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Objective: To analyze the acceleration of the brain in direct head impact and find the areas of brain most vulnerable to concussion (MTBI).

Method: First, the modes of head and brain acceleration are analyzed. Then, formulas are derived to find the values and effects of rotational
accelerations and forces acting on the brain. Comparison is made between modes of acceleration.

Results: With a direct impact, the head will mainly undergo rotational acceleration in the form of spin and whiplash. The highest radial and
tangential force and damage occur in the middle of the brain in head spin, and the base of the brain in whiplash. Under equal impact moment,
maximum spin radial force is about 3 times that of whiplash while maximum spin and whiplash tangential forces are nearly equal.

Conclusion: Concussion symptoms related to brain function in the middle and base of the brain can be attributed to rotational effects of
head impact. Brain is more vulnerable to spin than whiplash. Usually, both spin and whiplash are present together.

Introduction

The dynamics of inertial head impact and its interaction
with brain is highly complex and a matter of continuing research
and debate [1-6]. Finite Element Analysis of head impacts and
their relation to Mild Traumatic Brain Injury (MTBI) have been
performed using anatomic brain models. This paper provides a
high-level perspective on the head movement and the resulting
forces on the brain due to a direct blunt impact. A simplified mod-
el is used to derive closed form formulas and find forces acting on
the brain and the expected areas prone to injury.

Materials & Methods

First, the modes of head and brain acceleration are analyzed.
Then, formulas are derived to find the values and effects of rota-
tional accelerations and forces acting on the brain. Comparison is
made between modes of acceleration. The head is attached to the
body with rotational joints. Therefore, upon a direct blunt impact,
it gains rotational acceleration in the form of spin around the neck
axis (Figure 1), and whiplash (Figure 2), through rotation around
head pivot joint and bending of the neck. If the impact force passes
through the neck axis or head pivot joint, there will be no spinning
of the head. The force will only rotate the head in whiplash mode
both around the head pivot joint and through the bending of the
neck in the plane of the force and neck axis [1-5].

A force passing through the center of gravity of a free body
does not rotate it. However, due to the anatomy of head and neck,
a force passing through the center of gravity of the head has lever

age relative to the head pivot joint and rotates the head. As the
head spins around the neck axis, it pushes against the brain cor-
tex at the impact site. This produces a pressure wave which prop-
agates through the soft brain resulting in spinning of the brain.
Spinning of the brain creates a centrifugal force within its body.
The cells farther from its center of rotation pull out with higher
centrifugal force. These differential pulls add up to a maximum
around the axis of rotation and cause radial tension on brain tis-
sues that may strain and damage them. In whiplash, the whole
brain rotates with maximum linear speed at the top of the brain
and minimum linear speed at the base of the brain. As a result, the
varying centrifugal forces in the brain cause tension in the brain
with maximum value at its base [6-10].

The angular acceleration of the head causes change in both
direction and value of rotational velocity. The change in direction
of velocity is responsible for radial or centrifugal acceleration. The
change in the value of velocity is responsible for tangential accel-
eration. In a similar way as explained for radial acceleration, the
tangential acceleration causes shear forces within the brain which
is a maximum at the center of rotation of the brain. According to
the above analysis, assuming the brain as a continuum medium
with uniform density and strength, we should expect brain dam-
age due to impact to occur generally in the cortex, middle, and
base of the brain.

In spinning, the brain rotates around an axis approximately at
its center of mass. The plane of spin and related accelerations and
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forces is a transverse plane. When the head is upright, the spin
plane is horizontal.

In whiplash, the whole brain rotates around an axis outside
of the brain and below the skull. The whiplash accelerations and
forces are in a plane perpendicular to the transverse plane. When
the head is upright, the whiplash plane is vertical. In a simplified
model, the brain is considered as a continuum sphere with radius
R, uniform density #> and mass M. The spinning mass moment of
inertia Is of the brain about an axis through the center of mass is

2M R’

I, =1, = =04 MR’

s om
where cm denotes center of mass.

According to Steiner parallel axis theorem, head moment of
inertia has the smallest value relative to head pivot joint as com-
pared to lower neck joints. Head pivot joint system has also lower
muscle stiffness than the rest of the neck. Therefore, head rotation
in whiplash is mainly around the bottom of the skull or head piv-
ot joint especially during the primary acceleration. Using Stein-
er parallel axis theorem, the mass moment of inertia of the brain
around an axis through the head pivot joint and perpendicular to
the neck axis in whiplash mode I is

2
I, =1,+MPR =%+MRZ
I,=14M R’
I, 14
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Therefore, the moment of inertia of the brain in whiplash is
3.5 times that of spin. The brain accelerates more easily in spin
compared to whiplash mode.

The relation between impact moment or torque and the head
acceleration is

7-.; ZISaS
T =10,
T, a, T;: [04 i i
where “s> %> “w> and “%w denote spin and whiplash torque

and angular acceleration respectively. For equal impact torque we
will have

ISaS = IWaW
aWIM/
o, =——>
ST
a, = 3.5a,

As a result, the spin rotational acceleration of the head or
brain would be 3.5 times that of whiplash. With equal impact
torque and time period after the impact, the spin rotational speed
of the brain @, would also be 3.5 times that of the whiplash @,-

o, =350,
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The angular acceleration of the head causes changes in both
direction and value of rotational velocity. The change in direction
of velocity is responsible for radial or centrifugal acceleration.
The change in the value of velocity is responsible for tangential
acceleration. In fact, it is the tangential acceleration component
of head rotation that is measured with sensors aligned with the
skull [9,10].

The centrifugal force is defined by the formula
F = mro’

where m, 1, and w are mass, radius of rotation and angular
speed of rotation respectively. The centrifugal force is zero at the
center and maximum at the extremity of rotation, which causes
radial tension within the soft deformable brain. Therefore, max-
imum radial tension or pull on brain cells occurs at the center of
the brain in spin mode and bottom of the brain in whiplash mode.

Consider a slice of the brain in the mid transverse plane with a
thickness of t and an angle of @ radians extending from the center
of rotation to the periphery of the brain as in Figure 1. The mass m
of an element of the slice between radii r and r+ dr is

2 2
(rdr)” o1
2 2

where dr is an infinitesimal change in radius.

m = pt[@

Expanding (r + dr)? and ignoring negligible second power of

2
(r+dr) =7r* +2rdr
2 2
m :p,g%dr-r):ptgrdr

For spin mode, the radial centrifugal forces on the slice ele-
ments add up to a maximum Fiwe at the center of rotation of the

slice
R 2 ~ R 2
F = 0*mr=0t0] o rdr
_ ptOo’r’ (= ptlo’ R’
rsmax 2 0 2
2 p2
F o :M:@) tga,szZ

Similarly, referring to Figure 2 the maximum whiplash force
F...x is in the whiplash plane at the respective center of rotation
as

F.=1"0 mr=pt 0ol d

rwmax

_ ptlo,’'R’

rwmax 2

W =2p100 R

Comparing spin and whiplash forces

F =3F

rsmax rwmax

Therefore, under equal conditions of impact torque or mo-
ment, maximum radial force and stress in spin mode are 3 times
those of whiplash.

The weight of the brain is negligible compared to the inertial
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impact forces and is ignored in the calculations.

The tangential acceleration is

dv
a, = —
dt
a = d(ro)
dt
rd o
a, =
dt
a=ra

The tangential acceleration increases with radius, which caus-
es shear stress and strain within the brain with maximum values
around the center of rotation and mid transverse plane, or mid

brain.

The tangential accelerations a_ in spin and a, in whiplash are
S tw

a, =ra
a, =r(35a,)=35raq,
a, =T aW

Comparing the two accelerations
a, =35a,,

So, both radial and tangential accelerations in spin mode are
3.5 times those of whiplash. The overall accelerations have the

same ratio as shown below
aS = (afsz + af’Sz)l/z
a, = (3.5a,) + 35a,)")"
a, = 35a,

The impact subjects the brain to a radial force and a tangen-
tial force, both increasing with distance from the axis of rotation.
Therefore, the maximum overall forces from the bulk of the brain
are exerted around its center of rotation in the mid transverse

plane.
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Figure 1: Brain rotation in spin mode around the neck axis.

DOI: 10.19080/0AJNN.2019.10.555787

For a slice of the brain at the mid transverse plane with thick-
ness t and an angle 6 radians extending from the center of rotation
to the periphery of the brain, Figure 1, the maximum tangential

force in spin mode F__is

tsmax
F

smax -[OR mats =p t eIOR asr d}"
_ ptbar o, ptOalk
s max 2 0 2
For a similar slice of the brain in the whiplash plane, Figure 2,
the maximum tangential force in whiplash mode F,,,. is

E, = I["ma,=pt0f*a,rdr

twmax

2
_ PO w0 R

fwmax 2

Comparing the spin and whiplash tangential forces

F = 1.14 F

twmax ts max
Therefore, maximum tangential forces in whiplash and spin
are nearly equal.
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Figure 2: Brain rotation around head pivot joint in whiplash
mode. )
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Results

With a direct impact, the head will mainly undergo rotational
acceleration in the form of spin and whiplash. The highest radial
and tangential force and damage occur in the middle of the brain
in head spin, and the base of the brain in whiplash. Under equal
impact moment, maximum spin radial force is about 3 times that
of whiplash while maximum spin and whiplash tangential forces

are nearly equal.

Discussion

Many concussion symptoms are related to trauma in the mid-
dle and base of the brain. The tissues in these areas are cushioned
by the surrounding brain mass against any incoming pressure
wave in linear acceleration. But in rotation, according to the pres-
ent analysis, the same brain mass exerts maximum shear and ten-
sile stress on these tissues. A good example of concussion due to
head rotation is the devastating effect of hook punch in boxing.
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There has been a debate on whether linear or rotational acceler-
ation cause brain trauma [3, 11-15]. Pure linear acceleration of
the bulk of the brain is a rare occasion. Two specific conditions
are when the face or back of the head hits a surface parallel to the
frontal plane. Evidently, any form of trauma can happen depend-
ing on the severity of the impact.

In most cases, the apparent linear acceleration is actually
the tangential acceleration component of the head rotation. An
exclusive correlation cannot be established between concussion
and merely a single form of acceleration as all forms of acceler-
ation correlate with the impact energy. Therefore, other aspects
should be taken into account. Brain deforms little under pressure.
Therefore, translational pressure gradients produce much smaller
strains compared to tension and shear of rotational accelerations.
If rotation of head is prevented, it will be hard to cause traumatic
unconsciousness [11, 13].

According to finite element analysis of concussive cases in
NFL, concussion occurs after the primary momentum transfer
[6,7]. This suggests that during this time the effect of rotational
acceleration has reached the middle and base of the brain and
affected those areas. An increase in neck strength and stiffness
reduces the risk of concussion [6], which means a stiffer neck re-
duces head rotation and indicates that rotation causes the con-
cussion. Experiments on head whiplash in primates have shown
that rotation and contact at impact site equally share the effects
of brain trauma [14].

Conclusion

Based on the presented head and brain model the following
conclusions can be made

Rotational acceleration is responsible for local trauma in the
middle and base of the brain. In other words, concussion symp-
toms related to brain function in these areas can be attributed to
rotational effects of head impact.

Brain areas most vulnerable to concussion in spin are

a. The cortex due to transfer of forces between the brain and
the skull.

b. Middle of the brain due to radial tension and tangential shear.

Brain areas most vulnerable to concussion in whiplash
are

a. The cortex due to transfer of forces between the brain and
the skull.

b. The base of the brain due to radial tension and tangential
shear.

Under equal impact moment, maximum spin radial force is
about 3 times that of whiplash, while maximum spin and whip-
lash tangential forces are nearly equal. Generally, brain is more
vulnerable to spin than whiplash. Usually, both spin and whiplash
are present together with a combination of the above effects.

Since the Steiner parallel axis theorem for moment of inertia
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applies to any shape, the results of the model also apply to a real-
istic brain shape.

Practical Implications

The present brain modeling and analysis of head im-
pact have the following implications:

Provide insight into cause effect relation between head
impact and concussion.

Clarify why most concussion symptoms are related
to functional members in the middle and base of the brain
although they are cushioned by the brain mass.

Confirm the experimental studies suggesting rotational
acceleration as the main cause of MTBI in contrast to linear
acceleration.
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