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Impact-Induced Cortical Strain
Concentrations at the Sulcal
Base and Its Implications for
Mild Traumatic Brain Injury
This study investigated impact-induced strain fields within brain tissue surrogates having
different cortical gyrification. Two elastomeric surrogates, one representative of a lissen-
cephalic brain and the other of a gyrencephalic brain, were drop impacted in unison at
four different heights and in two different orientations. Each surrogate contained a radio-
paque speckle pattern that was used to calculate strain fields. Two different approaches,
digital image correlation (DIC) and a particle tracking method, enabled comparisons of
full-field and localized strain responses. The DIC results demonstrated increased local-
ized deviations from the mean strain field in the surrogate with a gyrified cortex. Particle
tracking algorithms, defining four-node quadrilateral elements, were used to investigate
the differences in the strain response of three regions: the base of a sulcus, the adjacent
gyrus, and the internal capsule of the surrogates. The results demonstrated that the
strains in the cortex were concentrated at the sulcal base. This mechanical mechanism of
increased strain is consistent with neurodegenerative markers observed in postmortem
analyses, suggesting a potential mechanism of local damage due to strain amplification
at the sulcal bases in gyrencephalic brains. This strain amplification mechanism may be
responsible for cumulative neurodegeneration from repeated subconcussive impacts. The
observed results suggest that lissencephalic animal models, such as rodents, would not
have the same modes of injury present in a gyrencephalic brain, such as that of a human.
As such, a shift toward representative mild traumatic brain injury animal models having
gyrencephalic cortical structures should be strongly considered.
[DOI: 10.1115/1.4050283]

1 Introduction

Mild traumatic brain injuries (mTBI) sustained through leisure
activities, traffic accidents, or occupational incidents affect the
health of millions of individuals worldwide annually [1,2]. Repeti-
tive brain trauma can alter one’s physical, behavioral, social, and
cognitive well-being with long-term negative health outcomes [3].
Despite significant advances in the diagnosis and treatment of
mTBI, detailed injury mechanisms and associated injury thresh-
olds are still uncertain. Experimental animal model use in TBI
research is widespread, in an effort to link loading conditions to
injury outcomes; however, translation of these results to humans
remains a challenge [4,5]. These issues of model translation are
further complicated by the use of animal brain models that have
limited structural similarities to a human brain, particularly with
respect to cortical gyrification [6], which will necessarily result in
dissimilar tissue loading conditions. In this study, we developed
an experimental model, involving phantom brain surrogate slices,
to investigate the influence of brain gyrification on the strain
fields, specifically the strain concentrations, generated by the
impact events.

The cortex of mammalian brains is composed of intimately
coupled gray and white matter regions, consisting of billions of
neuronal cell bodies and axons, which are the communication
pathways within the brain [7]. Brain trauma has been linked to
evidence of an alteration in these neural pathways of the brain.
One of the suspected leading mechanisms for these changes is
axonal damage through shear or axial deformation [8]. Over the
long-term, repetitive brain trauma can potentially lead to neurode-
generation [9]. Postmortem analyses of brains suspected of
impact-induced neurodegeneration has revealed insoluble deposits
of p-tau protein positive astrocytic and neurofibrillary tangles
which lead to neuronal death, primarily seen around the sulci
regions of the brain [10–12].

While the accumulation of tau protein at these locations is
observed well after injury has occurred [13], and the preferential
concentration of these deposits at the base of the sulci suggests a
geometric strain localization aspect to the injury. Strain localiza-
tions within the complex geometry of the cortical structures may
be a confounding factor contributing to the injurious outcomes of
the impact trauma. Geometric variations will result in a focused
amplification of mean strain levels in the immediate area sur-
rounding a geometric variation in the tissues, suggesting that the
base of sulci are more susceptible to damage. Even a modest
strain field applied to the complex cortex structure may lead to
local strain conditions at the base of a sulcus that is twice to three
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times greater that of the mean strain field with increased shear
loads. A gyrencephalic brain (e.g., human) will feature injury
modalities that cannot be not present in a lissencephalic brain at
similar mean strain fields.

In the study of TBI, various experimental animal models have
been used to investigate pathologies related to TBI. In vitro mod-
els are able to observe injury on a molecular and cellular level by
focusing on one type of tissue or cell and determining the level of
injury related to specific loading conditions [14–17]. These surro-
gates are typically, but not exclusively, derived from rodent
brains. The drawback of in vitro studies is the lack of surrounding
brain structures and gyrification that can provide factors that influ-
ence the loading paths experienced by the individual cells, which
may be more complex than simply hydrodynamic in nature. Brain
tissue has an anisotropic composite structure that complicates
extrapolating its failure behaviors based on studies of its individ-
ual components.

Ex vivo models of injury allow researchers to preserve the
structures within the brain that may influence the loading scenar-
ios. Bottlang et al. [18] used organotypic hippocampal slices from
rats to induce injury. They observed that peak displacements and
longitudinal elongations were increased as velocity increased;
wherein injury was statistically significant at velocities over 8 m/s,
corresponding to peak elongations over 25% of the sample. Sarn-
tinoranont et al. [19] used coronal slices of rat brain and subjected
these slices to high strain rates to mimic TBI scenarios. Through
digital image correlation (DIC), it was determined that the rat
brain tissue experienced normal strains that ranged between
�0.77 and 0.56, while shear strains varied from �0.48 to 0.67
[19]. TBI research has primarily focused on this type of model,
but issues arise with scaling laws and translation of the results
across species [20,21], particularly when the differences between
the gyrencephalic outer cortex of human brains are compared to
the lissencephalic nature of the rodent brains [22].

For low-level impact events, a dominant mechanism of strain-
induced damage to brain structures would be strain concentrations
that results from complex human brain geometry. Furthermore,
low-level rotational perturbations performed on living human
participants have shown that the peak shear strains experienced in
the brain are localized around geometric variations in the brain
[23]. This result demonstrates the importance of using animal
models with a more developed cortex, such as porcine models.
Porcine brains are quite similar to human brains in both material
properties and gray/white matter ratios, and have been used exten-
sively to investigate injury thresholds [24,25]. The advantage of
a porcine model of TBI is the gyrencephalic brain structure that
enables investigations of the influence of naturally occuring
strain concentrations on localized injury. For example, Lauret
et al. [26] subjected sagittal sections of porcine brains to
acceleration/deceleration trauma. The sulci and gray/white matter
boundaries showed increased variations in strain and displace-
ments as determined by DIC [26]. Raghupathi et al. [27] subjected
neo-natal porcine brains to repetitive rotational loads and
observed an increased accumulation of axonal damage in porcine
brains, specifically localized at the sulci and gyri.

Cross-species comparisons of cortical gyrification are inher-
ently complicated by the scaling aspects that arise. Alternative
approaches, such as tissue surrogate testing and computational
modeling, can provide further insights into the role of cortical gyr-
ification on injury. Cloots et al. [28] investigated a simplified
computational model of a cortex with a basic surface structure
and demonstrated that strain concentrations occurred at the apex
of an indentation on a surface. As head injury models increase in
their complexity, a proper accounting of the distributions of strain
within the brain will be required. Computational models of head
injury are moving in the direction of gyrencephalic brain domains
to improve model biofidelity [29].

In this study, two elastomeric phantom brain surrogates of coro-
nal brain slices were prepared with different degrees of cortical
gyrification to investigate the influence of brain gyrification on the

displacement and strain fields that develop under impact loading.
These surrogates had identical size and overall shape, except that
one had a smoothed outer cortex and the other had a gyrified cor-
tex, which allowed for this direct experimental comparison
between a gyrencephalic and lissencephalic brain. Differences
between these two surrogates under the same loading conditions
can show key locations where variations of displacement and
strain occur, as well as providing a bound on the expected level of
strain influence from brain geometry. Observing the dynamic
response of the two surrogates can reveal locations of strain con-
centrations and provide insights into locations within the brain
that are more vulnerable to repeated low-level injury.

2 Experimental Methodology

In order to evaluate the effect of cortical gyrification on the
internal strain fields of a porcine brain, a series of drop impact
experiments were conducted on tissue-simulating surrogates that
were representative models of coronal porcine brain tissue slices.
The strain field within the surrogates was measured using an in
situ high-speed X-ray (HSXR) system. HSXR was chosen over
optical high-speed cameras to avoid the possibility of optical dis-
tortion from the deforming elastomers used in the containment
and surrogate system.

2.1 Brain Tissue Surrogate Preparation. A set of brain tis-
sue surrogates were prepared based on a coronal slice of a porcine
brain. These surrogates were designed based on an open source
MRI scan of a domestic pig brain [30]. To produce the tissue
model, an image of the most visually complex coronal section of
the brain (Fig. 1(a)) was obtained using an image visualization
application, three-dimensional Slicer [31]. For comparison pur-
poses, a photograph of a fresh porcine brain is shown in Fig. 1(b).
An image of the tissue slice was subsequently imported into
computer-assisted design software, where it was converted into
two separate solid models. The first model was representative of
the visually complex and gyrified cortex geometry (Fig. 1(d)),
while a second model represented a smoothed-cortex version of
the same coronal slice (Fig. 1(c)). The gyrified surrogate was sim-
plified slightly from the actual brain tissue MRI, combining sev-
eral gyri to form fewer and larger gyri for this study, as well as

Fig. 1 (a) The MRI scan of a coronal porcine brain section
taken from Saikali et al. [30] and visualized with three-
dimensional Slicer [31]; (b) a photograph of a coronal section
of ex vivo porcine tissue for comparison; (c) the smooth surro-
gate based on the MRI scan in (a), but smoothed to represent a
brain with no gyrification; and (d) the complex surrogate
followed the outline of the MRI scan in (a)
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closing in the internal capsule regions. This simplification was
necessary to allow a sufficient number of interrogation points to
be integrated into the cortex to make meaningful measurements.
The smooth cortex surrogate did not include any cortical gyrifica-
tion details, except for the distinction between hemispheres
(Fig. 1(c)). These two surrogate geometries were then printed
using a Stratasys Dimension SST1200ES (Stratasys Inc., Rehovot,
Israel) at a representative porcine brain size (56 mm� 42 mm).
Inverse molds of the two samples were created using Smooth On
Mold Max 30 Silicone.

In order to image the impact event using HSXR, a set of radio-
paque marker sheet molds was designed to match the unique
geometry of each sample. These marker sheets were designed to
be embedded near the midplane of the tissue-simulant to track its
deformation. In order to ensure proper dynamic coupling between
the marker sheet and tissue simulant, the marker sheet was
designed with a series of holes that were subsequently filled with
a nonradiopaque tissue-simulant to provide contrast in HSXR
images. These holes were tracked across images to track surrogate
deformation during impact testing. The two radiopaque marker
sheets were cast from a mixture of 50% by weight barium sulfate
(Alfa Aesar) and a thermoplastic gel, Gelatin 4 (Humimic Medi-
cal). The radiopaque mixture was poured in a liquid state into the
appropriate mold and cooled. In a separate mold, the brain slice
surrogate was cast from a mixture of Sylgard 527 and Sylgard 184
(Dow Corning) in a 5:1 mass ratio, which has a Young’s Modulus
of approximately 130 kPa [32]. Polydimethylsiloxane elastomers,
such as these, have been commonly used as tissue and brain simu-
lants [33,34]. The casting of the surrogate was done in three steps:
(i) the mold was filled one-fifth the way and allowed to partially
cure at 120 �C for approximately 10 min (or until tacky to touch);
(ii) the marker sheet was placed onto the partially cured Sylgard
layer; (iii) the molds were then completely filled with the remain-
ing Sylgard mixture and placed in the oven for approximately
45 min at a temperature of 120 �C to assure that the speckle sheet
did not melt.

Drop testing of the tissue-simulating slices required a contain-
ment system to ensure consistent loading of the samples and pro-
vide an equally compliant boundary condition. The encasements
were also prepared from the exact same 5:1 mass ratio mixture of
Sylgard 527 and 184 that was used to prepare the tissue-
simulating surrogates [32]. Each encasement set, which had an
appearance similar to an elastomeric petri-dish, consisted of a cap
and a base with a hollow cavity for sample placement. The cavity
was designed to prevent the edges of the surrogate from touching
its contours during an impact, so that the only boundary condition
on the surrogates would be along the cut surface. The encasement
was designed to hold the samples with consistent boundary condi-
tions, allow them to be in a fluidized environment, and withstand
repeated impacts. When assembled, the encasement was cuboid
shaped (100 mm� 80 mm� 22 mm).

2.2 Drop Testing of Brain Tissue-Simulating Surrogates.
In preparation for the drop experiment, each brain-simulating
surrogate was placed into an elastomer encasement that was sub-
sequently sealed with silicone caulking and sandwiched between
two acrylic plates. A side-on and isometric view of the encase-
ment system is shown in Figs. 2(a) and 2(b). The lateral boundary
of the surrogate was supplied by the base and cap of the encase-
ments, which consisted of the same elastomeric materials as the
surrogate. A compressive boundary condition that prevented slip
of the surrogates within the elastomeric encasement was achieved
by keeping the distance between the two acrylic plates constant at
34.6 6 0.2 mm. Once the acrylic plate spacing was set, the encase-
ments were filled with water via syringe to mimic cerebrospinal
fluid. The acrylic plates, wide enough to accommodate two
encasement/surrogate assemblies, were mounted to the drop
assembly for a single drop event. This setup enabled a direct com-
parison between experiments involving both surrogates under

identical drop conditions. Schematics of the tissue orientations
within the drop assembly and the configuration of the drop car-
riage on the drop tower are shown in Fig. 3. As seen in Fig. 2(b),
the elastomer encasement system formed a package that was
flush-mounted with the base of the acrylic plates and impacted the
anvil as a package. As such, the load was primarily transferred to
the surrogate via the motion of the lateral confinement as well as
the pressure of the fluid surrounding the surrogate.

The HSXR system captured images of the impact events with a
frame rate of 7500 fps and was oriented perpendicular to the sur-
rogate drop direction. For comparison purposes, both surrogates
were dropped together in the downward orientation from four dif-
ferent heights (30 cm, 50 cm, 70 cm, and 90 cm) onto a rigid steel

Fig. 2 Schematics of (a) a side-on view of the encasement-
surrogate assembly and (b) an isometric cut-away view of the
encasement system

Fig. 3 Orientations of the surrogates with smooth (left) and
gyrified (right) cortical regions facing (a) downward and (b) lat-
erally. (c) A schematic of the drop assembly on the drop tower
and steel anvil.

Table 1 Summary of the drop heights and corresponding
impact speeds

Drop height Impact orientation Impact speed

30 cm Downward 2.1 m/s
50 cm Downward 2.8 m/s
70 cm Downward 3.4 m/s
90 cm Downward 3.6 m/s
50 cm Lateral 2.8 m/s
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anvil (Fig. 3(c)). The laterally oriented samples were only dropped
from the 50 cm height. A summary of the impact speeds, calcu-
lated from the videos, for these drop tests is provided in Table 1.
As both surrogates were dropped at the same time, comparisons
were made between impacts at identical drop conditions. While
these impacts were not meant to replicate any specific impact
injury event, the strain rates involved in these tests were similar to
those measured in fall or impact injury (101 s�1).

2.3 Image Processing and Analysis. MATLAB was used for
all image processing needs, such as contrast adjustments and dis-
tortion corrections. A MATLAB-based open-source DIC software,
Ncorr [35], was used to computationally track the motion of the
radiopaque markers in the sequence of X-ray images. A domain
boundary, the region of interest, was defined for each surrogate
that matched closely to their specific cortical geometries. The
motion tracking analysis used every other frame, and motion was
tracked for a total of 32 ms following the initial impact. The
resulting displacement fields tracked in the images were used to
calculate the strain fields, which were then mapped onto the sam-
ples. Two regions were identified for comparison within the inter-
nal capsule and the cortical region, as shown in Figs. 4(a) and
4(b). The results returned by Ncorr provide pixelwise strain
responses within the region of interest, that were used to deter-
mine the maximum and minimum principal strains (MPS and
mPS, respectively) based on the equation

e1;2 ¼
exx þ eyy

2
6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
exx � eyy

2

� �2

þ exy

2

� �2
s

(1)

where e1 and e2 represent the maximum and minimum principal
strains, respectively. The dominant source of uncertainty in this
analysis is due to the signal to noise ratio of the X-ray images that
are subject to various sources of random shot noise. The
uncertainty in the strain measurements was estimated to be
approximately 0.2% strain, based on a prior study of X-ray DIC
[36].

A second technique was used to map the motion of individual
contrast markers in the images. This allowed us to focus on the
response of specific regions of the surrogates, such as specific
areas of the cortex, a technique which is being developed for use
in ex vivo pig brain tissues. Mosaic Particle Tracker [37], an
open-source particle tracking software add on to Fiji [38] (a distri-
bution of IMAGEJ [39]), was used to analyze the motion of the indi-
vidual markers during and following the impact event. Every
frame was tracked for a total of 32 ms. The measurement uncer-
tainty for this analysis was related to the subpixel jitter of the par-
ticle tracking algorithm, which was measured to be of the order of
0.1 mm for this work. The translation of this error to the strain
analysis depends on the scale of the elements investigated. In this
work, the strain error from these experiments was estimated to be
as large as 0.3% strain. A series of markers were selected to define
a series of four-node bilinear quadrilateral elements [40] for anal-
ysis in regions of interest. Three quadrilateral elements were
defined for this analysis within the internal capsule, at the base of
a sulcus, and within an adjacent gyrus. These elements were
used for a comparative analysis of the strain responses within
those regions for the smooth and gyrified surrogates as shown in
Figs. 4(c) and 4(d). The MPS, mPS, and shear strains were calcu-
lated using this approach.

3 Results

As described above, a series of drop impacts were conducted
with the tissue-simulating surrogates in a variety of orientations
(see Fig. 3). The two surrogates had overt gyrencephalic differen-
ces. The first surrogate had two uniform hemispheres with
smoothed outer edges, whereas the second had two hemispheres
divided into two protrusions, representing cortical gyrification
within the brain (see Fig. 1). The data collection approach focused
on reducing variability between samples and tests to allow for
direct comparisons between the strain responses of the two surro-
gate geometries. While the general shapes were different, the
marker placement on the radiopaque sheet was nearly identical
between surrogates, allowing for a direct marker to marker com-
parison across surrogates.

3.1 Digital Image Correlation. The DIC analysis, using
Ncorr [35], was conducted with the parameters listed in Table 2.
A set of sample strain-mapped images are shown in Fig. 5 for the
surrogate with the smooth cortex after a drop in the downward ori-
entation from a height of 50 cm. A similar set of strain fields are
shown in Fig. 6 for the surrogate with a gyrified cortex from the
exact same drop event.

A visual comparison between surrogates with smooth (Fig. 5)
and gyrified (Fig. 6) cortical geometries showed specific differen-
ces in the strain responses experienced by the surrogates for the
same drop conditions, specifically in the cortical regions. The
gyrified surrogate produced higher strain concentrations through-
out the cortical region. For a more quantitative comparison of
these differences, a statistical representation of the principal strain
responses were plotted in Fig. 7 in two regions of the surrogates,
the internal capsule and cortical regions. These two regions are
outlined in Figs. 4(a) and 4(b), encompassing 600 and 4745 indi-
vidual strain responses (pixel-based values), respectively. This
comparison included both MPS and mPS responses within these

Fig. 4 Two sets of schematics indicating the regions of the
surrogates analyzed in this study. Regions of the internal cap-
sule and cortical region used in a comparison of DIC results for
surrogates with (a) a smooth cortical region and (b) a gyrified
cortex. Quadrilateral elements defined within the internal cap-
sule, sulcus, and gyrus region that were used for a comparison
for strain calculations from direct particle tracking techniques
for surrogates with (c) a smooth cortical region and (d) a gyri-
fied cortex.

Table 2 Parameters used in the DIC analysis

Parameter name Parameter value

Subset spacing 0
Subset radius 15
Iteration number cutoff 50
Strain radius 15
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Fig. 5 DIC strain fields from the surrogate with a smooth cortex, dropped in the down-
ward orientation from 50 cm. Each image corresponds to a specific strain distribution
occurring at 3.2 ms after initial contact with the steel anvil: (a) exx, (b) eyy, and (c) exy.

Fig. 6 DIC strain fields from the surrogate with a gyrified cortex, dropped in the down-
ward orientation from 50 cm. Each image corresponds to a specific strain distribution
occurring at 3.2 ms after initial contact with the steel anvil: (a) exx, (b) eyy, and (c) exy.

Fig. 7 The MPS and mPS strain responses for a downward-oriented drop from a 50 cm
height are shown in (a) the internal capsule region of the surrogate with a smooth cortex,
(b) the cortical region of the surrogate with a smooth cortex, (c) the internal capsule
region of the surrogate with a gyrified cortex, and (d) the cortical region of the surrogate
with a gyrified cortex. The thick lines represent the mean principal strain values, while
the darker and lighter shades represent the 75th and 95th percentile principal strain val-
ues, respectively.
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two regions for the two surrogates. The thick lines represented the
mean values within these regions, while the darker and lighter
shaded regions represented the 75th and 95th percentile strains for
a given region, respectively. The results in Fig. 7 illustrated that
while the mean strains within the internal capsule and cortical
regions did not differ substantially in their peak values, the devia-
tions from this mean strain were greatest in the cortical regions
and these deviations depended greatly on the degree of cortical

gyrification. The mean strain rates measured from these impacts
were of the order of 101 s�1.

The same comparison was made for the laterally oriented surro-
gate dropped from a 50 cm height (Fig. 8). In this impact orienta-
tion, the differences between the two surrogates were even more
pronounced. The gyrified surrogate (Fig. 8(d)) recorded strain lev-
els in the cortical region that were three times larger than those
measured in the smooth surrogate (Fig. 8(b)). The deviations of

Fig. 8 The MPS and mPS strain responses for a laterally oriented drop from a 50 cm
height are shown in (a) the internal capsule region of the surrogate with a smooth cortex,
(b) the cortical region of the surrogate with a smooth cortex, (c) the internal capsule
region of the surrogate with a gyrified cortex, (d) the cortical region of the surrogate with
a gyrified cortex. The thick lines represent the mean principal strain values, while the
darker and lighter shades represent the 75th and 95th percentile principal strain values,
respectively.

Fig. 9 The shear strain responses measured in the cortical region of the surrogate with
the smooth cortex and the gyrified cortex for a 50 cm drop in (a) a downward orientation
and (b) a lateral orientation. The thick lines represent the mean shear strain value, while
the darker and lighter shades represent the 75th and 95th percentile shear strain values,
respectively.
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the principal strain levels within the gyrified cortex (Fig. 8(d))
deviated substantially from those in its internal capsule (Fig. 8(c))
under the laterally oriented drop impact. The trends in the princi-
pal strain values of the surrogates in the laterally oriented drop
(Fig. 8) were quite similar to those seen in the downward drop ori-
entation (Fig. 7).

The shear strain responses within the cortical regions of the two
surrogates in both the downward and lateral orientations were
plotted together in Fig. 9. Here, we similarly observed that the
shear strain values were greater in the gyrified samples under both
drop conditions, while the laterally oriented drops resulted in
greater shear strain levels.

The two surrogates were also dropped from different heights to
determine the response at increasing impact speeds. These impact
tests resulted in differences in the principal strain levels measured
within the cortex, as would be expected. Figure 10 displays the
maximum and minimum principal strain values, within the gyri-
fied surrogate, at drop heights of 30 cm, 50 cm, 70 cm, and 90 cm.

3.2 Particle Tracking Analysis. While the results in Sec. 3.1
showed a clear trend of increased strain values for increasing cort-
ical gyrification, DIC algorithms are known to produce computa-
tional errors at the domain boundaries. These strain errors may
appear as high strain concentrations along the boundaries that can
be magnified by the smoothing parameters used in the DIC algo-
rithms. These boundary uncertainty issues may have influenced
the 75th and 95th percentile strain values in the cortical regions.
Thus, a more robust approach to strain evaluation within the sur-
rogates was used to investigate the strain response in different
regions to look deeper into the observed strain trends. This
approach involved using particle tracking algorithms to define the
motion of nodes that define a series of quadrilateral elements
(Figs. 4(c) and 4(d)). This enabled strain responses of specific
regions to be reconciled with individual marker motions in these

regions of the brain surrogates in the absence of multipixel
smoothing to understand the local variability of the DIC results.

An open-source feature point tracking algorithm (Mosaic
Particle Tracker [37]) was used to selectively track markers
within the desired domain that defined a series of quadilateral
elements, which were consistent across the two surrogates. The
analysis was conducted with the following parameters listed in
Table 3. The output from the particle tracker included x- and y-
pixel trajectory coordinates according to frame number and
marker tracked. In Fig. 11(a), a sample trajectory path obtained
from Mosaic is overlaid on the initial frame at the moment of
impact. Displacement histories for the markers can also be pre-
sented as x-t, y-t, or x-y plots (Figs. 11(b)–11(d)).

From these marker trajectories, and using a four-node bilinear
quadilateral element formulation [40], the strain responses at the
geometric center of the elements were calculated. Three elements
were considered, one within the internal capsule of the surrogate,
as well as elements positioned at the base of a sulcus and within a
gyrus in the gyrified surrogate. The comparison of the principal
strain responses for these three elements is shown separately for
the two surrogates in the downward orientation for the four drop
heights in Fig. 12. The same comparison was made for the shear

Fig. 10 The MPS and mPS responses measured in the cortical region of the gyrified sur-
rogate in the downward orientation for drop heights of (a) 30 cm, (b) 50 cm, (c) 70 cm, and
(d) 90 cm. The thick lines represent the mean principal strain values, while the darker and
lighter shades represent the 75th and 95th percentile principal strain values, respectively.

Table 3 Parameters used for the particle tracking analysis

Parameter name Parameter value

Radius 4
Cutoff 0
Percentile 4
Link range 2
Displacement 6
Dynamics Brownian
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strain within these elements in Fig. 13. The principal and shear
strains in the sulcus region of the gyrified brain departed substan-
tially from the peak strain values in the adjacent gyrus and internal
capsule regions of the surrogate. The differences were most appa-
rent in comparison to the same drop conditions in the surrogate
with a smooth cortex. These plots attributed the largest variations
within the strain fields of the gyrified cortex (from the DIC results
in Figs. 7–10) to strain concentrations localized at the base of the
sulcus. This same analysis was performed with the results from
the laterally oriented surrogate dropped from a height of 50 cm,
with the principal and shear strain responses shown in Figs. 14
and 15, respectively.

4 Discussion

The observations from both the full-field DIC and particle
tracking-based strain calculations were consistent, demonstrating
similar trends in the measured strain responses and magnitudes
within the tissue-simulating surrogates. The cortical regions exhib-
ited the greatest strain variations in both surrogates; however,
marked differences were seen within the gyrified and smooth cor-
tex of the surrogates. The strain response from the midbrain to the
outer cortex was dominated by the presence of gyrification, which
was common in all of the DIC responses. These impacts were not
meant to replicate any specific impact injury event, but resulted in
strain rates that are similar to those measured in fall or impact
injury, (101 s�1). Similarly, the strain levels would be considered
to be below estimated thresholds for diffuse axonal injury [41].
The low strain levels were chosen for these tests to investigate
strain concentrations in a subthreshold impact injury, such as those
that may lead to a cumulative neurodegeneration scenario [42].

The anatomical regions of the brain that corresponded to the
large magnitudes of strain were found in cortical regions, which is
seen qualitatively in the comparison of the DIC strain fields in the

smooth (Fig. 5) and gyrified surrogates (Fig. 6). The results of the
50 cm drop condition with a downward-oriented cortex in Fig. 7
showed that despite the similarities in the mean strains within the
internal capsule region and the cortical region, the distribution
and deviations of strain within these regions are more intense in
the cortex. The gyrified surrogate (Fig. 7(d)) displayed a broader
variation in its range of strains over those measured in the smooth
surrogate (Fig. 7(b)). The same trend was seen in the shear strain
distributions within these cortical regions that were plotted in
Fig. 9(a). The direct marker analysis that was performed for these
experiments provided more information with respect to the varia-
tions within these specific regions, focusing on the strain within
several quadrilateral elements. The comparisons of the principal
strains for the same 50 cm drop experiments were plotted for the
smooth (Fig. 12(c)) and gyrified (Fig. 12(d)) surrogate. Notice
that all three elements were indistiguishable within the smooth
surrogate (Fig. 12(c)). For the gyrified surrogate (Fig. 12(d)), the
strain response within the internal capsule and gyrus are once
again indistinguishable, however the strain within the element at
the base of the sulcus is notably larger. The same trend is repeated
at every drop height in Fig. 12. The results for shear strain
(Fig. 13) showed the same response in the three elements investi-
gated at all drop conditions. This response would suggest that the
high strains seen in the cortical region of the gyrified sample was not
generated primarily by the compression of the gyrus, but rather its
motion leading to a strain concentration at the sulcus base.

These regions and the localization of strain within the cortex at
the base of the sulcus, correspond precisely to areas of the brain
that have shown the highest levels of accumulation of neurofibril-
lary entanglements in postmortem examinations [43]. These
results suggest that the motion of the gyri and resulting concen-
trated load at the base of the sulci is a probable mechanical cause
of tissue damage, even in cases where the bulk brain tissues are
not subjected to excessive loads and strains. The ratio of peak

Fig. 11 Sample data from one trial of the gyrified surrogate being dropped from 50 cm in
the downward orientation. (a) The trajectory paths of the markers, (b) the x-displacement
versus time, (c) the y-displacement versus time, and (d) the x- versus y-displacement.
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strain in the vicinity of the gyri was determined to be of the order
of between 2 and 4 times the strain in the midbrain of our experi-
mental model. As seen when comparing markers at the sulcus and
gyrus on the same protrusion these strain concentrations are most
notable. This level of strain variation was not observed for
the deformation of the surrogate with a smooth cortex.

Margulies et al. [44] used primate skulls filled with an elastomer
and series of grid lines to observe strain fields under rotation, not-
ing that the peak strains were dependent on the peak angular
acceleration and skull size of the model. Given that the cortical
gyrification was not included in that model, the current results
suggest that those measured strains were an underestimate of the

Fig. 12 A comparison of the maximum and minimum strains at the base of a sulcus,
within the adjacent gyrus, and within the internal capsule for four drop conditions: (a)
smooth cortex—30 cm drop height, (b) gyrified cortex—30 cm drop height, (c) smooth
cortex—50 cm drop height, (d) gyrified cortex—50 cm drop height, (e) smooth cortex—
70 cm drop height, (f) gyrified cortex—70 cm drop height, (g) smooth cortex—90 cm
drop height, and (h) gyrified cortex—90 cm drop height
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true maximum strains that would have been seen at the sulcal base
of a gyrified cortical structure.

Two impact orientations were investigated in this study, which
provided some evidence of an influence of impact directionality
on the response of a gyrified cortex. The aforementioned strain

concentrations observed at the base of the sulcus, were even more
pronounced in the laterally oriented impact, which induced a
significant amount of motion within the brain structures. In a trend
that was similar to the downward-oriented impacts, the laterally-
oriented configuration produced DIC-measured strains that were

Fig. 13 A comparison of the shear strains at the base of a sulcus, within the adjacent
gyrus, and within the internal capsule for four drop conditions: (a) smooth cortex—
30 cm drop height, (b) gyrified cortex—30 cm drop height, (c) smooth cortex—50 cm
drop height, (d) gyrified cortex—50 cm drop height, (e) smooth cortex—70 cm drop
height, (f) gyrified cortex—70 cm drop height, (g) smooth cortex—90 cm drop height,
and (h) gyrified cortex—90 cm drop height
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also amplified in the cortical region of the gyrified surrogate
(Figs. 8(c) and 8(d)). Interestingly, the laterally oriented drop of
the surrogate with a smooth cortex (Figs. 8(a) and 8(b)) did not
show significant variation in the DIC results. The differences in
the strain fields attributed to cortical gyrification were even more
pronounced in the shear strain responses of the two surrogates for
a laterally oriented drop (Fig. 9(b)). The particle tracking and ele-
mental strain analysis showed the same trends, whereby the prin-
cipal strain level in the three regions of the surrogate were within
the same range in the smooth cortex (Fig. 14(a)), while the sulcus
and gyrus strains in the gyrified cortex exceeded the strains in the
internal capsule (Fig. 14(b)). The difference in shear strain local-
ization were most pronounced in the shear strain responses at the
base of the sulcus in the gyrified brain (Fig. 15). The present
results clearly show an influence of the impact orientation on
strain fields within a gyrified cortex, indicating that some impact
orientations are more detrimental than others due specifically to
these strain concentrations that are influenced by the local brain
gyrification. The amplification of the strains, measured at the sul-
cal bases, may be a mechanical mechanism that explains the
cumulative injury seen from repeated subconcussive impacts.

5 Conclusions

In this study, two brain tissue surrogates representative of coro-
nal porcine brain tissue slices, having distinct cortical geometries,
were impacted and their strain responses were measured and com-
pared. The differences in the measured strain response of these
surrogates, based on both DIC and particle tracking measure-
ments, were shown to be a result of the differences in their cortical

gyrification. The sample with a gyrified cortex experienced
greater strain variations, particularly in the vicinity of the base of
the major sulcus. The sulcus response was contrasted to the
response of the gyrus and internal capsule, showing evidence of
strain and shear localizations that were concentrated at this loca-
tion. In contrast, the smooth surrogate experienced minimal strain
fluctuations. This mechanical mechanism of increased strain is
consistent with neurodegenerative markers observed in postmor-
tem analyses and suggests a mechanism of local damage due to
strain amplification at the sulcal bases in gyrencephalic brains.
This strain amplification mechanism may be responsible for
cumulative neurodegeneration from repeated subconcussive
impact.

The observed results suggest that lissencephalic animal models
(e.g., rodent) would not have the same modes of injury present in
a gyrencephalic brain (e.g., human), where peak strains that devi-
ate from the bulk response were concentrated in specific regions
of the gyrified cortex. As such, a shift toward representative mTBI
animal models having gyrencephalic cortical structures should be
strongly considered. This is of particular concern for rodent mod-
els of mTBI involving impact testing, as the impact response of
the lissencephalic structure of a rodent brain is not consistent with
humans, leading to different injury modalities. Probable injury
pathways and mechanisms as well as neuron-level changes may
be biased by the choice of animal model.
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