Robertson, J. Soble-Smith, N. Powers, et al., Prevention of cerebrospinal fistulae and reduction of epidural scar with new surgical hemostat device in a porcine laminectomy model, Spine, 28 (2003), pp. 2298-2303.
	[71] Cornwall GB, Walsh WR, Iliopoulos J, et al. Long term evaluation of a polylactide film in a retrosternal pericardial adhesion model. Paper presented at Transactions of the 7th World Biomaterials Congress, Sydney, Australia, 2004.
	This study was supported by MacroPore Biosurgery, 3020 Callan Road, San Diego, CA 92121, USA.
	The animal used in this study was approved by and in compliance with the Colorado State University Animal Care and Use Committee.
	FDA drug/device status: approved for this indication (Hydrosorb Shield).
	Author disclosures: LSK (research support from MacroPore Biosurgery); JMT (received research support from Medtronic, Cytori, DePuy Spine; consultant at Medtronic); WCW (stockholder in Transcendental Spine; consultant at Synthes; speaker at Zimmer Spine and Stryker Spine); JWT (stockholder, employee Alphatec Spine Inc); KAT (employee PaxMed International LLC).

