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Objective : The aim of this study was to investigate the biomechanical differences between human dura mater and dura mater
substitutes to optimize biomimetic materials.

Methods : Four groups were investigated. Group | used cranial dura mater (n=10), group Il used Gore-Tex® Expanded
Cardiovascular Patch (W.L. Gore & Associates Inc., Flagstaff, AZ, USA) (n=6), group Il used Durepair® (Medtronic Inc., Goleta, CA,
USA) (n=6), and group IV used Tutopatch® (Tutogen Medical GmbH, Neunkirchen am Brand, Germany) (n=6). We used an axial
compression machine to measure maximum tensile strength.

Results : The mean tensile strengths were 7.01+0.77 MPa for group |, 22.03+0.60 MPa for group II, 19.59+0.65 MPa for group ll, and
3.51+0.63 MPa for group IV. The materials in groups Il and Ill were stronger than those in group |. However, the materials in group IV
were weaker than those in group I.

Conclusion : An important dura mater graft property is biomechanical similarity to cranial human dura mater. This biomechanical
study contributed to the future development of artificial dura mater substitutes with biomechanical properties similar to those of
human dura mater.
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INTRODUCTION by many reasons, such as congenital defects, trauma, iatro-
genic injuries, inflammatory or tumour invasion. Synthetic

Duraplasty has been used for dural defect repair for many dura mater and collagen biomatrix are used to prevent dural
years in neurosurgical operations. Dural defects can be caused fistulae'. Human dura consists of mainly collagen and elastin
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fibres'®'®. Human dura mater is also described as a viscoelas-
tic material®.

Ideal dura mater material properties include non-neuro-
toxic, non-immunogenic, non-inflammatory, non-viral/
prion, concordant with the connective tissue, non-adhesive
to other tissues, watertight, viscoelastic and biomechani-
cally resistant'".

Viscoelasticity is defined as a property of materials that ex-
hibit both viscous and elastic characteristics when undergoing
deformation®?. Viscoelastic materials are excellent impact ab-
sorbers.

During artificial dura mater production, it is important that
the substitute has properties that are biologically and biome-
chanically similar to human dura. However, no studies were
found on biomechanical comparisons of these dura mater
substitutes and human dura in the literature.

The aim of this study was to compare the biomechanical
properties of dura mater substitutes with human dura mater

and contribute to the future development of these materials.

MATERIALS AND METHODS

All of the experimental procedures used in the present
study were approved by the Ethics Committee of the affiliated
institution. This study was conducted at Dokuz Eylul Univer-
sity School of Medicine Health Science Institute Biomechanics
Laboratory (reference number : 2017-14/5).

Artificial dura mater has been produced to substitute hu-

man dura mater. Gore-Tex® Expanded Cardiovascular Patch
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(W.L. Gore & Associates Inc., Flagstaff, AZ, USA), which is
produced from polytetrafluoroethylene (PTFE), is synthetic
and hydrophobic"'?. Durepair® (Medtronic Inc., Goleta, CA,
USA), which is produced from bovine skin collagen, is xeno-
geneic and should not be used in patients with a collagen al-
lergy®®. Tutopatch® (Tutogen Medical GmbH, Neunkirchen
am Brand, Germany), which is produced from bovine pericar-
dium, is xenogeneic and exposed to the Tutoplast process'.
The Tutoplast process is chemical sterilization, which increas-
es the strength of bovine pericardium to enzymatic break-
down and decreases its antigenicity.

Fresh cranial human dura mater specimens were collected
from forensic medicine. Four groups were included. Group 1
used cranial dura mater (n=10), group 2 used Gore-Tex® Ex-
panded Cardiovascular Patch (W.L. Gore & Associates Inc.)
(n=6), group 3 used Durepair® (Medtronic Inc.) (n=6), and
group 4 used Tutopatch® (Tutogen Medical GmbH) (n=6).

Sample preparation

The specimens were taken at autopsy from the right frontal
region of 10 cranial human dura mater (four male and six fe-
male) with a mean age of 42.57+8.71 (range, 31-54 years). Hu-
man dura mater specimens were fresh and not fixed with for-
malin. To prevent mechanical damage, human dura mater
samples were excised widely. The samples were frozen at -4°C
for 24-120 hours before testing. Human specimens were
thawed at room temperature for 6 hours before mechanical
testing.

A custom designed die was used to cut the samples from hu-

man dura mater and other dura substitutes. All samples were

Fig. 1. A: Dimensions of dura mater test specimens. B : Dimensions of the cranial dura mater specimens. *Thickness changes due to specimens. GW : gauge
width, GL: gauge length, SL : shoulder length, TL : total length, W : total width, T : thickness*.
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made according to Japanese Industrial Standard (JISK6251-5;
2004).

The test specimens were gripped using custom made alu-
minium grips to allow better stress distribution over a wider
gripping area. The bottom grip was rigidly attached within a
bathing chamber to the base of the machine. The other grip
was fixed to a load cell mounted to the vertical actuator. No
further pre-load was applied to the specimens.

Fig. 1 also shows the dimensions and orientations of dura
mater samples. The thickness of the samples was measured
using a digital caliper micrometer gauge (model number SS-

17DV150, Zhejiang, China). A custom designed system was
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Fig. 2. Schematic representation of the test setup for human dura mater
and dura mater substitutes biomechanics. ACSF : artificial cerebrospinal
fluid.
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made to simulate in vivo conditions (Figs. 2 and 3). A custom
designed cup was filled with artificial cerebrospinal fluid (so-
dium chloride 134 mM, potassium chloride 2.5 mM, magne-
sium chloride 1.3 mM, calcium chloride 2 mM, dipotassium
hydrogen phosphate 1.25 mM, sodium hydrogen carbonate 26
mM, and D-Glucose) and was heated to simulate human tem-

perature.

Mechanical analyses

We used an axial compression machine (AG-IS 5 kN; Shi-
madzu Corporation, Kyoto, Japan). Uniaxial tension was de-
scribed using JISK6251-5. The machine was equipped with a
500-N load cell.

Tests were performed at a displacement rate of 10 mm/min
at 37.04%0.39°C in custom designed container filled with sa-
line solution. The mean maximum tensile strength was re-
corded and analyzed by TRAPEZIUM X Materials Testing
Software (version 1.1.2; AG-IS 5 kN, Shimadzu Corporation,
Kyoto, Japan). Hooke’s law is commonly expressed in terms of
normalized parameters by calculating stress. The tensile stress
calculation by Hooke’s law is as follows :

Stress (MPa) = P/A

where A is the loaded cross-sectional area under tension and
P is the loaded force in Newton’s. Young’s modulus, or elastic
modulus, is the measure of the elastic deformation of the ma-
terial under force. Young’s modulus is equal to the longitudi-

nal stress divided by the strain.

Fig. 3. The test setup (A), and figures (B and C) showing the test specimen, the heating element, waterproof sensor, and digital thermometer controller, before

and after the test.
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Statistical analysis RESULTS

Tensile strength, thickness, Young’s modulus and standard
deviation values were calculated for the four groups. The For the experimental results of tensile strength and thick-
mean tensile strengths of each group was statistically analysed ness, the mean and standard deviation values for the test

with a Mann-Whitney U test (SPSS, ver. 15.0; SPSS, Chicago, groups are shown in Table 1. Stress and strain results for all
IL, USA). Statistical results with p<0.05 were accepted as sig- groups are shown in Fig. 4. The mean maximum tensile
nificant. strengths were 7.01+0.77 MPa for group I, 22.03£0.60 MPa for

Table 1. Mean values of thickness, tensile strength and Young’s modulus of specimens in all groups

Group | (n=10) 0.65+0.07 - 7014077 - 60.18+10.77" -
Group Il (n=6) 0.600.00 0.107* 22.03+0.60 0.004" 18.262845 0.004°
Group Ill (n=6) 0.50+0.00 0.002* 19.59:0.65 0.004" 54.16+4.82 0423°
Group IV (n=6) 0.40+0.00 0.002* 3.51+0.63 0.004" = -

Values are presented as mean+standard deviation. Group | : cranial dura mater specimen; group Il : Gore-Tex® Expanded Cardiovascular Patch Patch (W.L.
Gore & Associates Inc., Flagstaff, AZ, USA); group Il : Durepair® (Medtronic Inc., Goleta, CA, USA); and group IV : Tutopatch® (Tutogen Medical GmbH,
Neunkirchen am Brand, Germany). *p-values of mean specimen thickness of group II, Ill, and IV compared with group 1. 'p-values of mean maximum
tensile strength of group II, I1l, and IV compared with group I. *Young's modulus of 1 specimen in group | and all specimens in group IV could not be
calculated due to low tensile strength. °p-values of mean Young modulus of group Il and lll compared with group |
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Fig. 4. A-D: Stress-strain curves for all groups with a displacement rate of 10 mm/min.
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group II 19.59£0.65 MPa for group 111, and 3.51+0.63 MPa for
group IV. The mean Young’s modulus was 60.18+10.77 MPa
for group 1, 18.26+8.45 MPa for group 11, and 54.16+4.82 MPa
for group III. The Young's modulus for group IV could not be
calculated due to low tensile strength.

There was a statistically significant difference between the
tensile strengths of all groups (group I/group 11, p=0.004;
group I/group III, p=0.004; group I/group IV, p=0.004; group
/group III, p=0.004; group Il/group 1V, p=0.004; and group
I/group 1V, p=0.004). The Gore-Tex® (W.L. Gore & Associ-
ates Inc.) and Durepair® (Medtronic Inc.) materials were
stronger than human dura mater. However, Tutopatch® (Tu-
togen Medical GmbH) was weaker than human dura mater.
There was statistically significant difference between the spec-
imen thicknesses of all groups (p<0.050) except for between
group I and group II specimens (p=0.107). There was no sig-
nificant difference between the Young’s modulus of group I
and group III (p=0.423).

DISCUSSION

Dura mater substitutes are widely used in neurosurgery to
repair dural defects as a result of surgery, tumour invasion,
congenital abnormalities and trauma. Neurosurgeons need to
repair dura mater in 30% of cranial operations®. Surgeons
prefer watertight or non-watertight dural reconstructions ac-
cording to the etiology of the dural defects®®. Many dura ma-
ter substitutes and methods have been used over the past de-
cades, such as synthetic materials, autologous tissues or
human cadaveric dura mater*”'"'?. However, most of these
substitutes were inconvenient because of postoperative com-
plications. Nonautologous duraplasty has a complication rate
of 10.61%?. Cadaveric dura mater graft use is a risk factor for
piron (Creutzfelt-Jakob disease) transmission”. Dura mater
substitudes associated with pseudomeningocele, aseptic men-
ingitis, and persistent cerebrospinal leakage'.

All surgeons want to use an ideal dura mater substitute for
dural defects. The biomechanical properties of dura mater
substitutes should be resistant and should shape the material.
In our study, we compared the biomechanical properties of
cranial human dura mater and three dura mater substitutes.

Protasoni et al.” described three different layers of dura

mater. The outer layer, which is the thinnest, consists of fibro-

Comparison of Dura Mater Substitutes | Kizmazoglu C, et al.

blasts, collagen and elastic fibres. The median layer consists of
vascularized fibrous dura. The innermost layer, which is
known as the cell layer, is firmly attached to the arachnoid
layer. Tensile strength depends on collagen fibril orienta-
tions'”. Lee and Alexander stated that the amount of collagen
was related to the amount of scar tissue'*.

Filippi et al.” stated that they had good outcomes with the
use of Tutopatch® (Tutogen Medical GmbH) in 32 cases. They
also showed that Tutopatch® (Tutogen Medical GmbH) was
resistant, easy to use, less expensive than collagen substitutes.
Wilcox et al.?¥ demonstrated that bovine spinal dura mater
had high viscoelastic properties in both longitudinal and cir-
cumferential directions. Patin et al.'” found that the longitu-
dinal tensile strength of human lumbar dura mater was great-
er than its transverse tensile strength as human lumbar dura
mater had a longitudinal structure. In our study, we used only
uniaxial tension because cranial dura mater has isotropic me-
chanical properties.

Patin et al.'” also stated that the mean peak tensile forces of
human lumbar dura mater were 80 N for the longitudinal di-
rection and 15 N for the transverse direction. In our study, the
mean peak tensile force was 24.41£3.32 N for cranial human
dura mater, 95.98+3.83 N for Gore-Tex® (W.L. Gore & Associ-
ates Inc.), 72.78%1.91 N for Durepair® (Medtronic Inc.), and
was 8.2812.47 N for Tutopatch® (Tutogen Medical GmbH).

Runza et al.'”¥ used dumbbell-shaped specimens to measure
the tensile strengths of human lumbar dura mater and bovine
dura mater. Runza et al."¥ found that longitudinal samples
had more tensile strength than circumferential samples.

Zerris et al.? stated that the mean tensile strength of Dure-
pair® (Medtronic Inc.) was 22.70£2.83 MPa and the mean
thickness was 0.50£0.02 mm (Table 2). In our study, we found
a mean tensile strength of 19.80£0.80 MPa and a mean thick-
ness of 0.50+0.00 mm for Durepair® (Medtronic Inc.) sam-
ples.

van Noort et al.*? stated that the mean tensile strength of
human cranial dura mater was 4,70 MPa. Sacks et al."”’ stated
that the mean tensile strength of human cranial dura mater
was 12.76 £1.65 MPa. Wolfinbarger et al.*® stated that the
mean tensile strength of human cranial dura mater was 6.65+
0.14 MPa. McGarvey et al.'¥ stated that the mean tensile
strength of human cranial dura mater was 9.41+1.54 MPa. In
our study, we found a mean tensile strength of 6.37+1.94 MPa.

Yamada et al.*® used a rectangular test sample (40X5 mm)
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of human dura mater and found a mean tensile strength of
8.80%2.37 MPa and a mean thickness of 6.26+2.37 mm.

Famaey et al.® compared stretchable and non-stretchable
expanded PTFE by axial tension and found a strength of 41.48
+3.34 MPa for stretchable expanded PTFE and 32.40%3.80
MPa for non-stretchable expanded PTFE. However, they used
a rectangular test sample (10X5 mm) for the axial tension test.
We used a standard dumbbell-shaped specimen for measur-
ing tensile strength and found strength of 22.85+0.91 MPa for
PTFE.

The Young’s modulus represents the amount of tension that
must be applied to the material to create elastic strain. A ma-
terial with a high Young’s modulus indicates that it is difficult
to stretch elastically, whereas a low value indicates that it can
tlex elastically. Although group II had high tensile stress com-
pared to the other groups, the mean Young’s modulus of
group II was lower than that of group I and III. This finding
means that Gore-Tex® (W.L. Gore & Associates Inc.) material
is more elastic under tensile stress than the other materials.
The mean Young's modulus of group IV could not be calcu-
lated due to the low tensile stress of the material.

van Noort et al.?? stated that the Young’s modulus of hu-
man dura mater was 21.3—-48.0 MPa, whereas McGarvey et
al." stated that the Young’s modulus of human dura mater
was 61.5019.60 MPa. Wolfinbarger et al.?” stated that the
Young’s modulus of human dura mater was 69.50%1.28 MPa.
In our study, the mean Youngs modulus of group I was 60.18%
10.77 MPa, which was similar to the results of Zerris et al.*®
found a Young’s modulus of 69.94£9.49 for Durepair®
(Medtronic Inc.). In our study, the mean Young’s modulus of
group III was 54.16+4.82 MPa.

Cantore et al.” used cadaveric dura in 804 patients. Before
using the cadaveric dura, they stored the samples in 70% ethyl
alcohol and sterilized them with gamma rays. However, the
authors did not report mechanical tests, and the study used
cadaveric dura from donors with spreading Creutzfeldt-Jakob
disease”. Yamada et al.”” developed bio absorbable artificial
dura mater composed of polymers that had mean tensile
strength of 11.40£2.84 MPa with the usage of a rectangular
test sample. Many dural substitutes have been manufactured,
but autologous pericranium is the best choice because it is
non-immunogenic, inexpensive, and has reduced cerebrospi-
nal fluid leaks and infection compared to substitutes®. Al-
though autologous pericranium is the best choice, there are
some disadvantages such as surgeons need additional incisions
and time, difficulty in establishing a watertight closure, and
insufficient graft material for covering large dural defects.

The limitations of this study were that we used dura samples
that were frozen and then thawed. How the freeze-thaw cycle
affected dural biomechanics was not investigated. Biome-
chanical properties should be tested after the healing process
in vivo.

The strength properties of the material used in neurosur-
gery are clinically important. The biomechanical properties of
the material should be close to the thickness, impact absor-
bency and elasticity of the tissue to be used. The properties of
commercially available biomaterials may vary. The choice of
biomechanical material closest to duramater elasticity and
thickness for duramater tissue will provide a positive effect to
reduce suture stress in tissue and surgery. Because the human
dura mater is perfect impact absorber and barrier. Biome-

chanical property is one of the property of ideal dura mater

Table 2. Mechanical properties of human dura mater and dural substitudes in the literature

Study Specimen Thickness (mm) Tensile strength (MPa)  Young modulus (MPa)
Zerris et al.”® Durepair®* 0.50+0.02 22.70+2.83 69.94+9.49

van Noort et al.”” Cranial dura mater = 470 213-480

Sacks etal.” Cranial dura mater - 12.76 £1.65 -
Wolfinbarger et al.”” Cranial dura mater = 6.65+0.14 69.50+1.28
McGarvey et al.”” Cranial dura mater - 941+1.54 61.50+9.60
Yamada et al.”” Cranial dura mater 6.26+2.37 8.80+2.37 =

Famaey et al” Non-stretchable expanded PTFE - 41484334 -

Famaey etal” Stretchable expanded PTFE - 32.40+3.80 -

Values are presented as mean+standard deviation or number. *Medtronic Inc., Goleta, CA, USA. PTFE : polytetrafluoroethylene
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substitutes. Many biocompatible tissues and biomaterials are

used to repair dura mater defects.

CONCLUSION

The biomechanical properties of three dura mater substi-
tutes were investigated and compared with those of human
dura mater. All dural substitutes had different biomechanical
properties, but they were used safely and effectively to heal
dura mater defects. In the future, care should be taken to en-
sure that the biomechanical properties of dural substitutes are
similar to those of human dura mater, and this knowledge
may be used for determining the material properties of tissue
engineering scaffolds. Clinical evaluation may also be re-
quired in order to clearly determine the surgical complications

related to each dura mater substitute.
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