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ach year, there are many reported cases

of brain and cervical lesions in infants,

not only from falls or other accidents but
also from child abuse as a result of violent shak-
ing (called shaken baby syndrome, or SBS) or a
blow to the head (called abusive head trauma, or
AHT). The most prevalent types of brain lesions
due to SBS are subskull bleeding and bleeding
into the retina. Vigorous shaking can also cause
neck injuries. Between 7 and 30 percent of SBS
cases result in death; 30 to 50 percent result
in serious cognitive and neurological disorders.
Roughly 30 percent of cases have a chance of re-
covery, but with a high risk of long-term neuro-
logical problems.

We used the finite element method (FEM) to
simulate how the vibrations due to shaking alters
infants’ first through fourth cervical vertebrae
(numbered C1 through C4, from the skull to the
spine). We hypothesized that by combining FEM
and vibration theory, we can predict and quantify
such alterations. We also performed simulations
of AHT. Here, we hypothesized that by using FEM
and simulating the effects of dynamic impact, we
can predict, locate, and quantify diffuse alterations
in the brain.

An economical modeling tool for detecting the
effects of child abuse would allow fast simulations
for forensic studies. It would also facilitate medical
treatment, education, legal prosecution, and the
design of safety restraints and automobile air bags.
In addition, it would likely help prevent infant
head injuries by showing their effects.

Building the Model

There’s little experimental information on the
heads of babies; most investigations have been
on adults. (For more on research on head injuries
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and modeling them, see the related sidebar.) So,
we created our model of an infant brain and upper
cervical spine.

To achieve an accurate model, we had to consider
five things. First, a baby’s head is large, relative to
the rest of its body. Second, a baby’s brain contains
a higher proportion of water than an adult’s.
Third, the brain tissue is more delicate because it’s
developing. Fourth, the skull is thinner and less
dense, which makes it less protected. Finally, the
neck muscles and tendons are weak, limiting their
ability to absorb sudden movements.

We created our model using 2D computed to-
mography (CT) slices and 3D reconstructions on
the basis of our own and other research.? We
imported vertical slices (transversal to the brain
axis) to AutoCAD. The slices were at millimeter
resolution to distinguish bone from other tissues.
Then, we drew a closed line around each slice and
assigned a distance of 4 to 10 mm between the
lines, to form a wire structure. (We placed all
2D contour lines in their 3D positions.) Finally,
we assembled the model using AutoCAD’s 3D
tool, which built a solid between the closed con-
tour lines. We used a similar method to create
the internal brain parts. We imported the entire
volume to the Algor (now Autodesk Simulation)
FEM software.

The model includes the scalp, skull, brain, spinal
cord, and cerebrospinal fluid (CSF). We modeled
the scalp, skull, and CSF as eight-node cube ele-
ments with a uniform thickness, with the brain
matter as the internal tissue. The skull's thick-
ness is 2 mm, based on the CT measurements. We
didn’t include the fontanels (areas without bone).
Because the brain is immersed in CSF, we built
the model to show how the fluid holds the brain.
We modeled the head components as continuous
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S ebastien Roth and his colleagues recently studied
abusive head trauma (AHT)—the effects of blows to
the head’s occipital area—which often happens at the
end of aggression against infants such as shaking.' Sujan
Fernando and his colleagues identified the neurologic
consequences of such injuries.?

Frank Meyer and his colleagues compared the most
commonly used injury criteria—von Mises stress (equivalent
mechanical tensile stress), maximum linear acceleration, the
maximum-pressure criterion, and the head injury criterion.?
However, none has been properly validated for infants.

Giovanni Belingardi and his colleagues, among others,
studied the mechanical properties of the materials forming
the head, brain, skull, and cerebrospinal fluid (CSF), and
the related characterizations and constitutive models for
the finite element method (FEM).* Timothy Horgan and
Michael Gilchrist studied the overall effect of damping in
an FEM model that included the skull base, subskull mem-
brane (arachnoid), and its liquid reservoirs (arachnoid cis-
terns).® Svein Kleiven and Warren Hardy developed a model
of an adult human head consisting of a scalp, skull, subskull
membranes, CSF, and 11 pairs of brain vessels with internal
interconnection.® Jean-Sébastien Raul and his colleagues
demonstrated how to use FEM in forensic practice.”

The evolution of FEM models of brain injuries in children
has reached quantitative levels—that is, it’s now possible to
obtain numerically precise results. Frank Meyer and his col-
leagues created a neck model of a three-year-old child us-
ing real geometry.® Roth and his colleagues created a head
model of a three-year-old child.' Frank Meyer and his col-
leagues used these two models, along with a torso model,
to analyze the effects of a simulated car crash, with impact
against an air bag.?

Table 1. Input data for the head materials."®
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Elastic modulus
Density (kg/m>) (N/mm?)
Brain 1,040 1,930
Cerebrospinal fluid 1,020 2,280
Skull 1,100 7,600
Scalp 1,010 20

Shear modulus
Poisson modulus (N/mm?)
0.4 0.00083
0.4 0.00002
0.2 2,800
0.4 0.002

volumes connected by a 3D mesh. The complete
model comprises approximately 22,500 elements
and 25,000 nodes.

Our model incorporates the mechanical proper-
ties described in the few studies that have investi-
gated these properties for a child’s head (see Table
1). The baby’s skull properties were estimated to
be somewhat lower than the properties of a three-
year-old child’s skull because the elastic modulus

varies between a newborn'’s skull and a three-year-
old child’s skull.

The biological materials (scalp, skull, and spinal
cord) are isotropic and elastic, but the brain is vis-
coelastic (a more complex model that can include
the damping effect and a nonlinear relation be-
tween stress and displacement). Giovanni Belin-
gardi and his colleagues described shear-modulus
relaxation in the viscoelastic model as
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Nodal
displacement
magnitude
(mm)

1.188272e-005
1.069445e-005
9.506179e-006
8.317907e-006
7.129635e-006
5.941362e-006
4.75309e-006
3.564817e-006
2.376545e-006
1.188272e-006
0

von Mises
stress
(N/mm?)

0.004118717
0.003706846
0.003294975
0.002883104
0.002471232
0.002059361
0.00164749
0.001235619
0.0008237475
0.0004118763
5.132657e-009

Figure 1. The simulation of vibration mode 1 of shaking a baby. The results show no risk of injury.
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G(t) = G() + ((G(0) - G()) exp(-ft),

where G(t) is the shear modulus, as defined in
static conditions; G(e) is the long-time shear
modulus (167 kilopascals); G(o) is the short-time
shear modulus (490 kPa); 3 is the decay coefficient
(0.145 m/s); and t is time.?

Simulating Injuries

We used Algor software to simulate vibration
and a head blow. The simulations yielded static
images, but our analysis software let us create
a short animation from the nodal-displacement
images.

To analyze SBS, we subjected our model to a sim-
ulated 3-Hz vibration and 200-Newton horizontal
sinusoidal force. We measured the frequency and
force at the University of Tarapaca’s Mechanics
Laboratory in a study involving 18 students aged
22 to 25. They simulated shaking a baby, using a
dummy. We analyzed six vibration modes—that is,
the six natural frequencies of oscillation of the
baby’s head model. The simulations placed the
boundary conditions at the C4 vertebra (the far-
thest from the head) and used the average weight
of a baby at six to nine months. The simulations
took roughly 35 minutes each.

For AHT, we treated the blow as a distributed
load on the occipital area (a diffuse blow that
leaves no outward signs). The total dynamic load
was 400 N (the force of a normal adult male, ex-
tended with a slight impact coefficient equal to 2).
The boundary conditions took into consideration
that the head moves freely above the neck. The
blow was so fast that it wasn’t influenced by the
restrictions on C4, so we discarded the boundary
conditions restricting C4 to a fixed location for
the dynamic response.* To avoid incorrect results,
the same restrictions were also discarded, with a
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degree of freedom in the axis of impact. This simu-
lation took 30 minutes.

Although knowing the real damping factor in
infant head injuries is difficult, the AHT simulation
had to include the damping factor. It had to take
into account

the scalp’s protective action;

the CSF;

the brain’s behavior as an elastomer;

the absorbing effect of the ventricles (big cavi-
ties containing CSF) and other cavities; and

m the deformation of the skull, veins, arteries, and
other tissues as shock absorbers.

Generally, the recommended damping factor in
dynamic analysis for low-impact structures (such
as the head) is 0.5.

To determine the presence of cervical and brain
injuries, we measured the von Mises stress. For
each node, the von Mises stress combines into
one value the stresses predicted in each axis.
Frank Meyer and his colleagues posited that the
von Mises stress was the best indicator of brain in-
jury for babies.” They determined that a von Mises
stress of 0.048 N/mm? presents a 50-percent
probability of injury and that a force of 0.080 N/
mm? presents a 100-percent probability of injury.

SBS Results
Figures 1 through 6 show the nodal displacement
and von Mises stress for the six vibration modes.
The nodal displacement equals the movement in
millimeters of the cube nodes in our model. The
displacement and stress values can reveal the areas
most likely to undergo alterations and can guide
how safety equipment is designed.

Stresses exceeding 50 percent (0.048 N/mm?)
and 100 percent (0.080 N/mm?) probability of



Nodal

displacement von Mises
magnitude stress
(mm) (N/mm?2)
1.747047e-005 0.04841354
1.572342e-005 0.0435722
1.397637e-005 0.03873085
1.222933e-005 0.0338895
1.048228e-005 0.02904815
8.735233e-006 0.02420681
6.988187e-006 0.01936546
5.24114e-006 0.01452411
3.494093e-006 0.009682764
1.747047e-006 0.004841416

0 6.893628e-008

Figure 2. The simulation of vibration mode 2. The results show no risk of injury.

Nodal
displacement von Mises
- magnitude stress

(mm) (N/mm?)
5.613956e-005 0.1937731
5.05256e-005 0.1743958
4.491165e-005 0.1550186
3.929769e-005 0.1356413
3.368373e-005 0.116264
2.806978e-005 0.0968867
2.245582e-005 0.07750941
1.684187e-005 0.05813213
1.122791e-005 0.03875484
5.613956e-006 0.01937755

0 2.665488e-007

Figure 3. The simulation of vibration mode 3. The risk of injury on vertebrae C2 and C3 ranged from 0.058 to 0.077 N/mm?,
exceeding a 50 percent probability of injury (0.048 N/mm?).

Nodal
] displacement von Mises
magnitude stress

(mm) (N/mm?)
4.481428e-005 0.3031312
4.033286e-005 0.2728181
3.585143e-005 0.2425051
3.137e-005 0.212192
2.688857-005 0.1818789
2.240714e-005 0.1515658
1.792571e-005 0.1212528
1.344429e-005 0.09093968
8.962857e-006 0.0606266
4.481428e-006 0.03031352

0 4.464929e-007

Figure 4. The simulation of vibration mode 4. The risk of injury on vertebrae C3 and C4 ranged from 121 to 0.151 N/mm?,
exceeding a 100 percent probability of injury (0.080 N/mm?).
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Nodal
displacement
magnitude
(mm)

2.61134e-005
2.350206e-005
2.089072e-005
1.827938e-005
1.566804e-005
1.30567e-005
1.044536e-005
7.834021e-006
5.22268e-006
2.61134e-006
0

von Mises
stress
(N/mm?)

0.01901914
0.01711722
0.01521531
0.0133134
0.01141148
0.00950957
0.007607656
0.005705743
0.00380383
0.001901916
2.928185e-009

Figure 5. The simulation of vibration mode 5. The results show no risk of injury.

Nodal
displacement
magnitude
(mm)

2.61134e-005
2.350206e-005
2.089072e-005
1.827938e-005
1.566804e-005
1.30567e-005
1.044536e-005
7.834021e-006
5.22268e-006
2.61134e-006
0

von Mises
stress
(N/mm?)

0.01250601
0.01125541
0.01000481
0.008754213
0.007503614
0.006253015
0.005002415
0.003751816
0.002501217
0.001250617
1.817017e-008

Figure 6. The simulation of vibration mode 6. The results show no risk of injury.
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injury occurred in modes 3 and 4 (see Figures 3
and 4). Predictions for mode 3 were 0.058 to 0.077
N/mm?, between C2 and C3; predictions for mode
4 were 0.121 to 0.151 N/mm?, between C3 and
C4. Only these two modes predicted alterations. In
them, the vibration waves were reinforced, which
weakened the vertebrae.

The CSF reached high stresses at the brain’s
base. However, because it’s a liquid, it can absorb
large shock loads and isn’t destroyed under com-
pression. The liquid stresses were 0.0041 N/mm?
for mode 1, 0.0484 N/mm? for mode 2, 0.1937
N/mm? for mode 3, 0.3031 N/mm? for mode 4,
0.0190 N/mm? for mode 5, and 0.0125 N/mm?
for mode 6. The stress compression limit exceeded
200 N/mm?.

The results indicate that our model can predict
and quantify cervical alterations in infants. The
cervical alteration that our FEM model predicted
agrees with Nima Sana and colleagues’ research
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on cervical cord whiplash injuries, which showed
that SBS can injure the cervical cord.®

None of the six vibration modes predicts altera-
tions within the brain, owing to the roughness of
the model, which doesn’t include the network of
arteries and veins in the head. But this type of in-
jury can disturb the head’s vessels. A future model
should include a proper network of blood circula-
tion with blood pressure simulation in the brain,
arteries, and veins; modeling of transmitted vibra-
tions, such as internal pressure waves; and data for
blood vessel pressure.

Our model also doesn’t include a layer of biolog-
ical material to simulate the connections between
the interior wall of the skull membranes and the
brain. The relative motion between the brain and
skull could lead to stresses on the arachnoid net
(the skull membrane nearest the brain), which
consists of fine blood vessels and nerve connec-
tions. To improve the model, we could introduce



a layer between the arachnoid and the brain that
resists movement. This would simulate friction, so
we wouldn’t need prior knowledge of the relative
motion’s direction. This layer should have features
reflecting the arachnoid’s strength during dis-
placement between the skull and brain.

We plan to include the jaws and facial tissue
in this model. This will lead to more accurate
simulation of the head’s moment of inertia, giving
us more accurate results.

AHT Results

Figure 7 shows the nodal displacement, with the
predicted maximum in the area of the blow (the
occipital area). A relative displacement of 0.13
mm occurred between the tissue of the occipital
lobe. From the impact area to the face, the nodal
(element) displacement ranged from 1.317 to
0.790 mm-—a difference of 0.527 mm.

Figure 8 shows the final diffuse stresses in a
sagittal slice. The simulation predicted maximum
stress from 0.23 to 0.26 N/mm? in the hypothal-
amus (the brain’s inner part) and from 0.19 to
0.23 N/mm? in places as scattered as the frontal
lobe and the cerebellum (just below the brain).
The model predicted alterations to the spinal cord
between C1 and C2, with stresses from 0.11 to
0.15 N/mm?. Both exceeded the stress limit. The
model also predicted alterations in the occipital
lobe from 0.07 to 0.11 N/mma?.

The results indicate we can use FEM and the dy-
namic effects, which model a blow, to predict, lo-
cate, and quantify diffuse alterations in the brain
(and alterations to the spinal cord). When a model
indicates a large nodal displacement, it can also
predict the maximum injury risk in the impact
area (see Figure 7). The high relative displacement
between the impact area and face (0.527 mm) oc-
curred because an infant’s biological tissue is less
rigid than an adult’s. A 400-N blow has relatively
little power (a heavyweight boxer’s blow is approxi-
mately 5,000 N) but can seriously injure a toddler.

In the brain, the results indicate stresses beyond
the acceptable limit (see Figure 8) for areas far
from each other, suggesting neurological tissue
damage. This indicates the type of alterations that
shaking or blunt trauma can cause in the brain.

To validate this FEM simulation, we compared
it with medical research on brain injuries due to
head impacts.””? In our simulation, the big nodal
displacement near the impact site was consis-
tent with large brain-skull separation that causes
subskull bleeding. The simulation’s accuracy was
comparable to the medical researchers’ real-world
results.

Nodal
displacement
magnitude
(mm)

1.3174720
1.1857258
1.0539780
0.9222305
0.7904833
0.6587361
0.5269889
0.3952417
0.2634944
0.1317472
0

Figure 7. The initial nodal displacement caused by a 400-Newton blow
to the back of the head. The red zone shows the biggest displacement at

the site of the blow.

von Mises
stress
(N/mm?)

0.3828383
0.3446585
0.3064788
0.268299

0.2301193
0.1919396
0.1537598
0.1155801
0.0774003
0.0392206
0.0104090

Figure 8. A sagittal slice showing the final diffuse stresses caused by a
400-N blow. There are some zones where the stress is concentrated:
principally in the frontal lobe (information-processing center) and the

hypothalamus (emotion-control center).

Our impact analysis model produced medically
accurate findings. It works correctly when
simulating impacts and shouldn’t require modifi-
cation as long as we apply the same dynamic loads.

FEM appears to be a practical, universal, eco-
nomic, and fast tool with important forensic uses
beyond detecting evidence of child abuse. For head
and brain injuries, determining the damage mech-
anism is often difficult and normally requires so-
phisticated, expensive neuroimaging techniques.
A good comprehension of FEM should help ex-
perts understand different head impact scenar-
ios and impacts with different objects—includ-
ing ballistic injuries—and correlate models with
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(b)

(d)

Figure 9. 3D views of the brain model we used in the simulation:
(a) isometric, (b) posterior, (c) lateral, and (d) bottom. The images
exclude the skull and cerebrospinal fluid. The improved model
resolution permits a good calculation using FEM.
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observed behavior in injuries. Such an objective
method could be used to sustain evidence, support
hypotheses, and verify post mortems.

In addition, we've used our mathematical model
to create high-quality images of the brain (see Fig-
ure 9). Such quality is important for improving the
resolution of images of specific parts of the brain
and improving the study of head injuries. LT
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