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1. ABSTRACT

The dura mater, the outermost layer of the
meninges covering the brain and spinal cord, is a
collagenous connective tissue consisting of numerous
collagen fibers, fibroblasts, and few elastic fibers arranged
in a parallel form. The dura mater may be damaged by
trauma or excising during intracranial or spinal surgery., To
date, cerebrospinal fluid leakage followed by dura damage
is still an intractable complication due to its various secondary
complications , dural repair has recently garnered increased
attention with the progress of the spinal surgery and
neurosurgery. In this review, we discuss commonly used
methods including the addition of sealants, the use of
substitutes, and other effective methods and materials.
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2. INTRODUCTION

The dura mater is the toughest and outermost
layer of the three meninges that surrounds the brain and
spinal cord and covers and supports the dural sinuses and
carries blood from the brain toward the heart (1). However,
the dura mater can be damaged by trauma or excising
during intracranial or spinal surgery. As cerebrospinal fluid
(CSF) is an integral part of the central nervous system
(CNS), effective CSF containment following dural closure
is imperative to prevent CSF leakage and facilitate dura
regeneration (2, 3). Thus, advances in surgical techniques
and dura repair materials are critical to improve the
duration and functionality of artificial dura mater repairs.
Although the grading system used to evaluate dural healing
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Table 1. Grading system for histopathological evaluation of extent of healing
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can be modified from the criteria set forth by Lasa et al. (4)
(Table 1) and considerable dura repair materials and
methods have been applied to the clinical ,the optimal
choice of materials for use in dura repair procedures still
remains unclear. In this review, we predominantly focus on
the characteristics of the most commonly used and recently
developed methods and materials for dural repair with a
focus on the addition of sealants, the use of substitute
materials, and under-used methods.

3. SEALANTSLI[

CSF leakage is one of the intractable complications
of neurosurgery and spinal surgery because the dura has no
inherent self-sealing capacity. Possible sequelae of CSF
leaks include bacterial meningitis delayed wound healing,
airway  obstruction, cutancous CSF fistula, and
pseudomeningocele.. Direct repair is certainly optimal
management in most cases of dural tear with a resultant
CSF leak[Jhowever, exposure is often inadequate to
facilitate direct repair. Moreover, the pinhole-sized tears
from suture needles that allow CSF to leak through the
dura. The potential risk of using primary suture closure for
small incidental dural tears is conversion of a low-pressure
defect to highpressure pinholes from suture needles (5).
Given these reasons, the addition of chemical sealant has
been proposed as a mechanism to overcome the problem of
CSF leak from the suture holes .

3.1. The DuraSeal Sealant System

Tissue glues provide a final sealant layer and aid in
the reinforcement of CSF leak repair (6). The DuraSeal
Sealant System is a dural sealant product containing
polyethylene glycol hydrogel and indicated for use in CSF
leak repairs (7). As approved by the Federal Drug
Administration (FDA), DuraSeal is applied to freshly
closed dura to hold it closed for 4—8 weeks while healing
occurs. Leng et al. (8) described a “gasket technique”
employing DuraSeal to the fascia to close defects of the
skull base with or without a CSF leak. By analyzing a
database of endoscopic skull-base cases between 2007 and
2009 that involved CSF leaks repaired with DuraSeal, Chin
et al. (9) reported successful endoscopic repairs of CSF
leaks in four of five cases. Another study also demonstrated
that patients undergoing spinal surgery using DuraSeal,
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when compared to suturing with or without fibrin sealant,
showed a decrease in the absolute risk of CSF fistula with
no increased risk of complications (10). However, the use
of DuraSeal in lumbar spine surgery has shown varied
results. For example, in 37 of 86 patients, the use of
DuraSeal decreased the frequency of postoperative
radiculitis from 20.4% to 5.4% and there were no
“‘compressive’” complications reported (11). In another
lumbar study involving laminotomy/discectomy with
durotomy, DuraSeal-induced migration and/or swelling, not
its use in an enclosed space, led to a case of postoperative
cauda equina syndrome (12). A similar study by Osbun et
al. (13) analyzed the use of DuraSeal in head surgeries and
reported that compared to suturing with or without fibrin
sealant, patients undergoing head surgery using DuraSeal
showed no reduction in the absolute risk of neurosurgical
or incisional complications, including CSF leakage.

3.2. BioGlue Surgical Adhesive

BioGlue is an organic surgical adhesive indicated
for use as an adjunct to standard materials, such as sutures
and staples, to achieve hemostasis in adult patients in open
surgical repair of large vessels. It is composed primarily of
bovine serum albumin and glutaraldehyde and is commonly
used in vascular and cardiopulmonary repair surgery, but
has also been recently used in neurosurgical procedures, in
which the risk of a CSF leak is high (14). In several
neurosurgical studies, BioGlue was successfully used as a
dural sealant to prevent postoperative CSF fistulas (15).
Yuen et al. (16) reported that BioGlue was a useful adjunct
for repair of a lumbar dural tear. Despite persisting
fragments after 2 years, no complications of the Bioglue
itself were noted (16). In a study using BioGlue for 32
transsphenoidal procedures, postoperative CSF fistulas
were avoided, again without complications (14).

3.3. EVICEL

As a fibrin glue, FDA-approved EVICEL is
approved by FDA and known to facilitate hemostasis in
surgery when standard methods of controlling hemorrhage
are not effective (17). EVICEL is a plasma cryoprecipitate-
based sealant that consists of 2 components: (1) biological
active component-2, also called human clottable protein,
which consists predominantly of fibrinogen and (2)
thrombin (18). In one study involving the application of
EVICEL to peripheral nerve tissues, Bivalacqua et al.
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concluded that EVICEL is safe in an experimental rat
model of erection physiology, with no detrimental effects
on neuroregulatory control of erection (17). Another study
in the mongrel dog durotomy model also showed that
EVICEL was safe and effective in achieving and
maintaining a watertight seal of the dura (19). However, no
large clinical studies that document the safety/efficacy of
EVICEL in neurosurgery.

3.4. Tisseel

Tisseel, a human fibrin sealant, is another pooled
human plasma-based fibrin glue consisting of a two-
component fibrin biomatrix that offers highly concentrated
human fibrinogen and thrombin to seal tissues and stop
diffuse bleeding. Among the benefits of Tisseel are its
adhesiveness, hemostatic action, and promotion of wound
healing (20). Although not FDA-approved for use in
neurosurgery, Tisseel is widely adopted in “off-label” uses.
For example, Sekhar et al. (21) demonstrated that Tisseel
was an excellent option for hemostasis in the epidural space
(200 patients), anterior cavernous sinus (46 patients), and
vertebral venous plexus (20 patients). The safety/efficacy
of Tisseel for anterior cervical dural repair is also
documented by two clinical studies: in the first (22), 30
pairs of matched patients (experimental vs. controls)
undergoing anterior cervical fusions involving more than
two levels, the application of Tisseel at the end of
multilevel anterior cervical fusion significantly decreased
postoperative drain output and length of hospitalization,
whereas in the second, Epstein ef al. (23) showed that of 82
patients undergoing multilevel anterior corpectomy for
multilevel ossification of the posterior longitudinal
ligament/kyphosis, five developed intraoperative dural
lacerations that were successfully managed with a complex
dural  repair  involving  wound-peritoneal and
lumboperitoneal shunting procedures.

3.5. TissuePatchDural (TPD)

TPD is a synthetic sealing film that is mainly used
to repair pleural defects during lung surgery and has been
introduced in neurosurgery for the management of dural
defects to avoid postoperative CSF leaks (24). As a
synthetic film made up of a multilaminated structure of
glycolic acid, TPD works as a sealant because of two
intrinsic characteristics: adhesiveness and impermeability.
Della et al. (25) first used this sealant to treat 12 patients
with a high risk of developing postoperative CSF leakage
and reported no evidence of CSF leakage or specific
adverse events attributed to the sealant. The use of TPD has
reduced repair time and improved the final surgical results.
von der Brelie ef al. (26) evaluated the application of TPD
in 25 patients, who underwent intradural neurosurgery and
exhibited CSF effusion after dural suturing due to
circumscribed defects, and concluded that TPD was
effective in achieving watertight closure of the dura mater
and prevented CSF leakage in 92% of patients.

4. DURAL SUBSTITUTES
The standard methods of dura mater repair consist

of the application of sealants and the use of dura mater
replacement materials (duraplasty) to expand or replace the
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resected dura mater during a neurosurgical procedure (27).
Dural substitutes are used as patches to prevent CSF
leakage and infection and foster regrowth of dura-like
tissue across the defect. Native autologous tissue grafts,
such as the fascia lata, temporal fascia, and pericranium,
can perform well as dural substitutes because they do not
provoke severe inflammatory or immunological reactions,
but potential drawbacks, such as difficulty in achieving a
watertight closure, formation of scar tissue, insufficiently
accessible graft materials to close large dural defects, and
additional incisions for harvesting the graft, remain
problematic (28-30). Off-the-shelf dural substitutes have
been developed as alternatives to  autologous
transplantation and various xenografts have been studied,
including bovine and ovine pericardium (31, 32), porcine
small intestinal submucosa (33, 34), and processed collagen
matrices (27, 35-37). However, these xenografts are often
associated with adverse effects, such as graft dissolution,
encapsulation, foreign body reaction, scarring, and
adhesion formation. Permanent and bioresorbable synthetic
polymer membranes have also been tested as dural
substitutes (38, 39). Although many efforts have been
made, the challenge to develop a suitable dural substitute
has been met with limited success.

4.1. Nanofibrous matrices

Nanofibrous matrices composed of biodegradable
nanoscale fibers have vast potential as scaffolds for tissue
engineering and wound repair because they can mimic the
natural fibril structure of the extracellular matrix.
Electrospinning is an enabling technique used to produce
nanoscale fibers from > 100 different polymers, which, in
turn, are used to produce nanofibrous matrices for the
creation of micro- and nanoscale fibrous matrices with
tunable macroscale geometries and nanofiber architectures
(40, 41). To promote cell migration from the surrounding
tissue to the center of a dural defect and shorten the time
for healing and regeneration of dura mater, a surface
patterned with radially aligned, nanoscale features would
be highly desirable as an artificial dural substitute.

Although nanofibrous matrices have been
previously investigated for applications in soft tissue repair
(42, 43), few studies have attempted to use such a scaffold
for healing of the dura mater. However, several studies
have shown that electrospun membranes composed of
oriented nanofibers can be used to influence cell alignment
and cellular processes in vitro (44-46). For example, Xie et
al. (47) reported the fabrication of electrospun nanofiber
scaffolds composed of radially aligned fibers and its
potential application as a dural substitute. Recently,
Kurpinski er al. (48) demonstrated a novel electrospinning
method using an in vivo canine duraplasty model to
produce a unique synthetic nanofibrous dural substitute
with two integrated layers: one with predominantly aligned
fibers and the other with predominantly random fibers.

4.2. Silk fibroin

Silk protein spun by the silkworm, Bombyx mori,
has been used as a surgical suture because of its excellent
mechanical and biological properties, which include
biocompatibility and a low host inflammatory reaction (49).
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As the main component of silk protein, fibroin has been
characterized by its good water vapor and oxygen
permeability (50, 51), blood compatibility (52), and ability
to accelerate collagen formation and proliferation of
cultured human skin fibroblasts (53). Kim et al. (54)
reported that they prepared a transparent, silk fibroin—based
artificial dura mater for the first time, which was found to
be safe for neurosurgical applications and -effectively
inhibited inflammation without inducing side effects.
Although the long-term effects need to be determined in
larger animals, this transparent artificial dura mater
material no doubt has a huge potential in neurosurgical
applications.

4.3. Dural grafts

Dura mater replacement materials used
internationally are numerous and all have distinct
disadvantages. Although the advent of high-molecular
weight biomaterials offers a consistent and reliable source
of easy-to-use artificial dura mater materials, they are
difficult to suture, can not always be inserted accurately,
and are associated with poor infection resistance, thus
limiting their wide-spread use. Therefore, autologous or
xenogeneic grafts have become an area of interest. Dural
grafts have been in use for > 30 years and autologous
tissues were commonly accepted as dural replacements 10
years ago, as autologous membranes are from the patient’s
own tissue, thus they do not have the problems of tissue
incompatibility and immunorejection. In an experimental
study, Chaplin et al. (55) showed that autologous
pericranium was ideal for dural replacement and a study
evaluated by Tachibana et al. (56) showed that free fascial
grafts can heal with durable fibrous tissue without the
presence of a blood supply from an overlying vascularized
flap. However, the disadvantages of autologous tissues are
limited supply, surgical complexity, and involvement of
additional trauma. Some studies have reported that
adhesions can form between autologous membranes and
brain tissue, which may result in epilepsy in brain-injured
individuals (57). Compared with autologous tissues,
xenogeneic biomaterials have the advantages of relatively
good infection-resistance and mechanical properties similar
to those of the host dura mater (58). Filippi et al. (59)
reported that xenogeneic bovine pericardium was a flexible
and easily suturable, safe, and cost-effective material for
duraplasty as a dural substitute. Using an animal model of
xenogeneic dura mater transplantation, Shi et al. (60)
recently showed that a modified dura mater implant
retained good tissue compatibility and ideal mechanical
characteristics that facilitated host cell invasion and
permitted gradual replacement by new biological tissue
with functions of normal dura mater.

5. OTHER METHODS

5.1. Phenytoin sodium

Phenytoin is the oldest non-sedative anticonvulsive
drug commonly used for the treatment of primary and
secondary epilepsy, migraine, trigeminal neuralgia, some
psychotic  disorders, cardiac  arrhythmias, digital
intoxication, and following myocardial infarction by
blocking neuronal depolarization via blockade of sodium
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flow into the cell and neuronal re-excitation via calcium
flow blockade (61-65). Given these effective characteristics
of phenytoin, Ergun et al. (66) attempted to use phenytoin
to heal dura mater and found that the systemic use of the
low-cost drug as an antiepileptic before and after
neurosurgical procedures had favorable effects on dura
mater healing, but further clinical studies are needed to
determine effective dosages and duration of use.

5.2. Fibroblast growth factor (FGF)

FGFs have been shown to induce DNA synthesis,
cell migration, blood vessel growth, and dermal wound
closure in vivo (67). In addition, up-regulation of
endogenous FGF seems to be an important mechanism to
stimulate repair of damaged epithelia as demonstrated in
the skin, bladder, and kidney (68). Other studies have
demonstrated that different FGF concentrations promote
mitosis of keratinocytes and smooth muscle cells, and
wound granulation. Furthermore, FGFs may promote
wound healing in diabetes and radiotherapy (69, 70) (figure
1). In an animal model, Nurata et al. (71) showed that FGF-
2 facilitated dura mater healing in both the early and late
phases of wound healing and the quality of the dura mater
healing remained time-dependent because there was a
significant difference between the FGF-2 groups after 3 and
6 weeks. Wu et al. (72) further demonstrated that the use of
FGF for spinal cord injury was safe and feasible in their
clinical trial and reported significant improvements in
American Spinal Injury Association (ASIA) motor and
sensory scale scores, ASIA impairment scales, neurological
levels, and functional independence measurements 24
months postoperatively. Therefore, further large-scale,
randomized, and controlled investigations are warranted to
evaluate the efficacy and long-term results of FGF to
promote wound healing of the dura mater.

5.3. Granulocyte-macrophage colony-stimulating factor
(GM-CSF)

GM-CSF is a multipotent cytokine which may lead
to enhanced keratinocyte growth, selective recruitment of
Langerhans cells into the dermis, and enhanced wound
healing of the prepared site (73). The use of GM-CSF in
experimental animal models and preclinical studies has
revealed that it facilitates wound healing (74, 75). Using a
rat model, Kurt et al. (76) evaluated the effects of GM-CSF
on dural healing after experimentally induced CSF leakage
and reported that the local application of GM-CSF to the
site of CSF leakage facilitated dural healing and prevented
complications.

5.4. Laser beam

Surgical incisions can be bonded by heating with a
laser beam (77). Several earlier studies evaluated the use of
laser bonding for primary dural closure. Foyt ef al. (78)
published a report on the use of a diode laser with albumin
plus indocyanine green solder for the closure of dural cuts.
Desiccation of brain tissue was observed in this report,
possibly because no temperature control was used and
because of the deep penetration of diode laser radiation into
the brain tissue. Hadley et al. (70) conducted laser welding
experiments on the dura, but they did not obtain complete
laser dural closure resulting in intraoperative CSF leaks.
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Figure 1. Fibroblast growth factors (FGFs) promote wound healing. FGFs have been shown to induce DNA synthesis, cell
migration, blood vessel growth, and dermal wound closure in vivo. In addition, up-regulation of endogenous FGF seems to be an
important mechanism to stimulate repair of damaged epithelia. FGF could promote mitosis of keratinocytes and smooth muscle

cells, and wound granulation.

Thus, an immediate watertight seal was not
achieved. Menovski et al. (80) used a relatively low energy
CO, laser and applied egg white as a solder, as they were
mostly interested in understanding the mechanism of the
structural changes in the irradiated dura mater and the role
of the solder in the process, whereas Forer et al. (81)
demonstrated the actual potential of a temperature-
controlled CO, laser system in dural surgery and reported
that the laser tissue soldering procedure promised to be a
safe and reliable technique, which may find numerous
applications in neurosurgery and in many other surgical
fields.

6. CONCLUSIONS

In the present review, we introduced and compared
characteristics of the most commonly used and newly
developed dural repair procedures and materials regarding
of the addition of sealants, the use of substitutes, and other
effective methods. Although, most newly developed
methods focused on animal models, large clinical studies to
document the safety and efficacy of new methods in dural
repair need to be conducted in the future.

1239

7. REFERENCES

1. F. Esposito, P. Cappabianca, M. Fusco, L. M. Cavallo,
G. G. Bani, F. Biroli, et al.: Collagen-only biomatrix as a
novel dural substitute. Examination of the efficacy, safety
and outcome: clinical experience on a series of 208
patients. Clin Neurol Neurosurg 110, 343-51. (2008)

2. P. K. Narotam, F. Qiao, N. Nathoo: Collagen matrix
duraplasty for posterior fossa surgery: evaluation of
surgical technique in 52 adult patients. J Neurosurg 111,
380-6. (2009)

3. P. K. Narotam, K. Reddy, D. Fewer, F. Qiao, N. Nathoo:
Collagen matrix duraplasty for cranial and spinal surgery: a
clinical and imaging study. J Neurosurg 106, 45-51. (2007)

4. C. 1. Lasa, R. R. Jr. Kidd, H. A. 3rd Nunez, W. N.
Drohan: Effect of fibrin glue and opsite on open wounds in
DB/DB mice. J Surg Res 54, 202-6. (1993)

5. Narotam PK, Jose S, Nathoo N, Taylon C, Vora Y:
Collagen matrix (DuraGen) in dural repair: analysis of a
new modified technique. Spine 29:2861-2869, (2004)



New methods and materials of dural repair

6. T. Asai, K. Fujise, M. Uchida: Anaesthesia for cardiac
surgery in children with nemaline myopathy. Anaesthesia
47, 405-8. (1992)

7. K. D. Than, C. J. Baird, A. Olivi: Polyethylene glycol
hydrogel dural sealant may reduce incisional cerebrospinal
fluid leak after posterior fossa surgery. Neurosurgery 63,
ONS182-6; discussion ONS186-7. (2008)

8. L. Z. Leng, S. Brown, V. K. Anand, T. H. Schwartz:
Gasket-seal"  watertight closure in  minimal-access

endoscopic cranial base surgery. Neurosurgery 62,
ONSE342-3; discussion ONSE343. (2008)

9. C.J. Chin, L. Kus, B. W. Rotenberg: Use of duraseal in
repair of cerebrospinal fluid leaks. J Otolaryngol Head
Neck Surg 39, 594-9. (2010)

10. K. D. Kim, N. M. Wright: Polyethylene glycol hydrogel
spinal sealant (DuraSeal Spinal Sealant) as an adjunct to
sutured dural repair in the spine: results of a prospective,
multicenter, randomized controlled study. Spine (Phila Pa
1976) 36, 1906-12. (2011)

11. J. A. Rihn, R. Patel, J. Makda, J. Hong, D. G.
Anderson, A. R. Vaccaro, et al.: Complications associated
with single-level transforaminal lumbar interbody fusion.
Spine J 9, 623-9. (2009)

12. M. Mulder, J. Crosier, R. Dunn: Cauda equina
compression by hydrogel dural sealant after a laminotomy
and discectomy: case report. Spine (Phila Pa 1976) 34,
E144-8. (2009)

13. L. Bernardo, W. M. Bernardo, E. B. Shu, L. M. Roz, C.
C. Almeida, B. A. Monaco, et al.: Does the use of DuraSeal
in head and spinal surgeries reduce the risk of cerebrospinal
fluid leaks and complications when compared to
conventional methods of dura mater closure? Rev Assoc
Med Bras. 58, 402-3. (2012)

14. A. Kumar, N. F. Maartens, A. H. Kaye: Reconstruction
of the sellar floor using Bioglue following transsphenoidal
procedures. J Clin Neurosci 10, 92-5. (2003)

15. A. Kumar, N. F. Maartens, A. H. Kaye: Evaluation of
the use of BioGlue in neurosurgical procedures. J Clin
Neurosci 10, 661-4. (2003)

16. T. Yuen, A. H. Kaye: Persistence of Bioglue in spinal
dural repair. J Clin Neurosci 12, 100-1. (2005)

17. T. J. Bivalacqua, T. J. Guzzo, E. M. Schaeffer, M. A.
Gebska, H. C. Champion, A. L. Burnett, M. L. Gonzalgo:
Application of Evicel to cavernous nerves of the rat does
not influence erectile function in vivo. Urology 72, 1169-
73. (2008)

18. S. G. Pryor, J. Sykes, T. T. Tollefson: Efficacy of fibrin
sealant (human) (Evicel) in rhinoplasty: a prospective,
randomized, single-blind trial of the use of fibrin sealant in

1240

lateral osteotomy. Arch Facial Plast SurglQ, 339-44.
(2008)

19. R. W. Hutchinson, V. Mendenhall, R. M. Abutin, T.
Muench, J. Hart: Evaluation of fibrin sealants for central
nervous system sealing in the mongrel dog durotomy
model. Neurosurgery 69, 921-8; discussion 929. (2011)

20. P. Topart, F. Vandenbroucke, P. Lozac'h: Tisseel versus
tack staples as mesh fixation in totally extraperitoneal
laparoscopic repair of groin hernias: a retrospective
analysis. Surg Endosc 19, 724-7. (2005)

21. L. N. Sekhar, S. K. Natarajan, T. Manning, D.
Bhagawati: The use of fibrin glue to stop venous bleeding
in the epidural space, vertebral venous plexus, and anterior
cavernous sinus: technical note. Neurosurgery 61, ES5I1;
discussion E51. (2007)

22.J.S. Yeom, J. M. Buchowski, H. X. Shen, G. Liu, T.
Bunmaprasert, K. D. Riew: Effect of fibrin sealant on
drain output and duration of hospitalization after
multilevel anterior cervical fusion: a retrospective
matched pair analysis. Spine (Phila Pa 1976) 33, E543-
7. (2008)

23. N. E. Epstein: Wound-peritoneal shunts: part of the
complex management of anterior dural lacerations in
patients with ossification of the posterior longitudinal
ligament. Surg Neurol 72, 630-4; discussion 634. (2009)

24. P. Ferroli, F. Acerbi, M. Broggi, M. Schiariti, E.
Albanese, G. Tringali, et al.: A Novel Impermeable
Adhesive Membrane to Reinforce Dural Closure: A
Preliminary Retrospective Study on 119 Consecutive
High-Risk Patients. World Neurosurg (2011)

25. A. Della Puppa, M. Rossetto, R. Scienza: Use of a
new absorbable sealing film for preventing
postoperative cerebrospinal fluid leaks: remarks on a
new approach. Br J Neurosurg 24, 609-11. (2010)

26. C. von der Brelie, M. Soehle, H. R. Clusmann:
Intraoperative sealing of dura mater defects with a
novel, synthetic, self adhesive patch: application
experience in 25 patients. Br J Neurosurg 26, 231-5.
(2012)

27. R. Gazzeri, M. Neroni, A. Alfieri, M. Galarza, A.
Faiola, S. Esposito, M. Giordano: Transparent equine
collagen biomatrix as dural repair. A prospective
clinical study. Acta Neurochir (Wien) 151, 537-43.
(2009)

28. D. Dufrane, C. Marchal, O. Cornu, C. Raftopoulos,
C. Delloye: Clinical application of a physically and
chemically processed human substitute for dura mater. J
Neurosurg 98, 1198-202. (2003)

29. V. A. Zerris, K. S. James, J. B. Roberts, E. Bell, C.
B. Heilman: Repair of the dura mater with processed



New methods and materials of dural repair

collagen devices. J Biomed Mater Res B Appl Biomater. §3,
580-8. (2007)

30. Y. Shimada, M. Hongo, N. Miyakoshi, T. Sugawara, Y.
Kasukawa, S. Ando, et al: Dural substitute with
polyglycolic acid mesh and fibrin glue for dural repair:
technical note and preliminary results. J Orthop Sci 11,
454-8. (2006)

31. J. A. Anson, E. P. Marchand: Bovine pericardium for
dural grafts: clinical results in 35 patients. Neurosurgery
39, 764-8. (1996)

32. J. Parizek, Z. Husek, P. Mericka, J. Tera, S. Nemecek,
J. Spacek, et al.: Ovine pericardium: a new material for
duraplasty. J Neurosurg 84, 508-13. (1996)

33. G. K. Bejjani, J. Zabramski: Safety and efficacy of the
porcine small intestinal submucosa dural substitute: results

of a prospective multicenter study and literature review. J
Neurosurg 106, 1028-33. (2007)

34. M. A. Cobb, S. F. Badylak, W. Janas, A. Simmons-
Byrd, F. A. Boop: Porcine small intestinal submucosa as a
dural substitute. Surg Neurol 51, 99-104. (1999)

35. U. Knopp, F. Christmann, E. Reusche, A. Sepehrnia: A
new collagen biomatrix of equine origin versus a cadaveric
dura graft for the repair of dural defects--a comparative
animal experimental study. Acta Neurochir (Wien) 147,
877-87. (2005)

36. P. K. Narotam, J. R. van Dellen, K. D. Bhoola: A
clinicopathological study of collagen sponge as a dural
graft in neurosurgery. J Neurosurg 82, 406-12. (1995)

37. C. E. Tatsui, G. Martinez, X. Li, P. Pattany, A. D. Levi:
Evaluation of DuraGen in preventing peridural fibrosis in
rabbits. Invited submission from the Joint Section Meeting
on Disorders of the Spine and Peripheral Nerves. J
Neurosurg Spine 4, 51-9. (2006)

38. S. Bhatia, P. R. Bergethon, S. Blease, T. Kemper, A.
Rosiello, G. P. Zimbardi, ef al.: A synthetic dural prosthesis
constructed from hydroxyethylmethacrylate hydrogels. J
Neurosurg 83, 897-902. (1995)

39. L. S. Klopp, B. J. Simon, J. M. Bush, R. M. Enns, A. S.
Turner: Comparison of a caprolactone/lactide film
(mesofol) to two polylactide film products as a barrier to
postoperative peridural adhesion in an ovine dorsal
laminectomy model. Spine (Phila Pa 1976) 33, 1518-26.
(2008)

40. X. Zhang, X. Gao, L. Jiang, J. Qin: Flexible generation
of gradient electrospinning nanofibers using a microfluidic
assisted approach. Langmuir 28, 10026-32. (2012)

41. M. A. Alamein, Q. Liu, S. Stephens, S. Skabo, F.
Warnke, R. Bourke, ef al.: Nanospiderwebs: Artificial 3D
Extracellular Matrix from Nanofibers by Novel Clinical

1241

Grade Electrospinning for Stem Cell Delivery. Adv Healthc
Mater (2012)

42. K. S. Rho, L. Jeong, G. Lee, B. M. Seo, Y. J. Park, S.
D. Hong, et al.: Electrospinning of collagen nanofibers:
effects on the behavior of normal human keratinocytes and
carly-stage wound healing. Biomaterials 27, 1452-61.
(2006)

43. M. S. Khil, D. I. Cha, H. Y. Kim, I. S. Kim, N.
Bhattarai: Electrospun nanofibrous polyurethane membrane
as wound dressing. J Biomed Mater Res B Appl Biomater.
67, 675-9. (2003)

44. C. K. Hashi, Y. Zhu, G. Y. Yang, W. L. Young, B. S.
Hsiao, K. Wang, et al.: Antithrombogenic property of bone
marrow mesenchymal stem cells in nanofibrous vascular
grafts. Proc Natl Acad Sci U S A 104, 11915-20. (2007)

45. S. Patel, K. Kurpinski, R. Quigley, H. Gao, B. S. Hsiao,
M. M. Poo, S. Li: Bioactive nanofibers: synergistic effects
of nanotopography and chemical signaling on cell
guidance. Nano Lett 7,2122-8. (2007)

46. C. Y. Xu, R. Inai, M. Kotaki, S. Ramakrishna: Aligned
biodegradable nanofibrous structure: a potential scaffold
for blood vessel engineering. Biomaterials 25, 877-86.
(2004)

47. J. Xie, M. R. Macewan, W. Z. Ray, W. Liu, D. Y.
Siewe, Y. Xia: Radially aligned, electrospun nanofibers as
dural substitutes for wound closure and tissue regeneration
applications. ACS Nano 4, 5027-36. (2010)

48. K. Kurpinski, S. Patel: Dura mater regeneration with a
novel synthetic, bilayered nanofibrous dural substitute: an
experimental study. Nanomedicine (Lond) 6, 325-37.
(2011)

49. M. Santin, A. Motta, G. Freddi, M. Cannas: In vitro
evaluation of the inflammatory potential of the silk fibroin.
J Biomed Mater Res 46, 382-9. (1999)

50. P. Jeyasuria, J. Wetzel, M. Bradley, K. Subedi, J. C.
Condon: Progesterone-regulated caspase 3 action in the
mouse may play a role in uterine quiescence during
pregnancy through fragmentation of uterine myocyte
contractile proteins. Biol Reprod 80, 928-34. (2009)

51. B. Lun, X. Jianmei, S. Qilong, D. Chuanxia, S.
Jiangchao, W. Zhengyu: On the growth model of the
capillaries in the porous silk fibroin films. J Mater Sci
Mater Med 18, 1917-21. (2007)

52. S. Wang, Z. Gao, X. Chen, X. Lian, H. Zhu, J. Zheng,
L. Sun: The anticoagulant ability of ferulic acid and its
applications for improving the blood compatibility of silk
fibroin. Biomed Mater 3, 044106. (2008)

53. H. Yamada, Y. Igarashi, Y. Takasu, H. Saito, K.
Tsubouchi: Identification of fibroin-derived peptides



New methods and materials of dural repair

enhancing the proliferation of cultured human skin
fibroblasts. Biomaterials 25, 467-72. (2004)

54. D. W. Kim, W. S. Eum, S. H. Jang, J. Park, D. H. Heo,
S. H. Sheen, ef al.: A transparent artificial dura mater made
of silk fibroin as an inhibitor of inflammation in
craniotomized rats. J Neurosurg 114, 485-90. (2011)

55. J. M. Chaplin, P. D. Costantino, M. E. Wolpoe, J. B.
Bederson, E. S. Griffey, W. X. Zhang: Use of an acellular
dermal allograft for dural replacement: an experimental
study. Neurosurgery 45, 320-7. (1999)

56. E. Tachibana, K. Saito, K. Fukuta, J. Yoshida:
Evaluation of the healing process after dural reconstruction

achieved using a free fascial graft. J Neurosurg 96, 280-6.
(2002)

57. G. L. Zhang, W. Z. Yang, Y. W. Jiang, T. Zeng:
Extensive  duraplasty = with autologous graft in
decompressive  craniectomy and subsequent early
cranioplasty for severe head trauma. Zhonghua chuang
shang za zhi 13, 259-64. (2010)

58. J. Parizek, P. Mericka, J. Spacek, S. Nemecek, P.
Elias, M. Sercl: Xenogeneic pericardium as a dural
substitute in reconstruction of suboccipital dura mater in
children. J Neurosurg 70, 905-9. (1989)

59. R. Filippi, M. Schwarz, D. Voth, R. Reisch, P.
Grunert, A. Perneczky: Bovine pericardium for
duraplasty: clinical results in 32 patients. Neurosurg Rev
24, 103-7. (2001)

60. Shi ZD, Liu MW, Qin ZZ, Wang QM, He HY, Guo
Y, Yu ZH:A new modified dura mater implant:
characteristics in recipient dogs. Br J Neurosurg 23,71-
5.(2009)

61. H. H. Merritt, T. J. Putnam: Landmark article Sept
17, 1938: Sodium diphenyl hydantoinate in the
treatment of convulsive disorders. By H. Houston
Merritt and Tracy J. Putnam. JAMA 251, 1062-7. (1984)

62. R. D. Conn: Diphenylhydantoin Sodium in Cardiac
Arrhythmias. N Engl J Med 272, 277-82. (1965)

63. A. B. Ettinger, C. E. Argoff: Use of antiepileptic
drugs for nonepileptic conditions: psychiatric disorders
and chronic pain. Neurotherapeutics 4, 75-83. (2007)

64. T. S. Jensen: Anticonvulsants in neuropathic pain:
rationale and clinical evidence. Eur J Pain 6 Suppl A,
61-8.(2002)

65. W. M. Mulleners, E. P. Chronicle: Anticonvulsants
in migraine prophylaxis: a Cochrane review.
Cephalalgia 28, 585-97. (2008)

66. E. Ergun, G. Kurt, M. Tonge, H. Aytar, M. Tas, K.
Baykaner, N. Ceviker: Effects of phenytoin sodium on

1242

dura mater healing in a rat model of CSF leakage. Turk
Neurosurg 21, 471-6. (2011)

67. K. A. Thomas: Fibroblast growth factors. FASEB J 1,
434-40. (1987)

68. S. Werner: Keratinocyte growth factor: a unique player
in epithelial repair processes. Cyfokine Growth Factor Rev
9, 153-65. (1998)

69. D. Gospodarowicz, N. Ferrara, L. Schweigerer, G.
Neufeld:  Structural characterization and biological
functions of fibroblast growth factor. Endocr Rev 8, 95-
114. (1987)

70. L. G. Phillips, K. M. Abdullah, P. D. Geldner, S. Dobbins,
F. Ko, H. A. Linares, ,et al.: Application of basic fibroblast
growth factor may reverse diabetic wound healing impairment.
Ann Plast Surg 31, 331-4. (1993)

71. H. Nurata, B. Cemil, G. Kurt, N. L. Ucankus, F. Dogulu, S.
Omeroglu: The role of fibroblast growth factor-2 in healing the
dura mater after inducing cerebrospinal fluid leakage in rats. J
Clin Neurosci 16, 542-4. (2009)

72.J. C. Wu, W. C. Huang, Y. A. Tsai, Y. C. Chen, H. Cheng:
Nerve repair using acidic fibroblast growth factor in human
cervical spinal cord injury: a preliminary Phase I clinical study.
J Neurosurg Spine 8, 208-14. (2008)

73. G. Kaplan, G. Walsh, L. S. Guido, P. Meyn, R. A.
Burkhardt, R. M. Abalos, et al.: Novel responses of human
skin to intradermal recombinant granulocyte/macrophage-
colony-stimulating factor: Langerhans cell recruitment,
keratinocyte growth, and enhanced wound healing. J Exp Med
175, 1717-28. (1992)

74. L. N. Jorgensen, M. S. Agren, S. M. Madsen, F. Kallehave,
F. Vossoughi, A. Rasmussen, F. Gottrup: Dose-dependent
impairment of collagen deposition by topical granulocyte-
macrophage colony-stimulating factor in human experimental
wounds. Ann Surg 236, 684-92. (2002)

75.N. Z. Canturk, B. Vural, N. Esen, Z. Canturk, G. Oktay, G.
Kirkali, S. Solakoglu: Effects of granulocyte-macrophage
colony-stimulating factor on incisional wound healing in an
experimental diabetic rat model. Endocr Res 25, 105-16.
(1999)

76. G. Kurt, A. O. Borcek, B. Cemil, N. L. Ucankus, F.
Dogulu, M. K. Baykaner: The effects of topical granulocyte-
macrophage colony-stimulating factor on dural healing in rats
after induced cerebrospinal fluid leakage. J Neurosurg Spine 7,
419-22.(2007)

77. L. S. Bass, M. R. Treat: Laser tissue welding: a
comprehensive review of current and future clinical
applications. Lasers Surg Med 17, 315-49. (1995)

78. D. Foyt, J. P. Johnson, A. J. Kirsch, J. N. Bruce, J. J.
Wazen: Dural closure with laser tissue welding. Orolaryngol
Head Neck Surg. 115, 513-8. (1996)



New methods and materials of dural repair

79. M. N. Hadley, N. A. Martin, R. F. Spetzler, V. K.
Sonntag, P. C. Johnson: Comparative transoral dural
closure techniques: a canine model. Neurosurgery. 22, 392-
7.(1988)

80. T. Menovsky, J. F. Beek, M. J. van Gemert: Laser
tissue welding of dura mater and peripheral nerves: a
scanning electron microscopy study. Lasers Surg Med 19,
152-8. (1996)

81. B. Forer, T. Vasilyev, T. Brosh, N. Kariv, Z. Gil, D. M.
Fliss, A. Katzir: Repair of pig dura in vivo using
temperature controlled CO(2) laser soldering. Lasers Surg
Med 37, 286-92. (2005)

Abbreviations:  ASIA, American Spinal Injury
Association; CSF, cerebrospinal fluid; FDA, Federal Drug
Administration; FGF, fibroblast growth factor; GM-CSF,
granulocyte-macrophage colony-stimulating factor; TPD,
TissuePatchDural.

Key Words: Dura, Repair, Methods, Materials, Review

Send correspondence to: Fengbin Yu, Department of
Orthopaedic Surgery, No. 98 Hospital of PLA, No.9 Chezhan
Road, Huzhou, 313000, China. Tel: 8605723269681. Fax:
8605723269951, E-mail: yufengbin1977@yeah.net

1243



