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Abstract

There lacks a comprehensive understanding of the correlation between head kinematics and brain strain especially deep-brain
strain, partially resulting the deficiency of understanding brain injury mechanisms and the difficulty of choosing appropriate
brain injury metrics. Hence, we simulated 76 impacts that were focused on concussion-relevant rotational kinematics and
evaluated cumulative strain damage measure (CSDM) and average strain that could represent brain strain distribution. For
the whole brain, axial rotation induced the highest CSDM, while lateral bending produced the lowest CSDM. However, for
the deep-brain components, lateral bending produced the highest CSDM to the corpus callosum and thalamus. We further
confirmed that brain strain was mainly produced by rotational kinematics, for which the effect of rotational deceleration
could not be ignored with the deceleration influencing CSDM20 up to 27%. Our data supported that peak rotational velocity
correlated to brain strain with an average R of 0.77 across various impact directions and different shapes of loading curves.
The correlation between peak rotational velocity and brain strain reached to an average R* of 0.99 for each specific impact
direction. Our results supported using direction-specific peak rotation velocity for predicting strain-related brain injury.
Additionally, we highlighted the importance of investigating whole-brain and deep-brain strain, as well as considering
rotational deceleration.

Keywords Concussion - Injury mechanism - Impact direction - Rotational velocity - Injury metric

1 Introduction

There are 1.6-3.8 million sports-related Traumatic Brain
Injuries (TBIs) including concussions in USA alone (Lan-
glois et al. 2006). Concussion induces symptoms such as
memory loss, cognitive deficits, and balance disturbances
(Guskiewicz et al. 2007; McCrory et al. 2009). Nowadays,
concussion is widely investigated using clinical, pathologi-
cal, and biomechanical methods (Guskiewicz and Mihalik
2011; McCrory et al. 2009). For biomechanical methods,
both experimental methods and finite element (FE) models
are extensively used to explore the tissue-level responses
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of the brain due to impacts (Kleiven 2007; Post et al. 2012;
Sanchez et al. 2018).

Concussion has been demonstrated to be related to linear
and rotational head kinematics. Pellman et al. reported that
concussive players experienced peak linear acceleration of
98 +28 g (Pellman et al. 2003b). The peak linear accelera-
tion ranged from 61 to 144 g (Zhang et al. 2004). Margulies
and Thibault suggested the threshold of 1600 rad/s* based on
the primate model (Margulies and Thibault 1992). Rowson
et al. (2012) published the thresholds of concussion as 5260,
5281, 6383, 6945 and 7483 rad/s” for the concussion risk
of 10%, 25%, 50%, 75% and 90%, respectively. Most con-
cussive cases happen with the peak rotational acceleration
around 5 krad/s? (Fig. 1a) (Beckwith et al. 2013; Guskie-
wicz and Mihalik 2011; Hoshizaki et al. 2017; Pellman et al.
2003a, 2003b; Rowson et al. 2012). For impact durations,
Greenwald et al. reported that 95% of impacts happened
between 5.5 and 13.7 ms (Greenwald et al. 2008). Rowson
et al. (2009) recorded the average duration of 14 ms for hel-
meted head impacts. Based on the above data, systematically
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Fig. 1 Rotational and linear accelerations that cause concussion. a
Literature-reported rotational acceleration of concussion; b Litera-
ture-reported linear acceleration of concussion (Beckwith et al. 2013;
Guskiewicz and Mihalik 2011; Hoshizaki et al. 2017; Pellman et al.

investigating brain responses induced by reported head kin-
ematics related to concussion will be critical.

The brain response is crucial for predicting TBI includ-
ing concussion. Kleiven summarized 10 predictors that
were widely used for predicting TBI. The predictors rel-
evant to brain responses include strain, strain rate, product
of strain and strain rate, cumulative strain damage measure
(CSDM), strain energy density, maximum pressure, mag-
nitude of minimum pressure and von Mises effective stress
(Kleiven 2007). The use of maximum principal strain (MPS)
was suggested by Bain and Meaney (2000) and Thibault
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2003a; Pellman et al. 2003b; Rowson et al. 2012; Viano and Pellman
2005). Data with unknown duration are shown on the vertical axis. Fc
football concussion, /i ice hockey, Ff football fall, Ec elbow collision,
mTBI mild traumatic brain injury, MMA mixed martial art

et al. (1990). Von Mises stresses and strain energy were used
as the predictors by Shreiber et al. (1997). The product of
strain and strain rate was suggested by Viano and Lovsund
(1999) and King et al. (2003) . The CSDM was suggested
as the predictor of brain responses by Kimpara and Iwamoto
(2012); Takhounts et al. (2013, 2003, 2008).

Brain strains are of significance in predicting TBI or con-
cussion. There were studies reporting the range of 0.19-0.21
for mild TBI (Kleiven 2007; Zhang et al. 2004) based on the
whole-brain strains. However, it’s accepted that deformation
produced by impact can cause different symptoms in various
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brain regions (Post et al. 2014), highlighting the importance
to investigate regional responses. The corpus callosum was
reported to be related to the abnormal interhemispheric
functional connectivity and motor impairments (Chamard
et al. 2016). Some concussion cases were reported to be
related to the thalamus and basal ganglia (Grossman and
Inglese 2016). The thalamus can transmit the information
throughout the brain and join the communication with other
brain regions, involving the multifunctional global pathways
(Tang et al. 2011). In addition, the basal ganglia is critical
for learning and memorizing (Graybiel 2000). Knowing the
brain region-dependent functions, researchers have con-
ducted studies on the responses of different brain compo-
nents such as the corpus callosum, thalamus, and brainstem
under impacts (Kleiven 2007; Patton et al. 2013; Post et al.
2017). For the corpus callosum, the strain tolerance was 0.28
and 0.31 (McAllister et al. 2012; Patton et al. 2013), and
the tolerance for 50% likelihood ranged from 0.15 to 0.21
(Kleiven 2007; Patton et al. 2013; Zhang et al. 2004). For
the thalamus, the strain tolerance ranged from 0.26 to 0.38
(Patton et al. 2013; Viano et al. 2005). Overall, the differ-
ences about the concussive threshold between the whole-
brain and the deep-brain regions highlighted the importance
of investigating how impacts affect the whole and the deep
brain differently.

With the understanding that brain strains directly connect
to brain damage, while head kinematics are currently used
when developing protection gear, one major challenge is to
systematically investigate the correlations between head kin-
ematics and brain strains under complex impact scenarios.
Below we reviewed commonly used kinematic magnitudes,
impact directions, and linear/rotational impacts. We also
reviewed rotational acceleration curve shapes and rotational
deceleration.

Different impact locations induced various brain
responses (Elkin et al. 2018; Zhang et al. 2001). Zhang et al.
(2001) simulated frontal and lateral impacts to the brain and
found that lateral impact produced higher shear stress than
frontal impact did. Elkin et al. (2018) reported that the MPS
and CSDM of the rear eccentric impacts were higher than
those from other impacts. Hernandez et al. reported that
the corpus callosum had high correlation to lateral impacts
(Hernandez et al. 2019). However, impact direction is not
equal to head kinematics. For example, a lateral impact to
the face can induce a combination of head lateral bending
and axial rotation. Hence, evaluating the influence of indi-
vidual rotational direction, such as flexion/extension, lat-
eral bending, and axial rotation, is beneficial to understand
concussion.

The effects of linear and rotational kinematic on brain
responses were studied. King et al. found that brain motion
(=1 mm) induced by linear acceleration was less than that
induced by rotational acceleration (+5 mm) (King et al.

2003). Zhang et al. (2004) reported that linear acceleration
greatly affected intracranial pressure, and rotational accel-
eration greatly influenced shear stress. Kleiven (2007) also
found that rotational kinematics had a higher correlation
to the strain than translational kinematics did. Elkin et al.
(2016) reported that there was a strong correlation between
rotational kinematics and strain. Moreover, Post et al. found
that the combination of linear and rotational acceleration
could induce higher MPS than the pure rotational accelera-
tion did within the first 10 ms of impacts (Post et al. 2017).
Hence, investigating impacts with various combinations of
linear and rotational kinematics is helpful to provide more
evidence on the effect of rotational impacts.

Deceleration exists during the whole impact of football
game (Newman et al. 1999). Both acceleration and decel-
eration can cause concussion (Newman et al. 1999). The
process of deceleration was reported in the cadaver tests
(Hardy et al. 2007). The deceleration loading curves were
also studied (Kleiven 2007; Zhang et al. 2004). However,
although brain responses to acceleration are widely studied
(Pellman et al. 2003a; Post et al. 2017), brain responses to
deceleration are not known, and need to be investigated.

The head kinematic loading curves consist of different
shapes (Post et al. 2012; Rowson et al. 2009). The differ-
ent shapes of the impact curves result in different brain
responses. Zhao and Ji (2017) reported that the shape varia-
tion influenced the magnitude of the brain strain. Post et al.
(2012) demonstrated that MPS and von Mises stress were
influenced by the occasion of when the loading curves
reached to the peak value, and the curves with longer dura-
tion before reaching the peak induced higher brain strains.
Yoganandan et al. (2008) also revealed that brain strain was
dependent on the load curve shapes. Hence, it’s necessary to
investigate the effects of curve shapes on the brain responses.

In this study, we comprehensively investigated the cor-
relations between head kinematics and brain responses. For
brain responses, we focused on CSDM (Gadd 1966; Tak-
hounts et al. 2013; Versace 1971) to correlate to diffuse
brain injuries, while peak strain or peak strain rate were not
included. We conducted a total of 76 simulations to under-
stand brain strains under various impacts. Our data revealed
how well rotational velocity correlated to CSDM, under
different impact directions, acceleration magnitudes, dura-
tions, decelerations, as well as loading curves with different
shapes. Our data also showed how correlation was further
changed when organizing impacts into different groups
based on impact direction. Additionally, our data included
rotational deceleration, which has not been addressed in
existing kinematics-based injury threshold.
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2 Method
2.1 Finite element model

The Global Human Body Model Consortium (GHBMC)
head model including brain components such as the

cerebellum, brainstem, corpus callosum, basal ganglia and
thalamus was used to evaluate brain responses (Fig. 2a, b).
(Mao et al. 2013). The linear visco-elasticity material was
used for both the gray matter and the white matter. The
skull was defined as an elastic—plastic material with inner
table, outer table, and trabecular layer (Mao et al. 2013).
The model was validated against intracranial pressures and

GHBMC head model and loading curves
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Fig.2 The Global Human Body Model Consortium (GHBMC) head
model and loading curves. a The head model; b The brain model;
¢ Sine loading curve; 5 krad/s indicates the peak acceleration was
5 krad/s?, and 5 ms indicates impact duration. d Rotational load-
ing curve with acceleration and deceleration; Acc indicates accel-
eration, and dec indicates deceleration. e Rotational rectangle and
trapezoid load curve; Rec indicates rectangle curve; Tra-1/3 indi-
cates trapezoid curve with the peak acceleration occupying 1/3 of the
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duration; Tra-2/3 indicates trapezoid curve with the peak acceleration
occupying 2/3 of the duration. f Rotational triangle curve; Tri-start
indicates triangle curve peaking at the start of the curve; Tri-1/3 indi-
cates triangle curve peaking at the 1/3 of the curve; Tri-2/3 indicates
triangle curve peaking at the 2/3 of the curve; Tri-end indicates tri-
angle curve peaking at the end of the curve. g Schematic drawings
showing how theoretical curves were based on real-world kinematics
(Pellman et al. 2003b; Zhang et al. 2004)
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brain displacements (Hardy et al. 2001; Nahum et al. 1977;
Trosseille et al. 1992).

2.2 Description of linear and rotational curves

The linear and rotational acceleration time history curves
were imposed to the center of gravity of the GHBMC head
model with the “Boundary_Prescribed_Motion”. The sinu-
soidal curves were used for the linear and rotational impacts.
For 32 pure rotational impact simulations, we defined two
peak magnitudes (2.5 and 5 krad/ms?) based on Fig. 1, and
four acceleration durations levels (5, 10, 15 and 20 ms) with
additional 10 ms afterwards respectively (Fig. 2c). All these
two magnitudes and four levels were applied to four impact
directions, yielding 32 cases. For four combined linear and
rotational cases, the rotational acceleration curve with peak
magnitude of 5 krad/ms? and duration of 10 ms was com-
bined with the linear acceleration curve with peak magni-
tude of 50 g and duration of 10 ms to explore brain strains.
For 12 cases related to rotational deceleration, the peak
rotational acceleration of 5 krad/ms? and positive duration
of 10 ms was used, combined with four levels of decelera-
tion duration (10, 20, 30 and 40 ms) (Fig. 2d), providing
the exact same rotational velocity and same duration when
studying deceleration effect. These four levels of decelera-
tion were applied to three impact directions (lateral bending,
extension and axial rotation), yield 12 cases. For 28 cases
related to curve shapes, seven curve shapes (Fig. 2e and f)
beside sinusoidal shape were applied in four impact direc-
tions. The curve shapes included rectangle, trapezium, and
triangle, all with the peak acceleration of 5 krad/s* and the
acceleration duration 10 ms. Two kinds of trapezoid curves
with the peak acceleration occupying the 1/3 and 2/3 of the
acceleration duration respectively (Fig. 2e) were selected.
Four kinds of the triangle curves were applied with the peak
acceleration point reaching at the start, 1/3, 2/3 and the end
of the whole acceleration duration (Fig. 2f).

2.3 Analysis method

MPS contour, CSDM value, and average strain were used
to demonstrate simulation result. The results of CSDM?20,
which represents the percentage of the elements for which
the strain is higher than 0.20, were primarily presented for
analysis while the results of other CSDM levels are listed
in “Appendix A”, because 0.20 was suggested as a strain
threshold of concussion (Kleiven 2007; Zhang et al. 2004).
The relative mean difference (RMD) (Eq. 1) (Rush et al.
2017) was used to show the difference between linear-with-
rotational and rotational-only groups. The CSDM difference
(Eq. 2) was used to show the difference between with-decel-
eration group and without-deceleration group. Regression

analysis was used to analyze the correlation between the
CSDM values and velocities.
CSDM.LR — CSDM.R

RMD =
CSDM.R M

where RMD is relative mean difference, CSDM.LR is
CSDM from impacts with both linear and rotational accel-
erations, CSDM.R is CSDM from impacts with rotational
acceleration.

CSDM.w.d — CSDM.wo.d

DM difference =
CSDM difference CSDM.wo.d @

where CSDM.w.d is CSDM from impacts with rotational
deceleration, CSDM.wo.d is CSDM from impacts without
rotational deceleration.

For analyzing the correlation between peak rotational
velocity and CSDM values under specific subgroups, a
Pearson’s analysis based on Excel was adopted. The same
correlation analysis was adopted to analyze the correlation
between CSDM and average strain. For analyzing the cor-
relation between peak rotational acceleration/velocity and
CSDM/average strain while considering the effect of impact
duration, impact direction, and loading curve shape, SPSS
(Version 26, IBM Corporation, Somers, NY, USA) was
adopted with R? values for predictors of acceleration and
velocity being compared.

3 Results

3.1 Brain strain distribution due to rotational
impact

For the whole brain, axial rotation induced the largest MPS
distribution with most of the added strains shown in the
deep cortex region, followed by extension & flexion and
lateral bending (Fig. 3). For example, among impacts with
duration of 10 ms, CSDM?20 from axial rotation was calcu-
lated as 0.41, followed by the CSDM20 of 0.23 from both
flexion and extension which produced similar strain loading
(Fig. 4a). The CSDM20 result of lateral bending was the
lowest (Fig. 4a) as 0.16.

For the corpus callosum, lateral bending produced high-
est CSDM values among all CSDM levels, followed by the
CSDM values induced by axial rotation. Flexion and exten-
sion produced the lowest CSDM values (Fig. 4b). With
impact duration 10 ms, CSDM?20 value produced by lateral
bending and axial rotation were 0.39 and 0.28, respectively.
Mostly, CSDM20 values produced by extension were higher
than those produced by flexion except for the condition of
impact duration 20 ms.
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Maximum principal strain (MPS) contours of impacts with peak acceleration 5 krad/m? and duration 10 ms

Rotational X Rotational Y Rotational Y Rotational Z
Lateral bending Extension Flexion Axial rotation

Sagittal view

Transverse view

Coronal view

Fig.3 Maximum principal strain (MPS) contours of impacts with peak acceleration 5 krad/s> and duration 10 ms. Three views (sagittal, trans-
verse and coronal) of the MPS contours were plotted with the range between 0 and 0.3

CSDM20 with peak acceleration 5 krad/s2
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Fig.4 CSDM20 of different brain regions under different impacts. a CSDM20 for the whole brain; b CSDM?20 for the corpus callosum; ¢
CSDM20 for the basal ganglia; d CSDM20 for the thalamus

For the basal ganglia, overall, the CSDM values produced by flexion, extension, axial rotation and lateral bending were
by flexion and extension were highest, followed by those 0.4, 0.37, 0.31 and 0.11 respectively.
produced by axial rotation and lateral bending (Fig. 4c). For the thalamus, interestingly, lateral bending, which
The CSDM values induced by flexion and extension were  produced the lowest CSDM within the whole brain, induced
slightly different depending on CSDM levels. For CSDM20  the highest CSDM in this deep-brain region (Fig. 4d), fol-
within impact duration 10 ms (Fig. 4c), the values induced  lowed by axial rotation, flexion and then extension. With
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impact duration of 10 ms, lateral bending, axial rotation,
extension and flexion produced CSDM20 of 0.25, 0.16. 0.08,
and 0.01.

3.2 CSDM relative mean difference (RMD)
between impacts of the combination of linear
and rotational accelerations and pure rotational
acceleration

Generally, except for the case with combined lateral bending
and translational motion, the RMD that indicates the rela-
tive mean difference did not change obviously, only with the
increase within 1% (Table 1). Even for the case with com-
bined lateral bending and translational model, the absolute
differences of CSDM were less than 0.03.

3.3 The effect of deceleration

Overall, large difference existed when deceleration was
considered. Rotational deceleration in axial rotation mode
produced highest changes to CSDM among all three direc-
tions (27% increase of CSDM20) (Fig. 5). The CSDM dif-
ference with other strain levels were listed in “Appendix B”.
Rotational deceleration in lateral bending mode and exten-
sion mode also affected CSDM. Interestingly, deceleration
reduced CSDM values when deceleration durations were
short (<10 ms for all loading modes and <20 ms for the
extension loading mode) and increased CSDM values when
deceleration durations were long (> 20 ms for lateral bend-
ing and axial rotation loading modes, > 30 ms for extension
loading mode).

3.4 The effects of loading curves with different
shapes

The rectangular shape loading curves induced the highest
CSDM value, with CSDM?20 of 0.62, 0.55 and 0.37 under
axial rotation, flexion and extension, and lateral bending,
respectively (Fig. 6). The trapezoid curve with the peak

Effect of rotational deceleration on CSDM20

30%
25%
20%
15%
10%
5%
0%
-5%
-10%
-15%
-20%

H Deceleration-Lateral bending
ODeceleration-Extension
B Deceleration-Axial rotation

CSDM20 difference

Deceleration duration (ms)

Fig. 5 Effect of rotational deceleration on CSDM20

acceleration occupying 2/3 of duration caused the second
largest strain distribution (Fig. 6). Axial rotation induced
CSDM20 of 0.54, which was the highest among all impacts.
The impacts with the trapezoid curve with peak accelera-
tion occupying 1/3 of the duration produced the third high-
est CSDM20 values, with CSDM20 of 0.43 induced by
the axial rotation, CSDM?20 of 0.27 generated by flexion
and extension, and CSDM20 of 0.18 under lateral bending
(Fig. 6). The CSDM20 values from the sine-curve loading
and from the trapezoid-curve loading with peak accelera-
tion of 1/3 of the duration were similar (Fig. 6). The lowest
CSDM20 results were from the triangular curves (Fig. 6).
Among the four triangle shapes, overall the CSDM val-
ues were close. However, the triangle-curve loading with
acceleration peaking at 2/3 of duration produced the high-
est value, while the triangle-curve loading with acceleration
peaking at the beginning generated the lowest (Fig. 6).

Table1 CSDM relative mean difference (RMD) for impacts with combined of linear and rotational acceleration and impacts with rotational

acceleration
CSDM level 0.1 0.15 0.2 0.25 0.3
Linear X and flexion (rotational-Y) 0.14% 0.29% 0.74% 0.40% 0.57%

versus flexion

0.08% 0.37%

Linear-X and extension (rotational Y)
versus extension

Linear Y and lateral bending (rota- 2.67% 7.09%

tional X) versus lateral bending

Linear Y and axial rotation (rotational 0.67% 0.91%

Z) versus axial rotation

(0.7409 vs. 0.7399) (0.4687 vs. 0.4673) (0.2366 vs. 0.2348) (0.0930 vs. 0.0926) (0.0396 vs. 0.0394)

0.66% 0.85% 0.31%

(0.7254 vs. 0.7249) (0.4597 vs. 0.4580) (0.2371 vs. 0.2355) (0.0963 vs. 0.0955) (0.0383 vs. 0.0382)

8.78% 12.98% 25.44%

(0.6017 vs. 0.6182) (0.3361 vs. 0.3617) (0.1471 vs. 0.1613) (0.0565 vs. 0.0649) (0.0180 vs. 0.0241)

0.33% 0.41% 0.75%

(0.8808 vs. 0.7955) (0.5922 vs. 0.5868) (0.4066 vs. 0.4052) (0.2671 vs. 0.2682) (0.1678 vs. 0.1690)
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CSDM20 of loading curves with different shapes

(a) (b)
0.7 Lateral bending
0.6
0.5 °
S o4 s
= ’ a
2 03 8
© 0.2
N
0 =
1 2 3 4 5 6 7 8
(C) Flexion (d)
0.7
0.6
g g
a o
8 8

0.5
0.4
0.3
0.2
0.1 S .
0 il I
1 2 3 4 5 6 7 8

Fig.6 CSDM20 of impacts with loading curves with different shapes.
a CSDM20 of loading curve with different shapes under lateral bend-
ing. b CSDM20 of loading curve with different shapes under exten-
sion. ¢ CSDM20 of loading curve with different shapes under flexion.
d CSDM20 of loading curve with different shapes under axial rota-
tion. For the legend, Rec indicates rectangle curve, and its integrated
velocity was 50 rad/s; Tra-1/3 indicates trapezoid curve with the
peak impulse occupying 1/3 of the duration, and its integrated veloc-
ity was 33.25 rad/s; Tra-2/3 indicates trapezoid curve with the peak

3.5 Correlation between rotational velocity
and CSDM

Correlations between CSDM and kinematics are shown in
Fig. 7. For sine-shape rotational velocity loadings with dif-
ferent peak accelerations (2.5 and 5 krad/s?) and different
impact durations (5, 10, 15 and 20 ms), rotational velocities
highly correlated with CSDM20 with R all above 0.94 for
four directions (lateral bending, extension, flexion, and axial
rotation) groups (Fig. 7a). For other CSDM levels, most of
R? values were above 0.9 (“Appendix C”). When consider-
ing different shapes (Fig. 2¢ and d), R? values also reached
to very high numbers above 0.99 for four direction groups
(Fig. 7c), while the variances of CSDM20 under same peak
acceleration varied dramatically, ranging from 0.01 to 0.67
(Fig. 7b). CSDM/average strain correlated well to peak rota-
tional velocity with R? values ranging from 0.71 to 0.82 with
an average of 0.77 (Fig. 7d), while CSDM/average strain
correlated poorly to peak acceleration with R* values rang-
ing from 0.14 to 0.35 (Fig. 7d). Between CSDM and average
strain, there existed strong correlations with R? values rang-
ing from 0.85 to 0.95 (Fig. 7e).
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impulse occupying 2/3 of the duration, and its integrated velocity was
41.75 rad/s; Tri-start indicates triangle curve peaking at the start of
the duration, and its integrated velocity was 25 rad/s; Tri-1/3 indi-
cates triangle curve peaking at the 1/3 of the duration, and its inte-
grated velocity was 25 rad/s; Tri-2/3 indicates triangle curve peaking
at the 2/3 of the duration, and its integrated velocity was 25 rad/s;
Tri-end indicates triangle curve peaking at the end of the duration,
and its integrated velocity was 25 rad/s; Sine indicates sine curve
with integrated velocity of 31.83 rad/s

4 Discussion

4.1 CSDM of different brain regions due
to rotational impact

The axial rotation produced the highest CSDM within the
whole brain. Similar results were found in other CSDM lev-
els (“Appendix A”). Our finding is consistent with Elkin
et al.’s observation, which reported that eccentric impacts
(induced axial rotation) produced higher strains compared
to jaw impacts (Elkin et al. 2018). Zhang et al. (2001) found
that lateral-bending impacts produced the higher shear stress
levels than frontal impacts, while we found that flexion and
extension caused higher CSDM values than that of lateral
bending. We also found that flexion and extension produced
similar strain levels in brain tissue. However, Krave et al.
(2011) subjected rabbits under rotational loadings and found
that flexion induced more brain injury than extension did.
The geometrical difference of head structure between human
and rabbit may contribute to differences between our and
Krave et al.’s results. Lateral bending produced the low-
est strain level, possibly because stiff falx and tentorium
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(10 ms); ¢ Correlation between CSDM20 and peak velocity with dif-

prevented the brain from deforming much. Our results sup-
ported developing the brain injury criteria considering direc-
tion effects (Takhounts et al. 2013).

Kleiven (2007) reported that the threshold of CSDM10
of 50% possibility injury risk for the white matter was 0.47.
In addition, Kleiven (2005) reported that over 0.5 MPS
appeared in the corpus callosum under axial rotation. Our
data showed that CSDM10 values of the corpus callosum,
the basal ganglia and the thalamus which belong to white
matter were different under different impact directions. Since
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s%) and impact duration (10 ms); d R? values between rotational peak
velocity/acceleration and CSDM/average strain; e correlation between
CSDM and peak rotational velocity. Lb Lateral bending, Ex exten-
sion, Fl flexion, Ar axial rotation

brain responses to different brain regions under various
directional impacts were different, it is ideal to consider dif-
ferent brain regions when investigating brain injury criteria.

4.2 The influence of linear acceleration
The tiny influence was imposed by the linear kinematics
when it was combined with the rotational kinematics. Based

on our results (Table 1), the slight change of CSDM existed
when the linear impact was combined with rotational impact
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being compared to the rotational impact alone. Most of RMD
values which indicate the difference of the strain produced
by combination of linear and rotational impacts and pure
rotational impacts were around 1%, consistent with Table 1.
Our result is consistent with findings of other groups. King
et al. (2003) demonstrated that the rotational acceleration
would be the essential cause of brain strain. Kleiven (2007)
showed that rotational kinematics was important to brain
deformation. Interestingly, we also found that when forward
linear motion was combined with lateral bending, brain
strain was slightly lower than that produced by the pure lat-
eral bending. It should be mentioned that although the per-
centile differences for CSDMO0.25 and CSDMO0.3 were large
as 12.98% and 25.44% when introducing linear acceleration
in lateral bending case, the absolute differences of CSDM
values were only 0.008 and 0.006, respectively. Overall, the
influence of linear acceleration on brain strain was small and
can be neglected.

4.3 The role of rotational deceleration

We found that the brain responses in the cases with and
without the rotational deceleration were different. The

Acceleration +
10-ms deceleration

Acceleration +
no deceleration

Rotational acceleration
(krad/s*2)
o (1]
o
s o

125 ms

18 ms

36 ms

aken at 27 ms
when highest
strain occurred

Fig.8 Brain strain contours in baseline, no rotational deceleration
loading and loadings with various rotational deceleration durations.
The first occurrence of high brain strains remained similar for all four
loading conditions (a—d). The 10-ms deceleration cancelled out some
of brain strains developed at around 18 ms (comparing e—f). Such a
cancellation effect was less obvious using prolonged deceleration
curves (g and h). All deceleration curves induced large brain strains

@ Springer

CSDM values of the cases with deceleration were higher
than those without deceleration when the deceleration dura-
tions were equal to and larger than 30 ms (Fig. 5), while
the CSDM values of impacts with deceleration was lower
than that without deceleration when the deceleration dura-
tions were within 20 ms. While such a nonlinear deceleration
effect seemed not straightforward, we further analyzed strain
development and found that 10-ms rotational deceleration
could cancel some brain strains (Fig. 8), while 30-ms or
40-ms rotational deceleration did not cancel much strain
but introduced more strains at a later time around 36 ms
(Fig. 8). Interestingly, Sanchez et al. used real-world head
kinematics curves, which included deceleration phase, and
highlighted the importance to solve impact simulations long
enough to represent brain strain development (Sanchez et al.
2018). Our results demonstrated the importance of decel-
eration duration. We also found that axial rotation with
deceleration phase induced the highest CSDM difference
compared to that without deceleration (the highest CSDM
difference reached to 50%) (“Appendix B”). Moreover, with
the same deceleration loading curves, the axial rotation pro-
duced higher CSDM difference than the lateral bending and
extension did. Considering rotational deceleration will be

-

Acceleration +
40-ms deceleration

5
0 b
0 10 50

Acceleration +
30-ms deceleration

Axial rotation

flo4

MPS

during 25-40 ms (j-1) while baseline, no-deceleration condition did
not introduce additional high strains during the same time period (i).
Moreover, 30-ms deceleration loading condition induced most “‘s”
shape brain deformation and induced high strains at 36 ms (k), which
were larger than the first occurrence of strains (c). The 40-ms deceler-
ation loading also induced high strains at 36 ms, but less in the frontal
brain region (1) compared to the 30-ms deceleration case did (k)
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critical for developing a more effective rotational-velocity-
based brain injury criteria. Meanwhile, caution needs to be
practiced when using head form only for helmet test as the
deceleration from neck constraints will be missing during
such a setting.

4.4 The effects of loading curve shapes

Brain strains varied when loading curve shapes changed
under rotational accelerations with the same peak and dura-
tion. Generally, the rectangular curve induced the largest
strain distribution, while the triangular curve produced the
lowest strain distribution. This is due to the velocity inte-
grated from the rectangular curve was higher than that of
the triangular curve. The integrated velocity of rectangu-
lar curve was 50 rad/s, higher than that integrated from
the triangular curve which was 25 rad/s (Fig. 6). Hence,
higher rotational velocity calculated out of loading curves
produced higher strain distributions. The same reason can
also be used to explain why the trapezoid curve with the
peak acceleration occupying 2/3 of the duration produced
the second largest strain distribution, followed by that with
the peak acceleration occupying 1/3 of the duration, and
the sine curve. For the four triangular loading curves, with
the same integrated rotational velocity of 25 rad/s, CSDM
produced by the triangular curve with the acceleration peak-
ing at 2/3 of duration was 0.01 higher than CSDM from the
other three loadings. Moreover, Post et al. used the loading
curves which is similar to the sine curve and reported that
the loading curve with the acceleration peaking lately pro-
duced higher strain responses (Post et al. 2012). However,
we found that based on the same integrated rotational veloc-
ity, the curves with the acceleration peaking at 2/3 rather
than the end of the duration produced slightly larger strain
distribution (Fig. 6). The differences between two groups
could be partially due to the use of different human head
models.

4.5 The correlation between rotational velocity
and CSDM

We found there existed strong correlations between CSDM
and rotational velocity but weak correlation between CSDM
and rotational acceleration. Under the curves with the same
shape (sine curve), different peak accelerations and durations
under specific directions, the lowest R? of rotational velocity
and CSDM?20 reached to 0.94 (Fig. 7a), which indicates that
under a specific impact direction and a load curve shape,
the correlation between CSDM and the rotational velocity
is strong regardless of different impact durations. This cor-
relation remained strong when loading curves with differ-
ent shapes were considered (Fig. 7c). Takhounts et al. also
reported good correlation between max resultant rotational

velocity and CSDM (R? of 0.91) (Takhounts et al. 2013).
When grouping all directions as well as the peak accelera-
tions, durations and load curve shapes, correlations between
CSDM and rotational velocity decreased but still not low
with R? between 0.70 and 0.80 (Fig. 7d), while R? of CSDM
and rotational acceleration was within the range of 0.30-0.40
(Fig. 7d). Knowles et al. reported that there existed the high
correlation (R? of 0.86) between the change of resultant
rotational velocity and CSDM15 with the consideration of
different impact locations of helmet (Knowles and Dennison
2017). Our data showed that the R? of rotational velocity and
CSDM15 was 0.80 when impact directions and load curve
with different shapes were considered (Fig. 7d). Gabler et al.
stated that brain deformation mainly depended on rotational
velocity in short-duration impacts, but it depended more on
the rotational acceleration in long-duration impacts (Gabler
et al. 2018). The cases we studied were based on the events
of sports-related concussion, for which the durations were no
more than 30 ms. It can be specified that based on our study
with impact durations 5-20 ms, velocity correlates well to
CSDM. Together with the literature, our study supported the
use of rotational velocity instead of acceleration as a predic-
tor of brain injury for impacts with a major positive phase
lasting equal to and less than 20 ms.

4.6 Limitations

To sort out the effect of peak rotational acceleration, dura-
tion, peak rotational velocity, shape of loading curve, and
rotational deceleration on brain strains, theoretical loading
curves were used. It should be acknowledged that differences
in brain strain prediction between a real-world loading curve
and a simplified theoretical curve existed (“Appendix D”).
Another limitation is that the accuracy of using the brain
model for predicting deep strains still needs to be further
validated. Various gray and white matter parts were assigned
with one type of gray matter material and one type of white-
matter material. Further cadaver human brain material tests
will help improve the accuracy of model predictions. Nev-
ertheless, using one of the most extensively validated brain
model and real-world-based theoretical curves, this study
quantified the effects of deceleration curve, shape, direction,
peak rotational acceleration and peak rotational velocity,
with part of findings being verified by comparing to simu-
lation results from real-world kinematic curves (such as in
“Appendix D).

5 Conclusions
We systematically investigated how head kinematics—which

included various rotational magnitudes (2.5 and 5 krad/
sz), linear plus rotation, various durations (15, 20, 25 and
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30 ms), with and without deceleration, various loading curve
shapes—alffected brain strains. We found that axial rotation
produced highest strain loading to the whole brain while
lateral bending produced lowest strain. Meanwhile, the same
lateral bending produced highest strain to the corpus cal-
losum and the thalamus. Flexion and extension produced
similar, middle-level strains to the whole brain, while they
produced highest strains to the basal ganglia. These various
effects of impact direction on the whole-brain and deep-
brain structures are important for concussion prevention
as deep brain structures have been suggested to be concus-
sion relevant. Our data also concurred with the literature
that rotation is the main cause of brain strains (over 99%).
Furthermore, our data highlighted the importance of rota-
tional deceleration and found that shorter deceleration dura-
tion of 10 ms reduced CSDM20 up to 17% while longer

deceleration duration of 30 ms increased CSDM20 up to
27%. Such finding suggests the potential of optimizing
deceleration with a short duration for future protection gear
design. Lastly, our data demonstrated that rotational velocity,
rather than rotational acceleration, correlated to brain strains
with an average R? of 0.77 across various impact directions
and different shapes of loading curves. When grouping
impacts to four direction groups, the correlation between
rotational velocity and brain strain reached to an average R>
above 0.94, including various loading curve shapes.
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Appendix A: Results of CSDM10, CSDM15, CSDM20, CSDM25, and CSDM35 for various peak

accelerations and rotational directions

Results of CSDM 10 for peak acceleration 5 krad/s>.
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Results of CSDM10 for peak acceleration 2.5 krad/s>.
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Results of CSDMI15 for peak acceleration 2.5 krad/s>.
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Results of CSDM25 for peak acceleration 5 krad/s>.

Appendix A CSDM25 with peak acceleration 5 krad/s?
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Results of CSDM30 for peak acceleration 5 krad/s>.

Appendix A CSDM30 with peak acceleration 5 krad/s?
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Appendix B: The effects of deceleration

CSDM difference of deceleration under lateral bending, lateral rotation and extension.

Appendix B
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Appendix C: CSDM as a function of peak velocity under sine curve

CSDM as a function of peak rotational velocity.
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Appendix D: Differences in brain strain prediction between a real-world loading curve

and a simplified theoretical curve
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