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A B S T R A C T

Understanding spinal cord injury requires a comprehensive knowledge of its mechanical properties, which re
mains debated due to the variability reported. This study aims to characterize the regional mechanical properties 
of the spinal cord in transverse sections using micro-indentation. Quasi-static indentations were performed on 
the entire surface of transverse slices obtained from 10 freshly harvested porcine thoracic spinal cords using a 
0.5 mm diameter flat punch. No significant difference in average longitudinal elastic modulus was found be
tween white matter (n = 183, E = 0.51 ± 0.21 kPa) and gray matter (n = 51, E = 0.53 ± 0.25 kPa). In the gray 
matter, the elastic modulus in the dorsal horn (0.48 ± 0.18 kPa) was significantly smaller than in the ventral 
horn (0.57 ± 0.24 kPa) (GLMM, p < 0.05). The elastic modulus in the dorsal horn was also significantly smaller 
than in the lateral (0.52 ± 0.22 kPa) and ventral funiculi (0.53 ± 0.18 kPa) of the white matter (GLMM, p <
0.05). However, there was no significant difference in the elastic modulus among the ventral, lateral and dorsal 
funiculi of the white matter (GLMM, p > 0.05). The average elastic modulus strongly varies between samples, 
ranging from 0.23 (±0.06) kPa to 0.79 (±0.18) kPa and the testing time postmortem was significantly associated 
with a decrease in elastic modulus (t = − 5.2, p < 0.001). The spinal cord’s white matter demonstrated signif
icantly lower elastic modulus compared to published data on brain tissue tested under similar conditions. These 
findings enhance our comprehension of the mechanical properties of spinal cord white and gray matter, chal
lenging the homogeneity assumption of current models.

1. Introduction

Every year, worldwide, approximately 900 000 persons suffer from 
spinal cord injuries or disorder (Ding et al., 2022), which are associated 
with significant physical, psychological and economic consequences. 
SCI commonly results from mechanical trauma to the cord, due to road 
traffic collisions, contact sports, and falls (Chen et al., 2016), but it can 
also arise from degenerative (e.g. myelopathies) or congenital diseases 
(e.g. Chiari and syringomyelia) (Noonan et al., 2012). No treatment 
against SCI neurological consequences has yet been approved although 
the developments in tissue engineering, regenerative medicine and 
epidural stimulation are seen as promising solutions (Bartlett et al., 
2016; Gorgey et al., 2023). Improving our understanding of injury 
mechanisms and recovery, as well as advancing treatment effectiveness, 
requires a deep understanding of the mechanical properties of spinal 

cord tissues (Bartlett et al., 2016; Fournely et al., 2020; Sparrey et al., 
2009). Indeed, spinal cord injuries (SCI) are often caused by mechanical 
forces (e.g., compression in cervical myelopathy), and these mechanical 
properties provide insight into how the tissue responds to such forces, 
which is crucial for understanding damage mechanisms (Lévy et al., 
2021). Also, accurate modeling of tissue behavior based on these 
properties aids in simulating surgical scenarios and predicting out
comes, which is highly beneficial for planning surgical interventions 
(Wang et al., 2024). Finally, in the fields of tissue-engineering and 
regenerative medicine, designing biomaterials that mimic the natural 
mechanical properties of spinal cord tissues is crucial for facilitating 
effective healing and restoring function (Chen et al., 2024; Jin et al., 
2023).

The inner structure of the spinal cord resembles a butterfly and is 
composed of gray matter, housing neuronal cell bodies, dendrites, and 
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E-mail address: nicolas.bailly@univ-eiffel.fr (N. Bailly). 

Contents lists available at ScienceDirect

Journal of the Mechanical Behavior of Biomedical Materials

journal homepage: www.elsevier.com/locate/jmbbm

https://doi.org/10.1016/j.jmbbm.2025.106898
Received 7 June 2024; Received in revised form 8 January 2025; Accepted 13 January 2025  

journal of the mechanical behavior of biomedical materials 163 (2025) 106898 

Available online 13 January 2025 
1751-6161/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-6941-6253
https://orcid.org/0000-0002-6941-6253
https://orcid.org/0000-0003-3806-7326
https://orcid.org/0000-0003-3806-7326
https://orcid.org/0000-0003-1428-8191
https://orcid.org/0000-0003-1428-8191
mailto:nicolas.bailly@univ-eiffel.fr
www.sciencedirect.com/science/journal/17516161
https://www.elsevier.com/locate/jmbbm
https://doi.org/10.1016/j.jmbbm.2025.106898
https://doi.org/10.1016/j.jmbbm.2025.106898
http://creativecommons.org/licenses/by/4.0/


unmyelinated axons. The gray matter is surrounded by white matter, 
consisting of myelinated axons and an environment that ensures 
nutrient supply and synaptic remodeling, primarily involving oligo
dendrocytes, astrocytes and microglia (Budday et al., 2019). Testing 
white matter and gray matter separately, without influence from the 
other tissue, is challenging due to the small size of the spinal cord and 
the complex interweaving of gray matter within the white matter. 
Nevertheless, researchers have successfully conducted independent tests 
on both white and gray matters of the spinal cord at different scales. At 
the cellular level, Koser et al. (2015) used atomic force microscopy 
(AFM) and showed that gray matter behaves like an isotropic material 
under compression, while white matter exhibited transversely isotropic 
behavior, with stiffness strongly correlated to the orientation of axons. 
At the macroscopic level, various mechanical testing methods have been 
employed. Sparrey et al. (Sparrey and Keaveny, 2011) and Jannesar 
et al. (2018) used unconfined compression to characterize the dynamic 
properties of white matter, demonstrating a highly viscoelastic response. 
Yu et al. (2020) performed quasistatic confined compression tests on 
both gray and white matter, finding that both tissues behave as isotropic 
and viscoelastic materials under compression. Finally, Ozawa et al. 
(2001) investigated the mechanical stiffness of white and gray matter in 
various directions using pipette aspiration. Yet, there is no consensus on 
which of the two materials is stiffer. While Ichihara et al. (2001), Koser 
et al. (2015) and Yu et al. (2020) suggest that gray matter is stiffer than 
white matter, Sharkey (2018) reported the opposite. Ozawa et al. (2001)
found no significant differences between the two materials.

Studies carried out on the mechanical properties of brain tissue also 
reported conflicting results on the stiffness of gray and white matter 
(Budday et al., 2019). According to Budday et al. (2019), this could be 
partially explained by the difference in the testing conditions reported in 
the literature. Indeed, gray and white matter were shown to be 
extremely soft, with a high water content, and to exhibit 
non-homogeneous, non-linear, viscoelastic behavior, strongly depen
dent on the type of loading (compression, tension, shear), on the 
drainage conditions during mechanical tests (confined or not) and on the 
strain rate (Budday et al., 2019; Zhao et al., 2018; Chatelin et al., 2010). 
Another explanation for differences in reported gray and white matter 
stiffness may lie in property variations within white and gray matters. 
Those variations were recently correlated with the microstructure of the 
tissues (Budday et al., 2020; Weickenmeier et al., 2016). In a study 
combining indentation and histological analysis, Weickenmeier et al. 
(2016) showed that white matter stiffness increased with myelin content 
and that the white matter of the cerebrum was twice stiffer than the 
white matter in the cerebellum (Weickenmeier et al., 2016). No studies 
have been conducted in the spinal cord using similar loading conditions 
for mechanical testing, making it challenging to draw a direct compar
ison between the stiffness of white matter in the brain and that in the 
spinal cord. If significant differences exist between various zones of 
white matter in the brain, we can hypothesize that similar differences 
may also occur in the major zones of white matter in the spinal cord. 
Indeed, spinal cord white matter comprises various ascending and 
descending tracts, including motor and sensory pathways, which have 
been well described in human atlases (Lévy et al., 2015). Duval et al. 
demonstrated that axon morphometries and density vary between these 
tracts, suggesting that their material properties might also differ (Duval 
et al., 2019).

This study aims to assess the cross-sectional distribution of me
chanical properties within the spinal cord by addressing two key ques
tions: (1) Does gray matter exhibit a higher elastic modulus than white 
matter in the spinal cord? (2) Is there variability in mechanical prop
erties among the primary zones of the spinal cord (ventral and dorsal 
horns, anterior, posterior, and lateral funiculi)? To answer these ques
tions, quasi-static micro-indentations were conducted on the surfaces of 
transverse slices from 10 porcine thoracic spinal cords.

2. Materials and methods

2.1. Mechanical characterization

Ten thoracic spinal cord segments (T2 level) were harvested from 10 
porcine spinal cords, prepared within 12 h post-mortem and tested 
within 17-h post-mortem. To ensure prompt postmortem testing, pigs 
were obtained from unrelated studies approved by the Institutional 
Ethics Committee for Animal Research (CIPA) at the CHUM (Centre 
Hospitalier de l’Université de Montréal). Rather than being discarded, 
their spinal cords were collected immediately after death to maximize 
the use of available animal resources. According to the Canadian Council 
on Animal Care, this procedure required no additional ethics approval. 
The pigs were Landrace and Yorkshire male pigs, aged between 2 and 3 
months, with an average weight of 54 ± 6 kg. The spinal column was 
extracted within 2 h post-mortem and placed in a refrigerated cooler 
(approximately 5–10 ◦C). It was then transported in a to the testing fa
cility in the cooler. A laminectomy was performed to extract spinal cord 
segments measuring approximately 6 mm in diameter and 5 mm in 
thickness. They were embedded into agarose at a physiological tem
perature (gel point at 37 ◦C) and precise transverse slices were cut using 
a Compresstome® VF-300-OZ slicing tool, ensuring a smooth and even 
indentation surface. The thickness of the final samples ranged from 4 to 
5 mm. The bottom transverse section of each sample was then glued to a 
Petri dish to prevent any movement. Samples were submerged in 
refrigerated phosphate-buffered saline (approximately 5 ◦C, range 
2–12 ◦C) to minimize deterioration and drying of the tissues and to 
reduce tissue adhesion with the indenter (Kohn and Ebenstein, 2013; 
Budday et al., 2017). The phosphate-buffered saline was maintained 
refrigerated during testing using little PBS ice cubes.

Samples were placed into a Hysitron TI 950 TriboIndenter™ with an 
XZ 500 extended displacement stage (maximum displacement 500 μm, 
measurement resolution <0.1 nN, sampling rate 200 Hz). Indentations 
were performed using a 0.5 mm diameter flat punch. The flat punch has 
been successfully used to test brain tissues (Weickenmeier et al., 2016, 
2017; Budday et al., 2015a) and ensures a constant contact area 
throughout the indentation process. This simplifies both the detection of 
initial contact and the calculation of the elastic modulus, as the contact 
area remains independent of the exact point of initial contact. In order to 
compare the elastic modulus of the spinal cord and the brain, the testing 
procedure used on bovine brain by Weickenmeier et al. (2016) was 
replicated. Indentations were performed with a 
loading-holding-unloading profile with a maximum displacement of 
300 μm, with a loading and unloading rate of 5 μm/s, and a holding time 
of 10 s (Fig. 1). The indenter’s microscope (20x objective lens) was used 
to identify the boundaries of white and gray matter and to define each 
indent location. Approximately 18 indents were performed in the white 
matter and 5 indents in the gray matter per sample. A minimum distance 
of 0.5 mm was maintained between each indentation and indentations 
were never performed closer than 0.5 mm from the pia mater. The 
sequence in which the areas of the cord were indented was defined 
randomly for each sample. For each indentation, the time was recorded 
as well as the type of tissue (gray or white matter), the area (ventral or 
dorsal horn, or anterior, posterior, or lateral funiculi) and the co
ordinates of the indents in the reference system of the indenter. The 
overall indentation tests on one sample lasted approximately 3 h.

After the indentation test, methylene blue stain was applied to the 
samples to delineate the boundary between white and gray matters, 
after which the samples were photographed. The coordinates of each 
indent, initially recorded in the reference system of the indenter, were 
then translated to the reference system of the photograph (see appendix 
A1). This process ensured that each indentation was accurately labeled 
according to the correct tissue type (gray or white matter) and region 
(ventral or dorsal horn, or anterior, posterior, or lateral funiculi). The 
indents that occurred at the limit between WM and GM (n = 28) were 
excluded from the statistical analysis.
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2.2. Elastic modulus calculation

Due to the inability of the device to automatically detect the soft 
tissue surface, the maximum indentation depth varied between each 
measurement. To ensure that the elastic modulus was consistently 
measured at the same depth, the contact time between the indenter and 
the sample was determined retrospectively, and the modulus was 
calculated from the loading curve, following the approach of Weick
enmeier et al. (2016). The contact time between the indenter and the 
sample was retrospectively identified at the first noticeable change in 
the slope of the loading curve (Fig. 1). This was done automatically by 
detecting the changes in the slopes and intercept of the loading curve 
using the pruned exact linear time method (Killick et al., 2012) imple
mented using the ischange function in Matlab with a threshold param
eter set at 200 (MathWorks, Natick, MA, USA). The contact stiffness k 
was considered as the slope of the loading curve at a depth of 100 ± 10 
μm and was measured by a least-squares linear regression (Fig. 1). The 
contact stiffness was then used to calculate the effective elastic modulus 
(Oliver and Pharr, 2004): 

Eeff =
( ̅̅̅

π
√

k
)/(

2
̅̅̅̅
A

√ )
(a) 

With A=1/4πd2 corresponding to the contact area of the flat punch of 
diameter d. According to Oliver and Pharr (2004), the relation between 
the effective elastic modulus Eeff, the moduli and poison’s ratio of the 
sample (Esmp and vsmp) and indenter (Eind and νind) is described by the 
following: 

1
/
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Considering that the stiffness of the indenter is orders of magnitude 
larger than the stiffness of the sample (Eind ≫ Esmp) and that the sample 
is incompressible νsmp = 0.5 (Budday et al., 2015b), the elastic modulus 
of the sample is calculated as follows: 

Esmp =
[
1 − ν2

smp

]
Eeff =3k

/
4d (c) 

2.3. Statistical analysis

The effects of tissue type (white or gray matter) and post-mortem 
indentation time on the modulus were evaluated using a Generalized 
Linear Mixed Model (GLMM), with variability between pig samples 

treated as a random effect. Normality of the residuals was assessed using 
the Shapiro-Wilk test (W = 0.99216, p = 0.2767) and homoscedasticity 
was checked using the testDispersion function from the DHARMa 
package (dispersion = 1.0364, p-value = 0.824) in R. A similar analysis 
was performed to study the effect of spinal cord regions (anterior, pos
terior, and lateral funiculi for WM and ventral and dorsal horn for GM) 
and of post-mortem indentation time on the elastic modulus.

3. Results

A total of 264 indentations were performed on 10 spinal cord sam
ples. Fig. 2 presents the elastic modulus distribution across these 10 
samples. In each sample, variations in elastic modulus were observed 
between both white and gray matter. However, the location of the peak 
elastic modulus varied between samples, and no clear pattern could be 
identified.

Fig. 3(a) compares the elastic modulus measured in the white matter 
(n = 183) and the gray matter (n = 53) of the 10 spinal cord samples. 
The mean elastic modulus of all samples was 0.52 (±0.21) kPa for both 
white matter and for gray matter. No significant difference was found (p 
> 0.5) between the gray and white matter using the Generalized Linear 
Mixed Model. However, we observed that the time postmortem of the 
indent significantly decreased the elastic modulus (t = − 5.2, p < 0.001). 
This is illustrated in Fig. 3(b), which shows a decline in the measured 
elastic modulus for indentations performed after 12 h postmortem. The 
average sample elastic modulus also varied between specimens, ranging 
from 0.23 (±0.06) kPa for sample 7 to 0.79 (±0.18) kPa for sample 10.

Fig. 4 compares the elastic modulus in different regions: ventral and 
dorsal gray matter horns, and lateral, dorsal, and ventral white matter 
funiculi. In the gray matter, the elastic modulus in the dorsal horn (0.48 
± 0.18 kPa) was significantly smaller than in the ventral horn (0.57 ±
0.24 kPa) (GLMM, p < 0.05). Additionally, the elastic modulus in the 
dorsal horn was significantly smaller than in the lateral (0.52 ± 0.22 
kPa) and ventral funiculi (0.53 ± 0.18 kPa) of the white matter (GLMM, 
p < 0.05). However, no significant difference in the elastic modulus was 
observed among the three white matter zones (GLMM, p > 0.05).

4. Discussion

This study used micro-indentation to investigate the cross-sectional 
stiffness of the spinal cord. It is a first attempt to map the elastic 
modulus across the entire transverse section of the spinal cord, offering 
new experimental indentation data for both gray and white matter at a 
previously unexplored length scale. Our findings revealed no significant 
difference in the mean elastic modulus between white matter (WM) and 
gray matter (GM). However, variations in elastic modulus were 
observed within both WM and GM regions.

There is currently no consensus in the literature regarding the rela
tive stiffness of white and gray matters. That relative stiffness is 
important because it impacts the development in tissue engineering as 
well as the understanding of the strain distribution in the cord during an 
injury (Fournely et al., 2020). Yu et al. (2020), Ichihara et al. (2001), 
and Koser et al. (2015) reported that spinal cord gray matter was 1.6–2.1 
times stiffer than white matter. In contrast, Ozawa et al. (2001) and the 
current study found no significant difference in stiffness between the 
two materials. On the other hand, Sharkey (2018) found in his master’s 
thesis that white matter is stiffer than gray matter. Similarly, contra
dictory results can be found in the brain, with white matter being 
sometimes described as stiffer (Budday et al., 2017) and sometime softer 
(Feng et al., 2013) than gray matter. The magnitude of the equivalent 
elastic modulus also strongly varied in these studies from 70 Pa (Koser 
et al., 2015) to more than 200 kPa (Yu et al., 2020). According to Budday 
et al. (2019), the large variation in white and gray matter mechanical 
properties could be partially explained by the difference in testing 
conditions. Indeed, prior studies on spinal cord characterization have 
exhibited varied loading conditions (Compression in Yu et al. (2020) vs. 

Fig. 1. Transverse spinal cord slice and typical indentation force vs. displace
ment curves. The contact stiffness k was considered as the slope of the loading 
curve at a depth of 100 ± 10 μm in the sample (solid red line in the loading 
curve). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)
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tension in Ichihara et al. (2001)), tested scale (from cell-level in Koser 
et al. (2015) to the entire spinal cord in Ichihara et al. (2001)) and tissue 
preparation (fresh in Ozawa et al. (2001) vs. flash-frozen in Yu et al. 
(2020)). Notably, our data showed that the mechanical properties of 
spinal cord tissues degraded over time postmortem, which may also 
affect comparisons between studies. This degradation aligns with find
ings on brain tissue (Mallory et al., 2024), but occurred within 15 h 
postmortem, faster than the degradation observed for the brain by 
Budday et al. (2015b) under similar testing conditions.

We chose to perform indentation tests on freshly harvested spinal 
cord tissue using a 0.5 mm flat punch. This enabled us to test white 
matter (WM) and gray matter (GM) independently, despite the GM’s 
small butterfly-like shape tangled within the WM. The set-up and 
methodology were inspired by the work of Budday et al. (2015b), who 

demonstrated that the method was well suited for testing fresh brain 
slices. This approach minimizes tissue degradation and dehydration, as 
well as tissue adhesion, which can have detrimental effects on inden
tation results (Kohn and Ebenstein, 2013). We found no significant 
difference between white and gray matter, with a mean elastic modulus 
of 0.51 ± 0.21 kPa and 0.52 ± 0.25 kPa, respectively. Using a similar 
setup and loading conditions, Weickenmeier et al., 2016, 2017reported 
a comparable gray matter elastic moduli in the brain (0.68 ± 0.20 kPa) 
(Fig. 5). Concerning the white matter, Weickenmeier et al. (2016) found 
that the white matter in the cerebrum (1.33 ± 0.63 kPa) was as stiff as 
the white matter of the cerebellum (0.75 ± 0.29 kPa). Our findings 
suggest that the elastic modulus of the spinal cord’s white matter (0.51 
± 0.21 kPa) is even lower than that of the cerebellar white matter. 
Differences between the two studies may also arise from the animal 

Fig. 2. Elastic modulus distribution across the spinal cord sections of samples 1 to 10. The black and blue dotted lines represent the approximate boundaries of the 
gray matter and the overall spinal cord, respectively. The surface (contour map) was obtained by fitting the indentation data: the x and y axes represent the 
indentation coordinates in the schematic spinal cord system, while the z-axis represents the measured modulus. The fitting process involved minimizing the sum of 
squared errors between the surface and the indentation results, using a piecewise cubic interpolation method. This method was implemented using the fit function in 
Matlab software (MatWorks, Natick, MA, USA). The method to express the coordinates of each indents from the indentation device into the reference system of a 
schematic spinal cord is presented in Appendix A. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)

Fig. 3. Elastic modulus of the white and gray matters in the 10-spinal cord (SC) samples (a) and as a function of post-mortem testing time (b). Solid bars, bars, 
whiskers and dots in (a) represent median values, quartiles, extreme values and individual measurements respectively. The black line in (b) represents a linear 
regression fit.
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model chosen, as we conducted tests on porcine spinal cord, whereas 
Weickenmeier et al. (2016) used bovine brains. However, according to 
MacManus et al. (2020), brain tissues’ mechanical properties are highly 
consistent across species. This difference in white matter stiffness sug
gests that, under quasi-static loading conditions, the mechanical prop
erties of brain white matter should not be used as a substitute for 
modeling spinal cord white matter.

This study showed some variations of mechanical properties within 
the gray matter and the white matter (Fig. 5). In the gray matter, we 
found that the mean standardized elastic modulus was higher in the 
ventral horn than in the dorsal horn. Interestingly, Koser et al. (2015), 
using atomic force microscopy in mouse spinal cord, also found that the 
ventral horn was slightly stiffer than the dorsal horn, but this observa
tion was limited to the transverse section. In the sagittal section, they 
found the opposite result suggesting that regionally the gray matter is 
anisotropic and heterogeneous. Koser et al. (2015) proposed that these 
differences may be due to the preferential craniocaudal orientation of 
most sensory axons in the dorsal horn, unlike the motor neurons con
tained in the ventral horn, which did not show a clear directional bias. In 
the white matter, variations in elastic modulus were expected. Indeed, 
variations in white matter stiffness have been described between 
different parts of the brain (e.g., cortex, basal ganglia, corona radiata, 
and corpus callosum) (Weickenmeier et al., 2016; Budday et al., 2017; 
Jin et al., 2013; MacManus et al., 2017). Additionally, the structure of 
the spinal cord’s white matter, with tracts of varying axon morphometry 

and density, suggests that material properties may also vary (Lévy et al., 
2015; Duval et al., 2019). However, we did not find any significant 
differences in the elastic modulus between the ventral, dorsal, and 
lateral funiculi. While some regions showed higher stiffness within each 
funiculus, these regions varied between samples, and no clear pattern 
emerged. This finding is important for future mechanical testing and for 
advancing current models that consider white and gray matter as either 
one or two homogeneous materials. Specifically, the difference in stiff
ness between the ventral and dorsal funiculi in gray matter may influ
ence the stress and strain distribution in the spinal cord under load, and 
should be considered in mechanical modeling. However, it is important 
to note that this study is limited to quasi-static stiffness, and local 
structural differences may affect the viscoelastic behavior of spinal cord. 
Furthermore, since only one quasi-static condition was tested, this study 
does not provide sufficient data for the development of a comprehensive 
constitutive material law for white and gray matters in each region. 
Nevertheless, the current findings can be used to guide future experi
mental studies aiming to develop constitutive material laws for spinal 
cord tissues.

4.1. Limitations

The choice of the indenter as well as the method of modulus calcu
lation was made for both practical and scientific reason but present a few 
limitations. First, we used a flat punch indenter because its larger, 

Fig. 4. Elastic modulus measured by indentation in 5 regions of the porcine spinal cord. Solid bars, bars, whiskers and dots represent median values, quartiles, 
extreme values and individual measurements respectively.

Fig. 5. Mean and standard deviation of elastic modulus of the white matter (WM) and the gray matter (GM) measured by indentation in 5 regions of the porcine 
spinal cord compared to the bovine brain. The bovine brain results were extracted from (Weickenmeier et al., 2016). The five regions of interest in the spinal cord 
section: ventral funiculi (n = 44), lateral funiculi (n = 112), dorsal funiculi (n = 27), ventral horn (n = 22) and dorsal horn (n = 31).
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constant contact area made it easier to define the contact point with the 
soft spinal cord tissue, allowing us to calculate the modulus without 
needing precise knowledge of the initial contact point. This also enabled 
direct comparison with previous brain studies using the same method 
(Weickenmeier et al., 2016, 2017). However, the edges of the flat punch 
can cause tissue tearing during deeper indentations (He et al., 2024), 
necessitating the measurement of the elastic modulus at a relatively 
shallow depth of 100 μm. Second, since the device was unable to auto
matically detect the tissue surface, the maximum indentation depth and 
consequently, the depth of the unloading varied between samples. To 
ensure that the elastic modulus was consistently measured at the same 
depth, we retrospectively determined the contact time and calculated 
the modulus from the loading curve (He et al., 2024). However, the 
loading portion of the curve reflects a combination of elastic, plastic, and 
viscoelastic deformations which means that the reported modulus does 
not represent a purely elastic response. We chose the Oliver and Pharr 
method for its simplicity, its lower dependency on the accurately 
defining the contact point, and to enable comparison with prior brain 
studies that uses the same method (Weickenmeier et al., 2016, 2017). 
However, while the use of Oliver and Pharr method in the loading phase 
has been successfully applied to large-strain indentation of soft materials 
(Delaine-Smith et al., 2016), it is less commonly accepted and used than 
the Hertzian model in micro- and nano-indentation studies. Finally, the 
indentation test analysis assumes a continuous, infinite medium, 
neglecting edge effects and the influence of surrounding tissue supports 
(He et al., 2024). To minimize these effects, we limited the indentation 
depth to less than 10% of the sample thickness and ensured that in
dentations were at least 0.5 mm away from the stiffer pia mater. How
ever, these factors may still influence the measured modulus, meaning 
that the intrinsic tissue properties may not be fully represented.

The study presents a few other limitations. First, the experiments 
were performed on porcine spinal cord and the direct translation of 
those results to human spinal cord has not been demonstrated. Mac
Manus et al. (2020) recently published a study showing that pigs were 
appropriate surrogates to study human brain mechanical properties but 
no such work have been performed for spinal cord. Second, all tests were 
conducted on the thoracic (T2) spinal cord for its central position; 
however, the results may not fully represent the mechanical properties 
of WM and GM across all spinal levels. According to Fradet et al. (2016), 
the cervical, thoracic, and lumbar regions of the spinal cord exhibit 
different behaviors under transverse compression. Third, the tests were 
performed ex-vivo, thus neglecting the pretension of the spinal cord 
which is expected to affect its mechanical properties. To our knowledge, 
the effect of spinal cord pretension on mechanical properties of the cord 
has not yet been evaluated. Fourth, our study was limited to the trans
verse section of the spinal cord and could not inform on the debate 
whether spinal white and gray matters are isotropic in compression 
(Koser et al., 2015; Yu et al., 2020). Fifth, due to limited resources, only 
10 pigs were included in the study. While this sample size reveals 
variability in elastic modulus between pigs, it is likely insufficient to 
fully elucidate the causes of this variability. Sixth, tests were performed 
up to 15 h post-mortem, and consistent with the literature (Mallory 
et al., 2024), our data showed that the mechanical properties of spinal 
cord tissues degraded over time, particularly after 10 h. This may have 
affected the reported average modulus and comparisons with other 
studies. Seventh, to minimize tissue deterioration, the samples were 
tested at a low temperature with the surrounding liquid maintained at 
approximately 5 ◦C (with a maximum range of 2 ◦C–12 ◦C), which was 
not precisely controlled throughout the experiment. A recent study has 
shown that lowering the temperature increases the elastic modulus of 
spinal cord tissues (Neumann et al., 2024). This may have influenced the 
measured modulus compared to spinal cord tissue at body temperature 
and could partly explain variations between samples that were tested at 
slightly different temperatures. However, we remain confident that the 
differences observed between the tested areas (i.e., ventral and dorsal 
horns) are valid, as the testing pattern was randomized to avoid 

systematic temperature gradients, and temperature differences within a 
single sample were likely minimal, even if the exact temperatures could 
not be confirmed. Height, the effect of indenter size was not examined in 
this study. Budday et al. (2015b) showed that the measured modulus 
was independent of punch diameter when using flat punches with di
ameters ranging from 0.75 mm to 1.5 mm on brain tissues. However, the 
punch diameter used in this study was smaller (0.5 mm), and to the best 
of our knowledge, no studies have explored this effect on spinal cord 
tissue. Therefore, it remains possible that the measured modulus may be 
influenced by indenter size. Ninth, all indentations were performed 
under the same quasistatic loading condition to identify regional vari
ations and compare them with previous findings in the brain. The ma
terial properties obtained at this strain rate are suitable for modeling 
neurodevelopment, neurodegeneration (Budday et al., 2019), or 
quasi-static compression, such as in cases of myelopathy (Lévy et al., 
2021). However, the viscoelastic properties of the tissue were not 
assessed, and studies on the brain suggest that the behavior of gray and 
white matter can vary significantly with increasing loading speeds 
(MacManus et al., 2018). Consequently, the observed trends between 
white and gray matter may differ under varying loading rates, and 
further research is needed to fully understand and model the behavior of 
spinal cord gray and white matter during traumatic events.

5. Conclusions

Using quasi-static micro-indentation of porcine spinal cord trans
verse sections, this study suggests that the elastic modulus of WM is not 
significantly different than that of the GM. Variations in elastic modulus 
within both WM and GM regions were investigated. In the WM, no 
significant difference was found between the ventral, dorsal, and lateral 
funiculi, but in the GM, the ventral horn was found significantly stiffer 
than the dorsal horn. The stiffness variations measured within the spinal 
cord GM challenges the current modeling assumption of homogeneous 
white and gray matter and further work is needed to assess the effect of 
stiffness variation on spinal cord neurodevelopment as well as on the 
stress and strain in the cord when loaded. Finally, employing the same 
indentation method as Weickenmeier et al. (2017) in bovine brain, this 
study facilitates the comparison between brain and spinal cord findings. 
It was observed that gray matter stiffness was similar, while the white 
matter exhibited significantly lower stiffness in the spinal cord. These 
results supplement the current knowledge on white and gray matter 
mechanical properties in the spinal cord.
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