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Abstract (120 words):

Spinal cord injury is a severely debilitating condition which can leave individuals paralysed and
suffering from autonomic dysfunction. Regenerative medicine may offer a promising solution to this
problem. Previous research has focused primarily on exploring the cellular and biological aspects of
spinal cord, yet relatively little remains known about the biomechanical properties of spinal cord
tissue. Given that a number of regenerative strategies aim to deliver cells and materials in the form
of tissue engineered therapies, understanding the biomechanical properties of host spinal cord
tissue is important. We review the relevant biomechanical properties of spinal cord tissue, and
provide the baseline knowledge required to apply these important physical concepts to spinal cord
tissue engineering.
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Background:

The spinal cord is a key component of the central nervous system (CNS), facilitating the transmission
of sensory and motor information to and from the peripheral nervous system [1]. Like elsewhere in
the CNS, the spinal cord is composed of both cellular and extracellular matrix components, and
together these combine to form spinal cord [2]. The spinal itself is enclosed by the bony vertebral
canal, and here it is enveloped by three meningeal layers (the dura, arachnoid, and pia) and bathed
in cerebrospinal fluid (CSF) [3]. These surrounding structures offer some degree of structural
protection, however, the spinal cord is still susceptible to injury.

Globally, spinal cord injury (SCI) affects between 250,000 to 500,000 new people each year [4]. SCI
most commonly results from trauma to the cord, and the majority of cases are caused by high
energy impacts such as road traffic collisions, falls, and contact sports. There are currently no
effective treatments for SCI, and individuals are often left with life-changing and catastrophic
permanent injury [5]. Moreover, SCl is associated with a wide-range of medical co-morbidities [6]
and the lifetime healthcare costs are considerable [7].

Regenerative therapies have long been thought to offer a solution to this problem, however, few
have progressed through to clinical translation. A better understanding of cellular and molecular

targets has driven a number of developments in tissue engineering and regenerative medicine [8-
11], yet relatively little information is available about the biomechanical properties of spinal cord
tissue in health, following trauma, or in patients with SCI.

The significance of biomechanics in tissue engineered therapies:

The mechanical properties of the extracellular matrix (ECM) in endogenous or engineered tissue
have the potential to significantly alter cell behaviour. For example, it is well-documented that
alterations in the extracellular stiffness alone (the extent to which an object resists deformation) are
sufficient to cause changes in fundamental cell behaviours such as differentiation, proliferation, and
gene expression [12-14]. The mechanisms underlying this are complex, but positional changes in
transmembrane receptors such as integrins and cadherins are thought to be key. Most likely,
downstream signalling cascades such as focal adhesion kinase are activated. In turn, these cascades
alter gene expression and cause changes to cell behaviour [15]. This is not a one-way exchange
though, since cells also actively sense - and exert force on - their surrounding ECM environment [16,
17].

In the context of tissue engineered therapies, it is therefore important to design constructs with
desirable mechanical characteristics in mind. Failure to do so is likely to hinder the cellular response,
impede regeneration, and attenuate overall functional recovery [18]. In addition, mechanical
mismatch between engineered tissue and the host tissue may be sufficient to cause additional
implant-induced damage [19]. This review summarises the current data on the mechanical
properties of spinal cord tissue, and relates these to novel opportunities in tissue engineering. For

reference, some of the terms commonly used in deformation mechanics are summarised in
Information Box 1.

Methods of measuring the biomechanical properties of spinal cord tissue:

The mechanical properties of a material or tissue can be measured in a number of ways. However,
owing to the relatively soft nature of spinal cord tissue, only a small number of measurement
techniques have been employed in practice. These have been used to measure the modulus values
of spinal cord tissue. Modulus is a mechanical description of how a material deforms when external
forces are applied, and (unlike stiffness) it is independent of the spatial dimensions of the sample
being tested. Broadly speaking, the mechanical techniques used to measure spinal cord tissue can be



divided into ex vivo and in-situ (live) methods. When considering the modulus values for spinal cord
tissue, it is important to remember how variation in measurement technique will affect the end
result.

Ex vivo measurement techniques:

Ex vivo measurement techniques have been used to compile the majority of the data pertaining to
the mechanical properties of spinal cord tissue. Of these, uniaxial tensile testing has been the most
commonly reported in the literature [20-27]. Tunturi et al. were perhaps one of the first groups to
use this technique in the late 1970s [28]. They securely attached a section of canine spinal cord
between two fixed points, and then applied a uniaxial tensional force parallel to the long-axis of the
sample (see panel A, Figure 1)Figure 3. Diagrammatic overview of the main techniques used in the
mechanical testing of CNS tissue.. The linear nature of this form of testing means that extension is
easy to quantify, and, when deformation is in the elastic phase, modulus calculation relatively
straightforward. Nevertheless, securely fastening soft and often small pieces of spinal cord tissue to
each end of a testing jig can be challenging. The technique has been used to measure a number of
mechanical properties, including: stiffness, modulus and stress. These factors, in addition to the high
prevalence of tensional testing rigs across biomaterials laboratories, go some way to explaining why
this technique has been so widely used.

Compression testing has also been used. This can either be performed by the gross uniaxial
compression testing of whole specimens [29-32], or by material surface indentation with atomic
force microscopy (AFM) [33, 34]. Similar to tensile testing, uniaxial compression offers a simple
experimental setup and relatively straightforward analysis of the bulk material properties. To this
end, uniaxial compression testing provides the same mechanical information as uniaxial tensile
testing, but may negate some of problems associated with tensile specimen attachment. AFM is less
useful at characterising bulk material properties, but is an excellent technique for mapping the
subtle topographical changes across the surface of a material down to the cellular level. This is most
commonly achieved through using a spherical indenter (in the order of 10 - 20um) mounted to a
piezoelectric micro-cantilever which probes the surface [35]; forces in the range of piconewtons (pN)
are then applied. As the tip scans the surface, a laser is used to measure the displacement of the
cantilever [36]. Given that the magnitude of force applied through the cantilever is known, tip
displacement can be measured (using the laser), and extrapolated to determine the material - or
tissue - surface properties [37]. AFM is advantageous in being able to detect nanoscale changes on
the surface, and this may not only be useful for discerning differences between grey and white
matter, but also for mapping micro-architectural mechanical heterogeneity across spinal cord cross-
sections [34]. This level of spatial resolution is an unrivalled advantage of AFM, yet it also means the
technique is less suitable for characterising bulk mechanical properties of specimens. Similar to
other techniques, AFM also suffers from being unable to characterise the internal mechanical
properties of intact tissue.

Ozawa et al. have also trialled the use of pipette aspiration to apply a suction force to transversely
sectioned spinal cord tissue [38]. Forces created by the presence of a vacuum then pull a small bolus
of tissue into the pipette end. Given that the magnitude of suction force being applied to the
specimen is known, measuring the volume of tissue displaced with a high-frequency video camera
allows a modulus value to be determined (see panel D, Figure 2). This technique is relatively novel, yet
it has proved useful in discerning the potential differences which may exist between the mechanical
properties of grey and white matter in rabbit spinal cord.

Considerations for accuracy in the ex vivo measurement of spinal cord tissue modulus:



Owing to the soft viscoelastic nature of spinal cord tissue, there are a number of challenges to
obtaining accurate measurement values of modulus and stiffness. The causes of variation are likely
to be two-fold: intrinsic differences in the parameters of cord tissue itself, and variations in external
measurement parameters.

Pre-conditioning is one potential source of external variation. This technique has been used by a
number of groups and it involves the cyclical straining of samples by small amounts prior to the final
measurement [39]. The concept of pre-conditioning is not new [40], and it is hypothesised that the
technique causes fluid redistribution within each specimen to standardise inter-sample variability
[41]. Nevertheless, empirical work has shown that for spinal cord tissue, the number of pre-
conditioning cycles performed has the potential to confound and influence end modulus
measurements [25, 42]. Whilst it is generally accepted that pre-conditioning is an aid to reducing
inter-sample variability, a standardised protocol of how to perform it remains controversial. Bilston
et al. recommend that pre-conditioning parameters should always be reported alongside main
experimental results, and also that the strain values used in pre-conditioning should be equivalent to
the highest anticipated values required as part of the study [42]. Even so, the total number of pre-
conditioning cycles which should be performed is disputed. Some groups suggest that 6 - 7 cycles
may be sufficient to allow for mechanical standardisation between samples [43], whilst others
recommended that in excess of 15 cycles must be performed to guarantee consistency [25]. The high
water content of native spinal cord tissue makes inter-sample variability high; however, a quest to
reduce inter-sample variability must not come at the cost of artificially manipulating tissue to an
extent where it deviates from its original characteristics. For example, in the case of other
anisotropic tissues such as ligament, extensive pre-conditioning has been shown to alter collagen
fibre alignment [44]. As such, researchers must be aware that pre-conditioning may change tissue
architecture and confound end results [45].

Ambient conditions such as temperature, prior to, and at the point of measurement, have been
shown to significantly alter the mechanical properties of porcine CNS (brain) tissue [46]. Given that a
number of studies fail to sufficiently report storage and testing temperatures, valid comparison of
results between research groups is challenging. Similarly, humidity may also affect the results
gathered from mechanical testing, and it too has been an underreported methodological
consideration. As such, it has been encouraging where groups haven given explicit details of their
experimental setup and testing parameters. Where methods have been reported, most commonly,
samples have been submerged in isotonic saline [22, 24, 47] or artificial cerebrospinal fluid [33, 34].

Other external factors, such as the time delay post mortem before mechanical testing occurs must
also be considered. Data from Oakland et al. suggest that tangent modulus, as defined by the
gradient of a stress-strain curve at a set strain, may increase as a function of time. This would
suggest that tissue stiffness increases with time after death [25]. This has important implications,
particularly where spinal cord tissue is stored for extended periods prior to mechanical testing,
where the effect of different storage conditions and temperatures remain unknown. One would
expect that the use of tissue preservation fluid may ameliorate such deterioration, yet the
mechanical changes that occur within spinal cord tissue post-mortem remain fundamentally
unexplored.

How specimens are attached to testing apparatus may also affect the results of mechanical testing.
For uniaxial tensile testing, the majority of groups have advocated the use of cyanoacrylate
adhesives (‘superglue’) to attach cord tissue to testing jigs [22, 27, 48, 49], while others have
favoured clamping [47] or suture attachment [24]. It remains poorly characterised how different
attachment methods may influence mechanical measurement, yet in the context of uniaxial tensile



testing specifically, measuring only the central portion of the taught specimen — known as ‘necking’ -
may be sufficient to negate some of these differences [27]. Likewise, for compression testing,
whether specimens should be attached at all remains to be explored. In the case of indentation
testing, friction may also significantly influence results, and in early phase measurements it has been
hypothesised to be the dominant force between the indentation probe and the specimen [39]. In the
case of AFM, sharpness of the probe tip may contribute to measurement inconsistency, where
changes in cross-sectional area may occur over time as the tip becomes blunter with repeated use
[50]. Some studies have also indicated that the properties of live and dead spinal cord tissue may be
significantly different [51], and that discrepancies between human and animal cord could exist [52].

Non-invasive measurement techniques used to measure spinal cord tissue in-situ:
In-situ measurement of mechanical properties of the spinal cord have been performed using

magnetic resonance elastography (MRE). MRE has previously been used to measure the mechanical
properties of other tissue types including liver, spleen, kidney, pancreas, prostate, vasculature, bone
and muscle [53], yet its application in measuring the stiffness of the central nervous system is
relatively new. MRE generates and propagates shear waves through tissue, before then acquiring a
set of serial MR images. These are digitally processed and used to generate a quantitative 3-
dimensional tissue stiffness map [54]. The technique is safe for human use [55, 56], and it is now
being increasingly used clinically in the non-research setting as a validation tool for mapping
mechanical changes in liver fibrosis [57]. The mechanical properties of the brain have already been
explored using MRE [58-62], however, the technique is yet to be applied to measure spinal cord
tissue specifically [63].

MRE negates a number of the problems associated with ex vivo measurement of spinal cord tissue,
but it is not without its flaws. Fundamentally, owing to the very nature of the technique, MRE can
only be used to apply shear forces. As such, only shear moduli have been calculated [53]. Moreover,
variations in the computational modelling and analysis techniques may alter the resulting tissue
stiffness that is calculated. Additionally, although a small number of heterogeneous rheometer-
based studies have reported the shear moduli of brain tissue ex vivo [64-66], there is currently no
experimental data to benchmark the shear moduli results generated by MRE with those that have
been generated through more established laboratory techniques. Nevertheless, in terms of
measuring the mechanical properties of spinal cord tissue for informing tissue engineering
applications, MRE may be an invaluable tool. Specifically, it allows for the mechanical
characterisation of spinal cord tissue in a physiological environment, and it negates several of the
challenges associated with accurate ex vivo measurement. Equally, MRE may one day be used for
personalised ‘biomechanical matching’, where the mechanical properties of tissue engineered
constructs might be matched in a bespoke fashion to those measured by MRE in individual patients.

Current understanding of the mechanical properties of spinal cord tissue:

Given the difficulties in ascertaining reliable and reproducible data, it is unsurprising that the
mechanical properties of spinal cord tissue have remained variable. Despite this, a number of
concordant observations have been made between multiple groups, and these suggest there are
likely to be some fundamentally replicable principles. Firstly, like a number of other soft tissues [67],
spinal cord tissue has been shown to display viscoelastic properties [20, 22, 29]. This means that
under deformation it exhibits a combination of both viscous (fluid) and elastic (solid) behaviours
[68]. Consequently, it is not possible to model spinal cord tissue using a classic linear deformation
relationship. Instead, complex hyperelastic models - of which, perhaps the Ogden model is the most



well-known - must be used [69]. These utilise finite element analysis, and break down complex
mathematical relationships into simpler, more discrete aspects which can be modelled [70].

Viscoelasticity has a number of important connotations in the spinal cord. Firstly, and perhaps most
importantly, it means that any modulus value calculated for spinal cord tissue is only true for a
specific given strain value. Modulus (or stiffness) is an inherent function of the stress-strain
relationship in viscoelastic materials (see red tangent lines in Figure 2), and thus quoted modulus
values will change as different amounts of strain are applied [25]. Ultimately, this means that spinal
cord tissue does not have a single modulus value, but rather a range of values which are strain
dependant. This has important implications in terms of data replicability, since unless authors
explicitly state the strain values which they have used to calculate modulus the results become
largely discordant [39]. To complicate matters, the stresses recorded in spinal cord tissue not only
vary with absolute strain, but also with strain-rate (Figure 3) [20, 22]. This means that strain-rates
must also be carefully reported to allow for cross-experimental comparison.

Stress-relaxation behaviour is also an inherent property of spinal cord tissue (Figure 4). This
phenomenon is typical of viscoelastic materials, and refers to how internal stresses within a material
(under a constant strain) decrease exponentially over time [71]. This is significant in terms of
modelling, since a so-called ‘relaxation modulus’ must be incorporated into computational models to
improve precision and predictive accuracy [72, 73]. Pragmatically, the phenomenon of stress-
relaxation is also important for tissue engineering, since the measured mechanical properties of a
biomaterial may vary over time - particularly after handling, for instance. The precise stress-
relaxation time of spinal cord tissue is difficult to quantify, mainly owing to variations in
experimental setup. However, current data suggests that spinal cord tissue may take anywhere in
the region of 25 seconds to 30 minutes to fully equilibrate and come to rest after a loading force has
been applied [39]. Certainly, the timescale and magnitude of this phenomenon would be worthy of
further exploration, since stress-relaxation behaviours may confound the determination of modulus
in a number of experimental setups.

Anatomical features are also likely to contribute to the intrinsic mechanical properties of the spinal
cord. A number of studies have demonstrated that there may be mechanical differences between
grey and white matter in the CNS for instance (Table 1). Currently, although differences between the
two tissue types have been observed, there is no clear consensus as to which is stiffer. Some studies
have suggested that grey matter has a higher modulus (and thus is stiffer), as measured by AFM,
pipette aspiration, and MRE, respectively [33, 38, 58], whilst others using indentation and MRE have
implied the opposite [74-77]. Other groups have indicated that there may be no differences at all
between the two tissues [78, 79].

Reasons underlying this disparity are difficult to ascertain. However, one explanation may be that
the direction of force applied has an effect on stiffness. White matter is known to be highly
anisotropic due to the organised tracts which run within it [80-82], and thus the direction in which
strain is applied may have the potential to alter modulus. Feng et al. suggest that anisotropy in the
spinal cord may affect shear modulus by as much as 30 — 50 % [78], whilst results by Koser et al.
indicate that differences between grey and white matter are likely to be independent of the
direction of the force applied [34] . Moreover, one study has used MRE to demonstrate regional
variations in tissue stiffness throughout the brain, and this may explain some of the discordance in
grey and white matter measurements between different research groups [83]. In terms of why such
differences may exist, there is no clear consensus. Shreiber et al. have used selective glial disruption



in developing chick embryos to investigate the differences which may exist between the two tissue
sub-types, and they suggest that the mechanical differences are unlikely to be due to differences in
myelin abundance. Rather, they indicate that they may be due to poorly understood architectural
interactions between neurons and glia, specifically axons and oligodendrocytes [26].

Given the disparity of modulus values generally, and the measurement limitations already
mentioned, it is difficult to draw meaningful conclusions about the absolute values of grey and white
matter modulus in spinal cord tissue. Nevertheless, in terms of tissue engineering applications these
disparities may be unimportant. It is true that there is considerable variability in the modulus values
measured between studies, yet the difference between grey and white matter of the same studies is
relatively small. This suggests that, other factors aside, providing tissue engineered constructs match
the mechanical properties of the spinal cord as a whole, they are likely to be suitable for use in
constructing either tissue sub-type. Data from Ichihara et al. support this sentiment, suggesting that
for low strains there is very little difference in the deformation characteristics between grey and
white matter during tensile testing [23] — displayed Figure 5. Similarly, Feng et al. have shown that the
storage moduli of grey and white matter do not differ significantly until higher frequencies (proxy for
increased strain-rates) are tested during MRE [78] — summary data displayed Table 1. Similar
mechanical properties between grey and white matter could be logical from an evolutionary
perspective too, since considerable mechanical mismatch between the two tissue sub-types in the
adult CNS might increase the chance of harmful shear forces being generated, and potentially lead
to damage in vivo [84]. Nevertheless, the evidence is inconclusive, and a review by Kuhl et al.
suggests that mechanical mismatch may actually be necessary for the successful development of the
CNS in the embryo [85].

In addition to grey and white matter regions, other physiological variables may also affect the
mechanical properties of spinal cord tissue. Namely, although not for the spinal cord specifically,
data from Weavee et al. have suggested that perfusion pressure may have a dramatic effect on the
shear modulus of biological tissues generally — Figure 6. Their results suggest that shear modulus may
vary by as much as 0.1 - 0.3 kPa/mmHg [86]. And, given that spinal cord perfusion pressure is
normally in the region of 50 - 140 mmHg [87, 88], this means that there may be large discrepancies
(5 - 42 kPa) in modulus values between perfused (live) and non-perfused (dead) tissue. This may
introduce systematic discrepancies between the results of ex vivo and in-situ measurement
techniques.

Physiological strain may also help explain some of the differences between in-situ and ex vivo
measurements. Ichihara et al. suggest that in a bovine model the in-situ strain on the cord may be as
high as 5 % [23]. As discussed, given that initial loading strain is believed to increase the stiffness of
viscoelastic tissues (recall Figure 4) [22], this may have important connotations for the modulus values
reported. Similarly, data gathered from the lamprey eel suggest that strain could increase to levels
as high as 15 % during periods of physical activity [24], thus giving rise to the possibility of
differences in modulus between active and resting animals.

Biological maturity is also likely to contribute to spinal cord tissue stiffness. Little data exists for age-
related changes in the CNS specifically, however, modulus changes with age have been well-
documented in other tissues such as bone [89] and muscle [90, 91]. One study by Arani et al. has
attempted to use MRE to probe the effect of age on the mechanical properties of the human brain.
Their results were inconclusive: they found a mild inverse linear correlation between age and
stiffness in the cerebrum, yet no such differences in the cerebellum [83]. In contrast, data from Elkin
et al. suggests that, in rats at least, CNS stiffness is likely to increase during adolescence [92]. Clarke
et al. also report that stress-relaxation behaviour in spinal cord tissue between adult and neonate



rats differs significantly, and they consequently speculate that such differences may explain the
increased severity of SCls typically seen in children [21]. Albeit not conclusive, collectively these
results imply that CNS tissue stiffness is likely to increase through life; this will be an important
consideration in the fabrication of personalised tissue engineered therapies.

Minimal data currently exists as to whether rostro-caudal location within the cord has any influence
on modulus, however, data by Fiford et al. suggest that anatomical location may influence local
tissue stiffness in the rat [22] — see Figure 7Figure . If this is true, then it has important connotation
for mechanical measurement, since - depending on the section of cord which is sampled for testing —
the mechanical properties would be expected to differ. Currently, very few studies report results for
testing more than one anatomical region of the cord. Similarly, different research groups use
different animal species, and this must be remembered as a key consideration in explaining the
variability between studies (Table 1) [38, 74, 75, 77, 78, 93, 94].

Future perspectives:

It is clear from the literature that a complete understanding of the biomechanical properties of
spinal cord tissue is currently lacking. This is due to a number of measurement difficulties, including
strain-rate dependence, stress-relaxation behaviour, and variability in experimental testing
conditions. Combined, these make the accurate mechanical characterisation of this soft, viscoelastic
tissue extremely challenging. Future work must build-on the successes of previous research, and
continue to develop our understanding of this clinically pertinent field.

Owing to the difficulties associated with accurately measuring spinal cord tissue, future research
must aspire to promote absolute methodological transparency. It remains unknown whether a
number of variables such as temperature, humidity and time post-mortem affect tissue stiffness,
and so it is important that these factors are routinely reported to allow for more easy comparison
between experimental setups. Moreover, given the confounding effects of pre-conditioning and
strain-rate on final modulus value, it is important that these are also reported routinely. In fact,
better understanding how these variables affect the mechanical properties of spinal cord tissue
would merit investigation in its own right, given that conclusive results would greatly benefit the
field as a whole.

Future work should also aim to make data analysis techniques as transparent as possible too.
Currently there are disparities in how modulus values are calculated, and given that spinal cord does
not obey linear deformation characteristics, it is paramount that stress and strain values are
reported alongside modulus values. Put simply, unless the rate and magnitude of strain are clearly
stated with modulus values, then the results become largely meaningless. This is particularly true
where tangent modulus (Figure 2) has been calculated for ex vivo experiments, and where complex
computational models have been used in MRE. Alternatively, where this is not appropriate, authors
may wish to report the range of modulus values they have observed over their testing parameters.

For tissue engineering applications, it is also important that future experiments focus on exploring
stiffness at low strains in particular. To date, a number of experiments have determined modulus at
high strain values, and although these are likely to be useful in creating computational injury models,
they are likely to be less useful in the context of tissue engineering. Specifically, it is unlikely that
such strains would be encountered by spinal cord tissue during non-pathological activity, and so
future work should aim to map the mechanical properties of cord tissue at rest and during normal
physiological movement. Historically, accurate measurement has been difficult owing to the delicate
nature of extracted spinal cord tissue, however, in-situ measurement techniques such as MRE offer
exciting new possibilities. Although this technique is highly effective at characterising perfused in-



situ spinal cord tissue, in the context of tissue engineering, and for the high-throughput
benchmarking of novel (unperfused) biomaterials, new ex vivo protocols may also need to be
developed. Furthermore, although the spatial resolution of MRE is in the order of ~ 2 mm [95], the
temporal resolution of MR-based techniques is generally poor [96]. This may limit the future use of
MRE in mapping mechanical differences between resting and movement states. In addition,
although in-situ MRE imaging is able to overcome a number of limitations associated with ex vivo
measurement, it is currently unable to match the spatial resolution of ex vivo techniques such as
AFM.

One ex vivo technique which researchers may wish to explore further is dynamic mechanical analysis
(DMA). This is an automated technique which uses sinusoidal compression or tension to map the
mechanical properties of soft viscoelastic materials over a range of strains and frequencies. It also
alows for the calculation of storage moduli, loss moduli, and compound moduli through the
measurement of phase-lag relative to the original compressive or tensional movement. Testing
parameters such as temperature may also be tighly regulated on some specific machines [97], and
thus it negates some of the discussed measurement consistency problems. Importantly, DMA also
allows for the precise control of strain over a range of values, and a number of frequencies can be
easily tested on single tissue samples. Thus, it allows for the accurate characterisation of viscoelastic
tissues over a range of strain-rates and facilitates more accurate modelling of the curvilinear
viscoelastic behaviour. To date, only one paper cites a primitive version of the technique to measure
spinal cord tissue [98], however, others have successfully used DMA to measure mechanical
properties in the context of peripheral nerve tissue conduits [99] and interfacial electrode polymers
[100]. In the context of tissue engineering, DMA may offer a reliable method to benchmark newly
synthesised biomaterials against endogenous spinal cord tissue.

Although experimental data are highly variable, we can be assured that native spinal cord tissue is
both soft and viscoelastic — recall Table 1 for specific details. This limited information may be
insufficient to create accurate computational injury models for SCI [101, 102], yet it provides vital
information about modifiable design features for tissue engineered constructs. Presumably, these
will aim to mimic the biomechanical properties of endogenous cord tissue, and so low stiffness and
viscoelasticity are likely to be key parameters in selecting appropriate candidate biomaterials.
Despite this, the ideal mechanical properties of therapeutic constructs remain largely unknown.
After all, although the mechanical properties of a pro-neurogenic construct are likely to be similar to
endogenous spinal cord tissue, they may not be identical. As we have already discussed, the
mechanical properties of the developing (and pro-regenerative) CNS may be significantly different
from those of the adult. The stiffness of the CNS has been shown to increase through adolescence
[103] - in the rat brain at least - and it is feasible that spinal cord tissue may be softer still during
early embryonic development. Moreover, at the cellular level, neurite outgrowth ex vivo has been
shown to be highest on ultra-soft substrates [67, 104]. Specifically, substrates of shear modulus 150
Pa have been shown to be the most permissive for neuron growth, and stiffer substrates close to 1
kPa have been shown to incrementally activate the astrocyte population [105]. One should be aware
that both these modulus values are considerably softer than a number of currently reported
modulus results (Table 1). As such, manipulating the mechanical properties of tissue engineered
scaffolds may offer exciting new therapeutic prospects. For example, future work may explore the
effects of tuning mechanical properties on individual cell populations. In doing so, it may be possible
to selectively activate the neuronal cell population, whilst concomitantly suppressing astrocyte
reactivity. This is likely to be important in acute phase therapies, where selective mechanical
suppression of the glial population could reduce secondary inflammation and minimise long-term
injury [106].



Exploring whether mechanical differences exist rostro-caudally along the cord would also warrant
further investigation. A number of animal studies use the thoracic or lumbar cord for mechanical
testing [21], yet the majority of human injuries occur in the cervical region [107]. If rostro-caudal
discrepancies do exist then this may have important connotations for the design of tissue
engineered therapies, where the mechanical properties of constructs may be required to differ with
anatomical location. In addition, it may be interesting to investigate the temporal mechanical
changes which occur following traumatic injury. For example, whilst it is generally assumed that
gliotic scar tissue is stiffer than healthy tissue [108], by how much, and when this mechanical change
occurs, remains poorly quantified. Given that different tissue engineered delivery mechanisms (e.g.
injectable self-assembling peptides vs. structured scaffolds with architecture) are likely to be
delivered at different times post-injury [109], a more precise understanding of the patho-mechanical
changes that occur would be useful [110].

The efficacy of tissue engineered therapies in repair of the human spinal cord remains uncertain.
What is clear, however, is the undoubted significance the extracellular mechanical environment in
orchestrating a permissive cell response. Even so, it must be remembered that - in addition to being
efficacious — tissue engineered constructs must also be clinically viable. Ultimately, all pro-
neurogenic scaffolds must eventually be scalable and comply with good manufacturing practice
(GMP). Failure to do so will mean that even the most promising therapies will not be approved by
regulatory health bodies (such as the FDA), and as such they will not be usable in the clinical setting
[111]. Similarly, handling properties must also not be neglected. For example, constructs which are
too soft are unlikely to be tenable to use during a surgical procedure, and such they will not be
incorporated into wide-spread clinical practice. Moving forward, it is important to remember that
no single measurement technique is likely to have the power to address all of these pertinent
research questions, and researchers will need to carefully consider the advantages and
disadvantages of each technique to fit the specific aim of the research (Figure 8). For example, AFM
may be particularly useful in mapping the micro-architectural mechanical differences over cross-
sections prepared from spinal cord tissue, whilst MRE may be more suitable for pragmatically
measuring perfused human cord in-situ.

Overall, a great deal of progress has been made in mapping the complex viscoelastic behaviours of
spinal cord tissue. In the context of advancing regenerative medicine approaches, future
experiments should not only continue to answer fundamental questions about the biomechanical
properties of spinal cord tissue, but should also aim to address those questions that are most
relevant to tissue engineering. This will increase our opportunity to capitalise on the exciting new
therapeutic prospects offered by mechanical manipulation, and hopefully provide a stronger
platform for tissue engineering to improve outcomes following spinal cord injury in the future.

Executive summary:

Background:
e Spinal cord injury is a life-changing and debilitating condition for which there are
currently no established clinical therapies.
e Tissue engineering may offer a way to encourage regeneration and repair at the cellular
level, and to improve functional recovery after injury.
e The mechanical properties of tissue have the potential to alter cell behaviour. This is an
important consideration when developing tissue engineered constructs.



e Measuring the mechanical properties of spinal cord tissue: Spinal cord tissue has been
measured using a range of ex vivo and in-situ techniques, and it has been found to
display viscoelastic biomechanical properties, similar to other soft biological tissues

e The viscoelastic nature of spinal cord tissue make it difficult to accurately characterise,
whereby factors such as strain-rate and stress-relaxation behaviours often confound
mechanical measurement.

e The structural properties of spinal cord tissue may be affected by a range of factors,
including sub-tissue type, physiological strain, perfusion pressure and anatomical
location.

Conclusions & future work:
e  Future work must concentrate on ensuring consistency in measurement techniques, and
explore the role of mechanical properties in creating a permissive repair environment.
e Practical considerations such as scalability, surgeon desirability, and good manufacturing
practice must be also considered in the design of future, clinically tractable therapies.
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Associated figures & tables:

Stress — Force per unit area. Generated by the reactive internal forces within a body when an external load is applied.
Measured in in N/m2, also known as the pascal (Pa).

Strain — The response of a system to an applied stress. Quantified by the deformation of a material relative to its initial
reference size. Measured as a ratio or percentage of new length relative to original length; does not have units.

Shear — The component of stress generated when a force is applied parallel, rather than perpendicular, to the cross-
section of the material. Measured in pascal (Pa).

Stiffness — The extent to which an object can resist deformation in response to an applied force. A property specific to
the structure of a body rather than its materials composition. The opposite of flexibility. Measured in N/m.

Modulus — The tendency of a material to deform along an axis when opposing forces are applied along that axis. A
constant for each material. Can be in the form of bulk, shear, or Young’s moduli. All forms measured in pascal.

Elastic deformation — The reversible and linear phase of deformation. Materials in this phase of deformation will
spontaneously return to their original shape once external deformation forces have been removed. Transition to plastic
deformation phase once yield point has been reached (defined below).

Plastic deformation — The irreversible and non-linear phase of deformation. Materials in this phase of deformation will
not spontaneously return to their original shape once external deformation forces are removed.

Yield point — The stress at which material deformation switches from elastic deformation to plastic deformation.
Measured in pascal (Pa).

Viscoelasticity — The term used to describe materials which display both viscous (fluid) and elastic deformation
characteristics. A combination of these properties means that viscoelastic materials exhibit time-dependent strain
behaviours. Classically, this means that the measured stiffness of a viscoelastic material is dependent on rate at which

the force is applied.

Information Box 1. Summary of some of the key mechanical terms used in deformation mechanics
and mechanical testing.



Grey matter modulus

White matter modulus

Study Model Methodology (kPa) (kPa)
Pipette Axial:3.40+ 1.4 Axial: 3.40+ 0.9
Ozawa [;ts(]ﬂ' 2001 Ex vivo aspiration of Frontal: 3.0+0.3 Frontal: 3.5+0.5
rabbit SC Sagittal: 3.5+0.9 Sagittal: 2.8+ 0.4
AFM
Christet al. 2010 | ., | indentation 0.45 +0.053 0.29 + 0.074
[93] of adult rat
cerebrum
Indentation
Budday et al. . .
+ +
2015 [74] Ex vivo of boylne 1.40+0.29 1.90+0.59
brain
Koser et al. 2015 ind?nFt'ZItion Coronal: 0.128* Coronal: 0.075*
[34]' Ex vivo of mouse Sagittal: 0.127* Sagittal: 0.077*
. Transverse: 0.125* Transverse: 0.048*
spinal cord
Greenetal. 2008 |\ ity MRE of 3.10£0.10 2.70£0.10
[94] human brain
400 Hz: 3.07 £0.28 400 Hz: 3.14 £0.27
Feng ‘E[;gg 2013 In-situ MREb‘:;f:"et 600 Hz: 5.20 + 0.26 600 Hz: 5.30 + 0.36
800 Hz: 7.31 £ 0.20 800 Hz: 6.88 + 0.47
McCracken et al. . MRE of
- + +
2005 [75] In-situ human brain 75+1.6 11.6+24
Uffmann et al. . MRE of
- + +
2004 [76] In-situ hurman brain 12.90 £ 0.90 15.20+1.4
Zhang et al. 2011 In-situ MRE of Cerebrum: 2.34+0.22 | Cerebrum:2.41+0.23

[77]

human brain

Cerebellum: 1.77 £ 0.24

Cerebellum: 1.85 + 0.18

Table 1. A summary of studies which have compared the moduli of grey and white matter in the central nervous system.
Tabulated data depicts the mean modulus value reported by research group + SD (where available). * Indicate median
values.
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Figure 3. Diagrammatic overview of the main techniques used in the mechanical testing of CNS tissue. a) Uniaxial tensile
testing [20-28], b) Uniaxial compression testing [29-32, 112], c) Atomic force microscopy [33, 34], d) Pipette aspiration [38],
e) Rheometry [64-66], f) Magnetic resonance electrography [58-60, 83, 86]. Note: beige substrate represents spinal cord
tissue; red arrows depict applied forces. Brain elastogram image in e) reproduced with permission from Murphy et al.
[113].
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Figure 2. Schematic graph showing the typical load-deformation characteristics of spinal cord tissue in mechanical testing.
Blue arrows depict two distinct regions of non-linear behaviour: toe deformation and linear deformation. Solid red lines
represent how tangent modulus values might be calculated as a function of the stress-strain relationship at different

strains [25].
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Figure 3. Schematic graph depicting how the viscoelastic properties of spinal cord tissue mean that the overall stress is
dependent not only on strain but also on strain-rate [20, 22].
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Figure 4. Graph depicting how stress-relaxation time might be an important consideration when measuring spinal cord
tissue immediately after handling. Stress can be seen to decay exponentially as a function of time and also seen to vary
depending on the magnitude of initial loading strain applied [22].
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Figure 5. Graph comparing the deformation characteristics of grey and white matter in the cervical bovine spinal cord
under compression. Results suggest that although for high strain deformation there are substantial differences between
the moduli of grey and white matter, at lower strains the mechanical properties of the two tissue sub-types may be largely
similar. Reproduced from Ichihara et al. [23].
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Figure 6. Schematic graph displaying the linear relationship between shear modulus and tissue perfusion pressure in brain

tissue [86].
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Figure 7. Representation of how rostro-caudal location within the cord might affect local stress-relaxation time.
Reproduced from Fiford et al. [22]
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Structural properties may results. Local mechanical differences

cause differences between in may exist between different
situ and ex vivo measurements anatomical regions in the cord.
(e.g. perfusion pressure +
physiological strain).

Key considerations for )
’ ] ] measuring the mechanical
Point values may give . . Absolute values may vary with
misleading results, and so properties of Splna| cord the type of modulus that
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with their respective testing compressive vs. shear
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reported.
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Figure 8. Summary of considerations for mechanical testing approaches. Ultimately, each mechanical measurement
technique offers a trade-off of unique advantages and disadvantages in the measurement of spinal cord tissue. These must
be considered in the context of the specific research question which is trying to be addressed, and no single measurement
technique is likely to overcome all these of the challenges associated with the robust measurement of viscoelastic spinal
cord tissue.
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