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ABSTRACT

The response of the head to impact in the posterior to anterior dir-
ection was investigated with live anesthetized and post-mortem primates,*
The study was conducted at the Highway Safety Research Institute under the
sponsorship of the Motor Vehicle Manufactures Association. 3-D motion and
epidural pressures were experimentally measured. Interpretation of the re-
sults by simulating the tests using a 3-D mathematical model of the pri-
mate brain was done by Dr. Carley Ward. The results of the tests and the
simulation are presented to demonstrate the differences found between live

and post-mortem primate brains.
INTRODUCTION

Experimental investigations in the biomechanics of head impact re-
sponse have used human cadavers and animals as surrogates of the Tiving
human. The parameters commonly used for measuring mechanical response
during direct impact have been: angular and translational accelerations,
angular and translational velocity, displacements, deformation, and pres-
sures. These parameters, once obtained, can then be used in developing and

and validating mathematical models of the head.

The unembalmed cadaver is chosen as an experimental model because
its geometry and soft tissue distribution is similar to that of the live
human. In addition, soft tissue damage can be directly related to injury
patterns observed in clinical studies. The disadvantages of the cadaver
include the inability to measure pathophysiological response and the

susceptibility of some tissues to post-mortem degradation. Also, it

had been reported (1)** that during the contact time of direct impact, the

*Animals cared for and handled according to AALAC guidelines,
**Numbers in parentheses indicate reference at the end of paper.
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motion of the brain of the unembalmed cadaver is only partially constrain-
ed by the skull, The degree of constraint can depend on the time after
death and preparation of the cadaver., This partial decoupling can have
a marked effect on kinematic time histories of the head during and follow-

ing impact.

Experimental impact testing of animals, in particular primates,
provides basic neurophysiological information related to neuropathology.
However, although the primate geometry is the most similar to man's, it
is significantly different in anatomic soft tissue distribution and skull
morphology. This can present severe problems when scaling test results
to human levels. Ultimately these differences lead to complications in

the very complex ohenomena of head injury (2).

Mathematical models can be used to interpret the results from impact tests

and they can provide information at locations in the brain where measurements
are impossible, giving a more complete picture of the response. Models are
also helpful in extrapolating the animal findings to the human and allow for
a minimum use of live animal subjects.

Techniques have been developed in the past few years for accurate de-
termination of three-dimensional motion of the head (3,4,5,6,7,8), preparation

of the unembalmed cadaver (1,9,10), and creation of biodynamic finite element

models (11), for use in brain injury research. This report discusses the tech-

niques for conduction posterior to anterior head impacts with primates, while
measuring three-dimensional motion and epidural pressure. In addition, the
basic features of the mathematical model of the primate brain are gjven and

the results of the simulation are used in interpreting the test results.




METHODOLOGY

Three-Dimensional Motion Determination

The HSRI method used for measuring the three-dimensional motion of
the head is based on a technique used to measure the general motion of a
vehicle under a simulated crash (12). In the current application, three
triaxial clusters of Endevco series 2264-2000 accelerometers are affixed
to a light-weight rigid magnesium plate (Fig. 1) which is then solidly
attached to the skull. The nine acceleration signals are used for the
computation of the t@ree-dimensiona] head motion.

With this method, it is possible to take advantage of the physical
and geometrical properties, as well as the site of impact, in the design
of a system for measurement of 3-D motion. In the case of small primates,
it is more convenient to design a specific system for each species and
site of impact. A system was designed and constructed at HSRI, utiliz-
ing a light-weight magnesium plate to mount 9-accelerometers; to be used
for the Macaca primates. The prominent orbital ridges and dental plate
found in this genus were used to install the rigid plate. Using a multi-

point attachment scheme, it is secured at a maximum distance from the

point of impact.

Epidural Pressure Measurement

HSRI developed a method for obtaining epidural pressures which em-
ploys a Kulite model MCP-055-5F catheter tip pressure transducer. A
Stryker bone-coring tool is used to make the hole. A special 3 mm circular
bit (Fig. 2) with an adjustable set-screwed collect was machined which en-
abled the technicians to core into the skull in small increments, prevent-

ing a dura damaging breakthrough. The increment of the bone core is then
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removed using a dental scoop. The resulting hole is then tapped.

A magnesium coupling device (Fig. 2) is screwed into the cored and
tapped hole. It is anchored into place using a quick-setting acrylic mold-
ed around the base. A five cm section of rubber tubing is then clamped onto
the top of the device and Dow Corning dielectric gel (silicon fluid) is in-
jected into the tubing to act as a coupling media. The Kulite pressure

transducer is then inserted, and secured at proper depth.

Finite Element Models

The tests are simulated using three-dimensional mathematical models of
the monkey brain. Small primate models of this type were first described in
Ref.(11) and are shown in Figures 3 and 4, The soft brain tissue and fluids
are modeled using isoparametric brick elements. The internal membranes, the
falx and tentorium, are modeled using membrane elements. The input to the
model is linear acceleration, angular acceleration, and angular velocity
computed from the 9-accelerometers. In other words, the models are math-
ematically forced to move just as the head moved in the test. Computational
improvements reported in Ref. (13) were incorporated into the models. In
addition to these changes, simulation of this test series required two new
modifications. A 20 cm cervical cord was added for some simulations and
the Poission's ratio was varied from .499 to .4999, varying the effective
compressibility of the brain. In each simulation the model was scaled to

approximate the size and weight of the actual brain.

Test Subject Preparation

Five primate subjects were used in these experiments: four Macaca

Mulatta and one Macaca Assamensis. These were obtained by HSRI from the
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University of Michigan Unit for Laboratory Animal Medicine (ULAM). Prior
to acquisition, the Macaca subjects had been used in one or more pharmacological
research projects.

The impacts of three Macacas were conducted on post-mortem subjects.
Upon termination, they were stored in a cooler at 4°C for 48 hours before
testing. Living Macacas were used in the two final experiments. The pro-
tocol for post-mortem primates was less complex than for that of the live

primates, which is outlined below.

On the morning of the experiment the primate is given an intramuscular
injection of ketamine (dL-2[o-chlorophenyl 1]-2-[methylamino] cyclohexanone
hydrochloride) before being delivered to the HSRI Biomedical Laboratory by
a ULAM technician., A catheter with a three-way valve is inserted into

the saphena parva vein in the hind Teg, and sodium pentobarbital injected

through the valve at a dosage of 25 mg/kg, to effect,and an airway is es-
tablished. The upper body is prepared and the weight and biometrical meas-
urements are taken with a standard anthropometer, a stainless steel tape,

a ruler and a Homes Model 51HH beam scale. Body measurements are illustrat-
ed in Figure 5; head measurements in Figure 6. Using a cauterizing scalpel,
the scalp and muscle mass are removed from the frontal bone. The screws
used to moor the nine-accelerometer plates and the epidural pressure trans-
ducer skull fitting are screwed into place. Quick-setting acylic is molded
around the pressure transducer fitting and 9-accelerometer moorings. Fig-

ures 7, 8 shows the positioning of the instrumentation on the skull,

Next, eye and ear x-ray targets are positioned. The primate is trans-
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LOCATION OF BODY MEASUREMENTS
LENGTH IN CM. CJRCUMFERENCE IN CM.

1. BUTTOCK - CROWN 6. BUTTOCK - KNEE 11.  HEAD 16.  BICEPS

2. POPLITEAL HETGIT 7. WEEL - TOE [Foot) V2. _NECK 17._WRIST

3._TOP NEAD - TOP SIOULDER 8, TOTAL ARM REACH 13, SIOULDER 8. _TIIGIT (MId shaft]
4. _ACROMIAL WEIGHT 9, FOREARM - TIAND 4. CHEST 19, _CALF

5. SHOULDER - ELUOW 10. __IIAND 15, WAIST (Hip) 20.  ANKLE
REMARKS

FIGURE 5. Identification of Body Measurements
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Skull Inside Length A Skull Thickness at Pt. D
Skull Inside Width B Skull Thickness at Pt. E
Skull Thickness at Pt. C Skull Thickness at Pt. F

FIGURE 6. Identification of Head Measurements
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ported to the x-ray room where two head x-rays (x-z and y-z views) are
taken., The distance between each of the eight targets and the surface of
the x-ray table is measured and recorded.

The primate is then taken to the impact laboratory and placed in the
impact chair. - Three triaxial units are fastened to the nine-accelerometer
plate. Silicon fluid is injected into the pressure coupler, thus removing
all air, and the pressure transducer is inserted. The primate is positioned
in front of the impactor with paper tape. A1l of the transducer wires are
then connected and cabled, and the transducers checked for continuity and

function. The test is now run with all data recorded on analogue tape.

Results

Two Tive animal and three post-mortem animal tests were simulated.
Stress (or pressure) and displacements are computed versus time through-
out the brain. Stresses at the transducer locations are plotted in Figure
9-15: (stress is equal to pressure but opposite in sign). When two com-
puted traces are shown on one curve, the transducer location is between two
elements. In Figures 9-15 the measured pressures are converted to stress
and plotted for comparison with the computed values. The results show the
following: To simulate the live animal response (Figures 9 and 10) the
model must have a Poisson's ratio of .4999 and a 20 cm cervicalcord. To
simulate the post-mortem animal response, Figure 11-13, the model must have
a lower Poisson's ratio ( v=.499 ) and no cervical cord. When acervical cord
is added in this post-mortem animal simulation, higher negative stresses re-

sult, and the correlation degrades as shown in Figure 14. When a value of
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.4999 is used for v (value for live animal) in the post-mortem animal simula-
tions, the measured response tends to lag the computed values. Even when

.499 is used, the measured value lags the computed value, Figures 12 and 13,
When .499 (value for the post-mortem animal) is used for v in the Tive animal
simulation, the computed response lags the measured response as shown in Fig-
ure 15, If the cord is removed in the live simulations, the computed stresses
are much too low (Figure 16), The maximum computed stress in Figure 16 is

- 110 kPa and the measured stress is - 430 kPa (Figure 9). There is a factor
of 4 difference between the measured and computed values when the cord is
eliminated, Even when the cord is included, the computed results lag the
measured stresses (Figures 9 and 10). This delay is a limitation of the ex-
isting model. The model does not simulate neck compression, it only simulates
the inertial motion of the cord. If neck compression were included in the mod-

el, the stress initiated by the cord would be shifted in time.

Discussion

The response of the post-mortem brain is slower and more damped than that
of the Tive brain, The post-mortem is in effect more compressible than that
of the Tive brain and pressures (stress) in the post-mortem brain are lower
than in the live brain. This is possibly due to post-mortem degradation and
the fact that fluid is easily expelled out of the brain into the unpressurized
arteries and into the CSF space surrounding the cervical cord. The unpressur-
ized cervical canal and flaccid neck in the post-mortem animal may uncouple the
cervical cord from the brain response. The results show that the cord can
increase the pressures in the brain by a factor of 4. The difference is great-
est when the head undergoes S-I acceleration because the effect of the cervical

cord is lacking in the post-mortem animal.
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To investigate the effects of fluid in the arteries and CSF system, a
third type of test is needed. Similar tests on pressurized (CSF and arterial
pressurization) post-mortem animals should be simulated, and compared to the re-

sults in this report.

Summary

The dynamic responses of live and post-mortem brains in situ are different.

These differences are summarized in the following table:

Live Animal Brain - Post-Mortem Animal Brain

Response Time faster s lower
Damping _ less more
Effective Compressibility less more
Response Magnitude for higher lower
Some Head Acceleration
Cervical Cord and Brain coupled uncoupled
Response
Effect of Cord in S-I Head increase no effect
Acceleration jntracranial
pressure
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