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Investigating the Mechanical and Structural Properties of the Superior Sagittal Sinus

Darragh R. Walsh, Aisling M. Ross, David T. Newport, John J. E. Mulvihill

Abstract The meninges, which are a composite tissue surrounding the brain, play an important role in the
mechanopathology of traumatic brain injury. Studies have demonstrated that the meninges are pivotal in
mitigating the damaging strains placed on the cortex from both physiological and pathophysiological head
movement, which can occur during dynamic events such as traffic accidents. Conversely, structures such as the
falx and tentorium have been shown to induce large deleterious strains within the brain. Understanding the
mechanical behaviour of these tissues is important to predict computational model brain strains. This study
provides the first biomechanical and structural evaluation of the structures anatomically tethered to the falx
cerebri, the superior sagittal sinus. We utilise uniaxial tensile testing, digital image correlation analysis and
scanning electron microscopy on porcine superior sagittal sinus tissue to show that these structures are
mechanically stiffer (with elastic moduli ranging from 33 to 58 MPa) than the properties that are typically assigned
to them in computational models of traumatic brain injury (elastic modulus of 31.5 MPa). This work has the
potential to improve the biofidelity of traumatic brain injury finite element models, thus improving crash
reconstruction and injury prediction efforts.
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I. INTRODUCTION

Traumatic brain injury (TBI) can be caused by rapid linear or rotational acceleration of the head experienced
in vehicular collisions, explosions, falls, or assaults. The kinematics of TBI results in the application of damaging
mechanical strains to cranial tissues, which may lead to acute and chronic brain function alteration [2]. An
estimated 10 million people are affected annually by TBI [3]. The burden of mortality and morbidity that TBI
imposes on society makes the condition a pressing public health and medical issue [4].

Improved vehicle design and the development of accident avoidance technologies have the potential to
reduce the danger imposed by TBI in vehicle collisions [5]. Furthermore, the development of improved protective
equipment has the potential to reduce the incidence of TBI sustained in participation in mainstream sports [6,7].
Finite element (FE) analysis is a tool which can provide fundamental insights into TBI injury mechanisms and
therefore, can be utilised to improve the design of protective equipment and strategies to mitigate the prevalence
of TBI [8].

The meningeal membrane is a critical composite tissue that protects the central nervous system (CNS). FE
models have provided us with a plethora of evidence that the meninges have a significant influence on TBI
mechanopathology [9]. In particular, fibrous extensions of the dura mater, the falx cerebri and tentorium
cerebelli, have been identified as key structures in influencing TBI mechanopathology [9]. However, no studies
currently exist detailing the mechanical response of the falx and tentorium, along with the intradural venous
sinuses they are connected to. To date, the intradural sinuses have been largely ignored in the study of TBI
mechanopathology. Experimental validation of computational modelling efforts have shown that accurately
capturing the native tissue biomechanical properties in head models is essential for the accuracy of modelling
results [10]. An improved knowledge of meningeal tissue properties is required if efforts are to improve
preventative measures and advance vehicular design. In this study, we conduct mechanical and structural
characterisation of the largest of the intradural venous sinuses, the superior sagittal sinus, which may aid in the
biofidelity of head impact models.

D. R. Walsh is a PhD student in Biomechanics, D. T. Newport is a Senior Lecturer in the Department of Mechanical, Aeronautical and
Biomedical Engineering and J. J. E. Mulvihill (john.mulvihill@ul.ie, +353 61-237719) is a Lecturer in the Department of Mechanical,
Aeronautical and Biomedical Engineering at the University of Limerick. .
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Il. METHODS

Tissue Preparation

Pig tissue is frequently used in neuroscience applications due to the similarities between the cranial structures
of pig and human [11,12] and due to the low availability of human donor tissue. Thus, 15 pig heads were
sourced from a local abattoir for this study (Rosderra Meats, Nenagh, Ireland). 9 heads were designated for
mechanical characterisation, while 3 heads were designated for structural analysis. Heads were dissected within
24 hours of animal euthanasia to prevent undesirable tissue degradation (see Figure 1 (A)) as per the methods
described in our previous work. The intradural sinus tissue was then isolated from the surrounding dura mater
tissue (see Figure 1 (B)). Isolation of the rectangular tissue sections was achieved using a pressing motion as
described in [14] utilising a No. 22 blade scalpel (No. 22 Disposable Scalpel, Swann-Morton) while the sample
rested on a dissection board. Note that both samples designated for both mechanical and structural
characterisation were acquired in relation to the longitudinal axis of the superior sagittal sinus (see Figure 5 (A)).

Fig. 1. (A) Dura mater tissue was removed from the porcine brain. (B) Superior sagittal sinus tissue is isolated from
the native dura mater tissue. Note the total length of the porcine superior sagittal sinus is ~ 70 mm.

Test samples were then frozen in cryoprotectant agent [15] (to prevent mechanical and structural degradation)
at -20°C. Three distinct regions of the superior sagittal sinus were tested; the frontal, parietal and occipital
region of the sinus. These regions were defined in relation to the lateral lobes of the brain they were subjacent
to. Mechanical characterisation test specimens were cut into sections of ~ 30 x 4 mm (length x width) and then
prepared by applying a speckle pattern to the sample surface for digital image correlation (DIC) analysis. The
speckle application process, which was conducted utilising an ABEST airbrush (ABEST Dual action airbrush,

ABESTOOLS) is as described below in Figure 2.

25 PSI

30 cm

Fig. 2. Speckle pattern application for digital image correlation. Cancer Diagnostics Inc. (CDI) tissue staining
dye, sprayed using an airbrush at a compressor pressure of 25 PSI with the airbrush nozzle 30 cm from the
sample surface, was utilised. This produced speckles of ~ 40-60 um diameter, which is desirable for high-

resolution strain resolution.
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Mechanical Characterisation

Prior to sample characterisation, sample geometrical measurements were acquired utilising noncontact

photogrammetry methods similar to our previous work [16]. Images were acquired along the sample length and
width. The sample geometry was then manually determined utilising the ‘measure’ function in Imagel to
determine sample cross-sectional area. Mechanical characterisation was then conducted utilising the Cellscale
Biotester (CellScale, Canada). Samples were then secured in the testing clamps of the Biotester. The testing
clamps were lined with gritted sandpaper and secured using a centrally positioned bolt with a torque of 50 cN.m,
to mitigate sample slippage during characterisation. Samples were submerged in phosphate-buffered saline (PBS)
solution at 37°C throughout mechanical testing. Samples were preloaded to 0.1 N and then subjected to 10
preconditioning cycles to 1% strain (preconditioning serves to allow test samples to settle into the testing
apparatus and to return the tissue to its in-situ stress configuration [17]). Samples were then stretched to a stretch
of A = 1.15 at a quasi-static strain rate of 1%/s for biomechanical characterisation.
Post-test DIC analysis utilising Cellscale’s Labjoy software was conducted to determine local sample stretch
throughout characterisation (see Figure 3 (C)). DIC stretch readings were determined utilising subset-based
analysis [18] of the central region of test samples to avoid the well-documented effects of stress concentrations
adjacent to sample grips [19,20]. The workflow for mechanical characterisation is as depicted in Figure 3.

A Sample imaged B Sample speckled C Tensile tested
with DIC
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Fig. 3. Mechanical testing workflow. (A) Test samples are imaged to determine geometries utilising noncontact
photogrammetry. (B) Samples are speckled prior to tensile testing. (C) Samples are tested in uniaxial tension
and images are recorded throughout testing to allow for post-test DIC analysis.

As sample stretch was acquired from the sample’s central region and samples had a uniform rectangular
geometry, stretch readings were relatively homogenous, and therefore sample stretch was determined by
averaging the DIC grid strains. In relation to sample stress calculation, Cauchy stress is typically used for
hyperelastic, soft biological tissues [21]. In the case of an incompressible material, Cauchy stress is equal to
Kirchoff stress [22]. As the dura mater is primarily composed of water like many other soft biological tissues [23],
itis considered incompressible. Therefore, Cauchy stress for this study was determined by calculating the Kirchoff
stress. Cauchy stress was thus calculated as:

Ocauchy = AO_Engineering €Y)

Where A is sample stretch as determined from DIC analysis and engineering stress, 0gpgineering. iS calculated as:

F

Ogngineering = A_ 2)
0

Where F is the measured force (determined from the load cells of the CellScale Biotester) and Ay is the pre-test
cross-sectional area, determined via pre-test noncontact photogrammetry.
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To allow for quantitative comparison between the three test regions and to existing literature, elastic moduli
were determined from the resulting Cauchy stress-strain curves. Moduli were calculated utilising a linear fit of
the high strain, collagen-dominant region of the stress-stretch curves as described previously [16,24]. All linear
fits had an R? value > 0.98 and were thus representative of the experimental data. As moduli were acquired from
the high stiffness region of the stress-stretch curves, they are denoted as ‘E«i# values.

Structural Characterisation

Biological tissue maceration involves chemical removal of all noncollagenic organic tissue components [25].
Superior sagittal sinus samples, separate to the mechanical characterisation samples, were maceratedin 1 N
NaOH solution for two weeks in order to remove all noncollagenic components such that the collagenic
architecture of the tissue could be analysed. The alignment of the collagen fibres were quantitatively analysed
utilising an ImagelJ plugin, Orientation) [26]. OrientationJ, an ImageJ plugin which calculates local orientation of
fibres based on structure tensors [24], was utilised to study the preferential orientation of the collagen fibres in
the porcine sagittal sinus.

Statistical Analysis

All statistical analyses were conducted utilising Prism software (GraphPad Prism 8.2.1). The normality of both the
mechanical testing ‘Esuisf’ values were first assessed utilising a Shapiro-Wilk test. The normally distributed regional
‘Esutf’ values were compared utilising an ordinary one-way analysis (ANOVA). A p-value of <0.05 was considered
statistically significant.

Ill. RESULTS

The superior sagittal sinus, like many soft biological tissues, display a high degree of nonlinearity in its stress-
strain behaviour [27] (as shown in the uniaxial stress-stretch curves shown in Figure 4 (A)). Table 1 summarises
the regional elastic moduli values of the superior sagittal sinus. In Figure 4 (B), the elastic modulus result of [28],
which is frequently assigned to the superior sagittal sinus in computational models [9], is shown for comparison
to the results observed in the current study.
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Fig. 4. (A) Plots of the Cauchy stress-stretch curves of the dural superior sagittal sinus samples tested in the
vessel's longitudinal direction utilising uniaxial tensile testing. (B) Mean Esssresults for the samples tested in
the longitudinal test direction utilising uniaxial tensile testing. The value obtained by [26] of 31.5 MPa for
native human dura mater tissue, is shown for reference. Also, the mean E value from our previous work
[14] is included. Error bars represent standard error about the mean.
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Figure 4 demonstrates that not only does the superior sagittal sinus tissue exhibit higher Eqrvalues than porcine
dura mater tissue, it also appears to trend toward a higher stiffness than the value assigned to sinuses on FE
models based on the work of [28] on human dura mater. Evaluating the regional variation of the superior sagittal
sinus, the tissue does trend toward a higher stiffness moving anterior to posterior. However, these regional
differences did not prove to be statistically significant, possibly due to the high intra-sample variance commonly
observed in meningeal tissues [23].

Table 1 summarises the elastic modulus results:

TABLE |
REGIONAL ELASTIC MODULI (VALUES REPRESENTED AS MEAN = STANDARD ERROR)
Region Elastic Modulus ‘Esif’ (MPa)
Frontal 32.6+5.3
Parietal 51.9+133
Occipital 58.1+17.2

Structural Characterisation
The macerated bone surface layer of the dural sinus tissue is as shown in Figure 5 (A). As demonstrated in Figure

5 (B), the collagenic fibres of the bone surface layer of the dural sinus tissue appears to be preferentially aligned
along the longitudinal direction of the sagittal sinus tissue.

Fig. 5. (A) The longitudinal direction of the dural sinus is as depicted by the arrow. (B) Collagen fibres on the bone
surface layer of macerated dural sinus tissue. Note that alignment of the image is as described in part (A) of

current figure.

In line with the analysis of [29] on human dura mater collagenic architecture, the orientation distribution was
analysed by generating histograms of the fibre orientations [29]. Similar analyses have been conducted previously
on porcine skin tissue [30] and human ocular tissues [31]. The histogram is as shown in Figure 6 (B). Similar to the
results of [29], the bone surface layer appears to exhibit moderate fibre alignment along the longitudinal direction
of the sinus, as demonstrated by the uneven distribution of fibre orientation in the histogram. This may explain
the tissue’s significant mechanical stiffness, as collagenic alignment is a major factor in soft tissue biomechanics

[32].
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Fig. 6. (A) Representative colour map analysis of the SEM image shown in Figure 5. The colour of each fibre
corresponds to the preferential local orientation of each fibre (in degrees, where 0° is as indicated by the black
line of the legend). This analysis was conducted through structure tensor analysis utilising Orientation) software.
(B) Histogram of the fibre orientation of (A).

IV. DISCUSSION

FE modelling of head impacts is used extensively in the automobile industry for the optimisation of vehicle
design [5]. A major metric for assessing the severity of a concussive impact in FE modelling is the evaluation of
brain strains [33]. The cranial meninges are a group of tissues which encase and support homeostasis of the brain
[34]. Previous FE modelling analyses have demonstrated that both the dura mater [35,36] and the pia-arachnoid
mater [37] appear to provide protection to the cortex during TBI insults. However, in contrast to the potentially
shielding role of the dura mater and pia-arachnoid complex, the falx cerebri potentially negatively influences the
force propagation of deleterious effects of TBI on the brain. Numerous studies have demonstrated that the falx
has the potential to induce significant localised TBI brain strains [9,38,39]. The large stiffness gradient between
the brain, which is one of the softest tissues in the body [40], and the adjacent dural structures has been shown
to cause large deformations within deep brain structures [9]. The work of [38] was the first to investigate the
phenomenon of falx-induced brain strains utilising three-dimensional FE head models. Biofidelic FE head models,
based on patient-specific anatomical data, with and without the falx and tentorium structures. To assess the
propensity of the falx and tentorium to influence TBI brain strains, the authors simulated a reconstructed
concussive sport accident on these models. They identified that the addition of the falx and tentorium to the head
models resulted in a decrease in brain tissue strains in peripheral brain regions with an increase in strain within
deep brain structures, such as the corpus callosum. The authors hypothesise that the mechanism of this localised
strain observed within the corpus callosum is related to the stiff falx consolidating movement of the cerebral
hemispheres. The authors conclude that the steep stiffness gradient between the falx and the brain tissue which
they likely contact during TBI results in the deleterious localised strain heterogeneity.

A recent study on the etiology of falx and tentorium-induced brain trauma is the work of [9]. Similar to the
work of [38], the authors utilised three-dimensional FE head models with and without the falx cerebri [38].
Interestingly, the authors also evaluated the impact of altering the material properties (elastic modulus) assigned
to the falx. In simulating the impact conditions which resulted in the loss of consciousness of an American Football
athlete, the authors found that a control model, with falx stiffness equal to that of native dura mater tissue (31.5
MPa), the corpus callosum strain was 35%. Further simulations exploring the role of the falx identified that
softening and stiffening the model’s falx resulted in a decrease (32% strain) and an increase (41% strain) in model
corpus callosum strain, respectively. Furthermore, the authors found that completely removing the falx from the
model resulted in a 50% reduction in corpus callosum strain to 17% strain. To explain the clearly influential role
of the falx, the authors provide a novel hypothesis for the corpus callosum strains. They suggest that deformation
of the distal, free edge of the falx following dynamic impacts may result in the falx contacting the cerebral
hemispheres superior to the corpus callosum. The stiffness gradient between the falx and corpus callosum may
then account for the strain concentrations observed in the inferior corpus callosum. This study highlights the
critical importance of biofidelically modelling the meningeal tissues for brain injury prediction and prevention
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purposes.

As a result of the anatomical connection between the superior sagittal sinus and the falx, it is likely the sinus
has the propensity to influence falx biomechanical behaviour in finite element models. To date, many studies
have evaluated the mechanical behaviour of native dura mater tissues in porcine [16,35] and human tissues
[23,42,43]. However, there is a paucity of studies investigating the properties of the intradural sinuses. Our
previous work [13], also on porcine tissue, was the first to explore the mechanics of the largest of the intradural
sinuses, the superior sagittal sinus. Our findings identified, for the first time, potential stiffness differences
between the native dura mater and the superior sagittal sinus. However, our previous work did not incorporate
digital image correlation analysis, which is important for accurate strain assessment [20], did not evaluate regional
variations within the superior sagittal sinus, and did not evaluate the structural alignment of the tissue. As a result
of the dearth of constitutive data on the sinuses, computational models which include the structures represent
them with the same mechanical properties as the native dura mater tissue (elastic modulus of 31.5 MPa) [28].
Here we show that the superior sagittal sinus, at least in porcine tissue, is stiffer (with elastic moduli ranging from
33 — 58 MPa) than the value typically assigned in human finite element models (as depicted in Figure 4 (B)). In
addition, when comparing the stiffness results to dura mater tissue of the same species (Figure 4 (B)), the porcine
superior sagittal sinus appears to exhibit larger stiffness than the native porcine dura. A limitation of this
comparison is that our previous work did not incorporate DIC analysis [13]. However, even with this considered,
the sinus tissue does appear to be notably stiffer than the native dura. These findings warrant further
investigation in human tissues. We hypothesise that if these findings translate to human tissues, it may influence
the FE modelling of TBI-induced load propagation to the cortex by influencing the modelled response of the
superior sagittal sinus-falx interface.

Scanning electron microscopy analysis combined with tissue maceration techniques were utilised to study
local fibre alignment in an attempt to explain the tissue’s large mechanical stiffness. The alignment of collagen
fibres, the main structural protein in soft biological tissues [44], is a major factor in a tissue’s mechanical
behaviour. Through the use of an orientation analysis tool in ImagelJ [26], we show that the superior sagittal sinus
demonstrates preferential alignment along its longitudinal axis (as depicted in Figure 6), which may explain its
large stiffness.

Wall thickness is another important factor for the FE modelling of vascalature [45]. A recent microscopic
anatomy investigation on the variability of dural sinus wall thickness provided a comprehensive overview of
regional human sinus wall geometrical properties by [46]. The evolution of MRI-based anatomical modelling can
also facilitate the development of patient-specific human head models with a high degree of geometrical
accuracy. Thus, regional analysis of the venous sinus wall thickness was not a focus of this investigation.

A limitation of the structural analysis performed in this study is that it only evaluates the surface layer of the
dural sinus tissue. Thus, future work will focus on the use of three-dimensional structural analysis techniques,
such as second harmonic generation microscopy [47]. Future work will also investigate the mechanical behaviour
of the dural sinuses in human tissue for improved translatability of results. It should also be noted that the quasi-
static strain rate utilised in this study may not represent the behaviour of this tissue at more dynamic, TBI-relevant
strain rates. It is currently unclear if the native dura mater tissue has strain rate dependency as it has not been
investigated in the literature. However, despite these limitations, the results suggest that dural sinuses are stiffer
than native dura mater tissue and these results warrant further investigation for improving the biofidelity of TBI
FE models.

V. CONCLUSIONS

This work represents the first mechanical and structural characterisation of the superior sagittal sinus, the largest
of the intradural venous sinuses. The sinus appears to have higher mechanical stiffness than the value that is
currently assigned to the tissues in finite element models of TBI. Structural analysis utilising scanning electron
microscopy suggests that this may be due to the collagenic fibre alignment of the sinus tissue. These results may
aid in improving the biofidelity of head impact simulations for accident reconstructions.
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