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SUMMARY 
Numerical models are used to understand how external forces 
may cause brain damage, but their utility will depend, in part 
at least, on understanding the relationship between brain tissue 
mechanics and injury. The aim of the present study was to 
develop an appropriate procedure to produce relevant and 
reproducible brain injuries in an in vivo sheep model. An 
electromagnetic linear motor was used to control the 
displacement of a 15 mm diameter impactor into the brain 
parenchyma. Direct brain impacts were performed on three 
sheep at a depth of 10, 15 and 20 mm, with speeds at the point 
of impact of 1.02, 1.16 and 1.31m.s-1 respectively. Relevant 
brain injuries were produced in all three animals. The selected 
protocol and impactor produced controlled brain injuries in a 
manner that may be modeled numerically. 
 
INTRODUCTION 
Experimental predictive computer models of brain injury have 
been developed to assess the likelihood of a traumatic brain 
injury (TBI) from an impact, such as might be experienced in 
a motor vehicle accident [1,2,3] or fall [4]. Despite the 
development of such computer models, the most common 
method of assessing the potential for injury is a crude 
assessment of the impact deceleration signal from an 
anthropomorphic dummy in a crash test. Detailed computer 
models that can predict the forces sustained by the brain in 
response to an impact promise to revolutionize the way in 
which injury risk is monitored in impact injury research and 
assessment. However, such models will only be useful if 
forces can be correlated with subsequent brain dysfunction 
and injury. Various techniques have been used to estimate 
strain fields in models of TBI [5,6] but none have yet 
experimentally correlated these to brain dysfunction. 
Accordingly, the aim of this study is to define the appropriate 
procedure to produce relevant and reproducible brain injuries 
in a sheep model, in a manner conducive to determining injury 
thresholds through numerical simulation of the impact event. 
 
 
METHODS 
The following protocol was approved by both animal ethics 
committees of the University of Adelaide and the Institute of 
Medical and Veterinary Science. 

The displacement of a 15 mm spherical end tip was controlled 
by an electromagnetic linear motor (LinMot©, Switzerland). A 
triaxial accelerometer was fixed on the slider. To hold the 
impactor above the sheep head and reduce the vibrations, an 
extruded aluminum frame was designed and clamped to the 
surgical table. 
 
Three 2-year-old Merino ewes were subjected to direct 
indentation of the frontal cerebral cortex of the right 
hemisphere with the indentation device through a 20 mm 
craniotomy, at depths of 10, 15 and 20 mm. The precise 
location of the brain impact was known into a skull reference 
using a coordinate measuring machine (Microscribe©, 
Immersion) with an accuracy of 0.38 mm. The actual position, 
speed and the acceleration of the impactor were measured. 
The depth of the brain indentation was controlled by 
numerically specifying a displacement path. The impact was 
performed perpendicularly to the surface of the brain with the 
dura retracted from the impact site. The sheep head was held 
by an aluminum support interdependent to the frame and the 
rotation of the head was blocked, as shown on Figure 1. A 
high speed camera filmed the impact at 500 fps. 
 
Sheep remained anaesthetised for the duration of the 
experimental period and did not regain consciousness at any 
stage. Following impact, the dura was repaired watertight and 
the bone flap was replaced and secured. Sheep then remained 
anaesthetised and ventilated for 6 hours post-impact. These 
reproduced physiological conditions during the survival period 
were similar to those observed after a closed head injury. The 
sheep were then killed by perfusion fixation of the brain with 
4% paraformaldehyde containing 0.02% heparin. The brain 
remained in situ for 24 hours, then was removed and 
immersed in 10% buffered formalin for 7 days. Coronal 
sections of the cerebral hemispheres, cerebellum, and 
brainstem were cut at 5mm intervals and embedded in 
paraffin. They were then cut into 6µm sections and stained 
with haematoxylin and eosin.  Duplicate sections were then 
evaluated immunohistochemically, including for amyloid 
precursor protein, the most sensitive, early marker of axonal 
injury. 
 
 
 



 

Figure 1:  Sheep head before impact. 
 

 
RESULTS AND DISCUSSION 
All three experiments produced relevant injuries to the brain, 
graded according to the depth of penetration. The speeds at the 
points of impact were 1.02, 1.16 and 1.31m.s-1 for impact 
depth of 10, 15 and 20 mm respectively. The sheep heads 
showed only very small displacements during and just after 
the brain impact.  
 
Ten millimeters of displacement produced the mildest injury. 
Microscopic examination revealed multifocal haemorrhage at 
the indentation site in the cerebral cortex, with spongiform 
change of the neuropil, patchy neuronal red cell change 
(shrunken, angular, and hypereosinophilic cytoplasm with 
some nuclear pyknosis and a perineuronal clear space) and 
glial degeneration or reaction, the latter characterised by a 
perinuclear rim of visible cytoplasm. Astrocytic nuclei were 
often swollen. In the penumbra of the contused area there was 
more pronounced neuronal red cell change and many naked 
astrocytic nuclei were clear and markedly swollen. Some 
affected neurons appeared elongated as if stretched (termed 
plastic creep), a change often seen in traumatic head injury.  
 

Higher levels of penetration produced more marked cerebral 
damage, with larger contusions and more tissue disruption. 
 
Future steps in this study will include more experiments, the 
mapping of injury around the impact sites, and numerical 
modelling of the indentation. The results will allow the 
relationship between brain pathophysiology and mechanical 
stresses to be established. 
 
 
CONCLUSIONS 
The final objective of this project will be to study the 
pathophysiological response of the brain to impact loads using 
a sheep model of TBI, coupled with a detailed computational 
model of the applied loads. The impact device developed for 
the study has proven to be a successful method in producing a 
clinically relevant injury in a manner suitable for numerical 
simulation.  
 
 
ACKNOWLEDGEMENTS 
Authors wish to thank Jeff Dutschke, Ian Linke, Andrew van 
den Berg, Stephen Helps, Jim Manavis and Peter Blumbergs 
for their assistance. This research was funded by a grant from 
the Brain Foundation of Australia.  
 
 
REFERENCES 
1. Takhounts, E, et al., Stapp Car Crash Journal. 2008. 
2. Kleiven, S, International Journal of Crashworthiness. 

11(1):65-79, 2006. 
3. Baumgartner, D, et al., IUTAM Symposium on Impact 

Biomechanics: From Fundamental Insights to 
Applications. 124:195-203, 2005. 

4. Raul, J, et al.,  International Journal of Legal Medicine. 
120: 212–218, 2006. 

5. Sack, I, et al.,  NMR in Biomedicine. 21(3):265-271, 
2008. 

6. Lauret, C, et al., Medical Engineering & Physics,. 
31(3):392-399, 2009. 

 
 
 
 
 

 
 

 

 
 
 


