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Publishable summary 
 
A new test device to produce sagittal plane rearward rotational acceleration induced diffuse brain 
injury to the rat has been developed. During trauma, the heads, which were fixed to a rotating bar 
by means of curved plates that were glued to the skull bones, were exposed to rotational 
acceleration between 0.3 and 2 Mrad/s2. The animals were sacrificed 3, 24 and 72 hours after 
trauma. Blood samples were collected for serum analyses prior to sacrifice and subsequent 
dissection of the brains. Transverse cryostat brain tissue sections were cut at three locations in 
the brains. The sections were stained with � -Amyliod Precursor Protein (� -APP) and 
Neurofilament (NF) antibodies and probes for Cyclooxygenase 2 (COX2) mRNA in-situ 
hybridisation to detect decaying axons, cytoskeleton changes and affected nerve cells. 
 
Bands of � -APP positive axons, i.e. axons with reduced plasma flow and hence probably dying 
axons, were seen in the corpus callosum, thalamus and hippocampus and in the border of these 
regions in most animals exposed to rotational trauma at 1.1 Mrad/s2 or higher. Similarly for the 
COX2 marker; above 0.9 Mrad/s2 the numbers of stained cells were large for a number of 
locations in the cortex and hippocampus region. Only negligible � -APP and COX2 mRNA 
upregulation were observed in the sham exposed controls and normal animals. NF changes were 
not observed in controls or exposed animals euthanized prior to 3 hours after trauma, but visible 
24 hours after trauma. The S100 serum analyses indicate that blood vessel and glia cell injuries 
occur at rotational accelerations above 1.1 Mrad/s2. 
 
The data clearly indicate that the rat brain is injured at a rearward rotational acceleration of 1.0 
Mrad/s2 when the rotational acceleration pulse have a duration of 0.4 ms. The scaled 
representative global head rotational acceleration and duration for humans is estimated to be 9 
krad/s2 and  4 ms, respectively. However, the study also highlight that these threshold values are 
highly influenced by the choice of brain dimensions used in the scaling equations. In addition, 
differences such as position of the cerebellum, lack of gyruses in the rat brain, and location and 
shape of the ventricles, etc were not taken into account. In order to improve the understanding 
the effect on scaling laws of these differences between the human and the rat, it is recommended 
to carry out a parametric study on these issues using detailed FE-models of the rat and humans.  
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1  INTRODUCTION 

1.1 Brain Injuries 

Traumatic brain injuries (TBI) represent a major public health problem, especially among young 
males and among elderly people of both sexes (Melvin et al., 1993). Young children are also at 
high risk for TBI. Approximately 60% of all deaths in the hospital among children and young 
adults in the western world are due to TBI. Also among survivors these injuries are often 
irreversible, causes long term pain and disability.  
Brain injuries can be associated with skull fractures but commonly occur without fractures; closed 
head injury. For children age 1-12 years, only 40% of the sustained TBI were associated with 
skull fractures whereas 60% of the sustained TBI were closed head injury (Kristy et al 2005).  
Brain injuries can also be classified in two broad categories; focal injuries, confined to one area of 
the brain, or diffuse, involving more than one area of the brain.  

1.2 Diffuse Brain Injuries  

Diffuse brain injuries account for about 40% of brain injury patients admitted to hospitals and 
comprise about 30% of the deaths (Wismans et al., 2000). A primary cause of diffuse brain 
damage is head rotation (Holbourne, 1943) which often occurs in high-speed traffic accidents. In 
the mildest forms of diffuse brain damage, there is mainly physiological disruption of brain 
function, like mild concussion, while at the most severe end, physiological and anatomical 
disruptions of the brain occur. The diffuse brain injuries can be divided into four categories: 

- Diffuse axonal injury 
- Diffuse hypoxic/anoxic/ischemic injury 
- Diffuse swelling  
- Diffuse vascular injury 

1.3 Diffuse Axonal Injury  

Diffuse Axonal Injury (DAI) is the most common type of diffuse brain injury and commonly results 
in loss of consciousness and the mortality rate is high (Gennarelli et al. 1982 and Xiao-Sheng et 
al., 2000). The prospective for patients with DAI is unfavourable; 55% of the patients have died 
after one month (Melvin et al., 1993) while only 30% of the patients have good to complete 
recovery (Wismans et al., 2000). The diffuse swelling and vascular injury coexist with the diffuse 
injuries and exist in less sever forms; whereas the consequences of diffuse 
hypoxic/anoxic/ischemic injury is consistently fatal. 
 
Adams et al. (1989) describe three severity grades of DAI: 

- Grade I is characterised by axonal injury in the white matter of the cerebral hemispheres, 
corpus callosum, brain stem and cerebellum. 

- Grade II by focal lesions in the corpus callosum 
- Grade III by additional focal lesions in the brain stem. 

 
A number of research groups have investigated the pathogenesis of DAI: 

- Axonal injury is characterised by perturbations to the axoplasmic transport somewhere 
along the axon’s length (Povlishock and Jenkins, 1995).  

- Secondary axonal swelling or degeneration could reduce the functionality or disconnect 
the axons from their existing networks (Povlishock, 1992).  

- Hypoxic ischemia can increase the extent of axonal injury that is identical in morphology 
to that caused by mechanical forces. Indeed, it is thought that the same cellular events 
may occur in both cases; calcium floods into the axoplasm and causes cytoskeletal 
disruption and interrupts the axoplasmic transport (Blumbergs, 1998). In the clinical 
setting, it remains unclear to what extent the prevalence of axonal injury in humans may 
be attributable to hypoxic ischemia or mechanical loads (Blumbergs, 1998). 

- Axons may be reversibly stretched, but a rapid stretch of axons could lead to primary 
axonal cytoskeleton damage (Smith and Meaney 2000). 
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- Morphological changes to the axolemma was observed by the use of transmission 
electron microscope after lateral head acceleration in the non-human primate (Maxwell et 
al. 1993). The changes could be observed already 20 to 35 min after injury, but not after 
60 min after injury. Following this short lasting axolemma morphology change, the authors 
suggest that a second mechanism occurs in other fibers where perturbation of the axon 
results in axonal swelling and disconnection at a minimum of 2 h after injury.  

1.4 Biomechanics of diffuse axonal injury 

DAI is commonly referred to as an inertial injury mechanism which means that injurious 
intracranial motions arise when the skull is accelerated and the brain mass, due to its inertia, lags 
behind or continues its motion relative the skull. In general the following have been suggested 
regarding the DAI localization and mechanism: 

- Brain tissue is more likely to be injured due to rotational acceleration rather than linear 
because the brain is relatively incompressible while the shear modulus for the brain tissue 
is relatively low (Holbourn, 1943). 

- DAI is associated with mechanical disruption of many axons in the cerebral hemispheres 
and subcortical white matter (Ommaya 1984 and Gennarelli et al., 1982).  

- The incidence and degree of diffuse axonal injury in the monkeys correlated strongly with 
the direction of the head acceleration: coronal plane angular acceleration was the 
direction causing the longest lasting come, while saggital plane angular accelerations and 
oblique accelerations produced coma for a shorter period (Gennarelli et al., 1982). The 
neuropathological findings reflected the results, sever DAI was observed in a majority of 
the animals exposed to lateral loadings. 

- Ono et al. (1980) found, in contradiction to Gennarelli et al. (1982) no correlation between 
concussion and angular acceleration in their experiments on monkeys.  

- DAI occurs in the subcortical white matter, grey-white matter interface and the corpus 
callosum (Smith and Meaney, 2000). 

- Strain causes diffuse brain injuries at points of tethering, such as blood vessels, cranial 
nerves and spinal cord (Viano 1997).  

- The susceptibility of the axons to mechanical loading appeared to be due to both their 
viscoelastic properties and their highly organised structure in the white matter tracts 
(Smith and Meaney 2000).  

1.5 Diffuse brain injury mechanisms and threshold  

A limited number of rotational brain injury experiments have been carried out to assess the injury 
threshold for DAI. Only a few series of rotational brain experiments in which the trauma level have 
been both injuries and sub-injurious have been presented. To the authors best knowledge, those 
experiments have all been carried out in the coronal plane (Table 1).  
 
By scaling and combining data from a number of animal species, Ommaya et al. (1967) proposed 
an angular acceleration threshold in the sagittal plane of 1.8 krad/s2 for a 50% probability of 
concussion in humans. The scaling procedure was however unreliable and the correlation 
between concussion and DAI is still uncertain. Lowenheim (1975) suggested a tolerance value for 
sagittal plane rotation to be 4.5 krad/s2. Volunteers have also been used in the study of brain 
injuries, Ewing et al. (1975) showed that no adverse effects were observed in instrumented 
volunteers exposed to head accelerations of 2.7 krad/s2.  
 
Zhang et al. (2004), Willinger and Baumgartner (2003) and Kleiven (2007) among others carried 
out reconstruction of sports related head collisions, with injurious and non-injurious outcome, to 
establish injury risk functions for various traumatic brain injury (TBI).   In the reconstructions, 
mechanical simulations were carried out and the results obtained were used in the following 
mathematical simulations. Zhang et al. (2004) suggested maximum resultant rotational 
acceleration for a 50% probability of sustaining a mild traumatic brain injury (MTBI) were 
estimated to be 5.9 krad/s2 for humans. 
  
A number of studies of injury mechanisms and injury thresholds have been carried out in the past 
in which analytical, physical and numerical modelling and animal experiments have been 
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combined to estimate the strain level in the injured tissue. Based on these strain levels global 
brain injury mechanics and thresholds for humans have been suggested:  

- Margulies et al., (1989 and 1990) presented analytical and physical models of the series 
of experiments conducted by Gennarelli et al. (1982) in which animals were exposed to 
brain rotational trauma in the coronal plane. A parametric analysis of the analytical model 
showed that the peak change in angular velocity was also an important predictor for the 
severity of the impulse to the tissue.  Based on studies with analytical and experimental 
models, Margulies and Thibault (1992) proposed a set of curves for different levels of 
strain in the brain as a function of peak angular acceleration and change in velocity in the 
coronal plane. These curves were proposed as criteria for the incidence of DAI in humans 
(Figure 1). 

- Mendis (1992) developed a finite element model of the experiments carried out by 
Gennarelli et al. (1982). The purpose was to establish tissue level criteria for axonal 
injury. In the study, the strain occurring along a line element which was parallel to the 
axon bundles in the injured region of the brain was estimated.  

- Meaney et al. (1993) carried numerical simulations and miniature pig experiments (Ross 
et al. 1994) to determine the DAI-tolerance. For grade 1 and grade 2 DAI maximum strain 
of 0.1 and 0.25, respectively, were suggested.  

- Zhou et al. (1994) developed a detailed and two dimensional finite element modelling to 
study the experiments carried out by Gennarelli et al. (1982) in detail. In their model the 
grey and white matter, the ventricles, the skull, the dura and the cerebrospinal fluid were 
modelled. They found that regions of injury in the brain corresponded with the regions that 
the model predicted would be subjected to high shear strain. However, not all regions of 
high shear strain were associated with axonal injury.  

- Meaney et al. (1994) analysed the results of the miniature pig experiments further by 
determining the axonal alignment in the experiments, introducing the new data in the 
analytical model and calculating the strain field experienced by axon bundles. The new 
analysis correctly predicted the presence or absence of axonal injury in 6 out of 7 regions 
studied. The authors concluded that this method of studying the relationship between 
maximum principal strain, strain orientation and axonal orientation provides a powerful 
method of studying axonal injury thresholds.  

 

 
 
Figure 1.  Adopted from Kleiven (2002) which modified the figure from Margulies and Thibault 
(1992). The full line represents the limit for an average adult (brain mass 1400g). 
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Table 1.  Studies conducted to understand the DAI mechanisms, suggest injury mechanism and 
associated injury thresholds. 
Type of study Subject 

used 

Threshold Method to assess injury and 

type of injury produced 

Concluding result  Reference  

Sagittal plane 
motion  

Rhesus 
monkeys 

 Concussion Rot. Acc. more damaging than 
lin. Acc. 

Ommaya et al 
1967 

 Squirrel 
monkeys 

 Hemorrhages, blood brain 
barrier injuries 

Rot acc. predominant injury 
mechanism for concussion  

Gennarelli et al. 
1972 

Lin. and rot. 
acc. In sagittal 
plane 

Monkeys 6-120 krad/s2 Fracture, contusion, 
concussion 

No correlation between 
concussion and angular 
acceleration was found 

Ono et al. 1980 

Lin. and rot. 
acc. in 
different 
directions 

Primates -  Rot. acc. amplitude and 
duration  relate to the extent 
of DAI 

Gennarelli et al. 
1982 

Sagittal plane 
motions 

Rat Not documented Histology etc  
DAI 

Test rig developed to study 
DAI 

Marmarou et al 
1994 

Coronal plane 
rot. acc. 

Miniature 
swine 

150 krad/s2 
DaI grade 2 
105 krad/s2 DAI 

grade 1 

Histology (NF), retraction bulbs 
in the cerebral hemispheres  

 Meaney et al 
(1995) and Ross 
et al. (1994) 

Coronal plane 
rot. acc. 

Miniature 
swine 

60-170 krad/s2  Histology (NF, GFAP, IgG, 
Nissl) retraction bulbs in the 
cerebral hemispheres 

DAI occur due to the 
viscoelastic properties 
and highly organized structure 
of the axons 

Smith et al 
(1997) 

Sagittal plane 
rot. acc. 

Rabbit Not studied 
(used 210 
krad/s2) 

Changes in the astrogliosis 
(GFAP) 8 -14 days after trauma 
in the hippocampus and 
cerebral cortex 

Development of test rig Gutierrez et al. 
2000 

Coronal plane 
rot. acc. 

Rat Not studied 
(used 210 
krad/s2) 

Silver staining, Significant 
damage 
to the brainstem 

Development of test rig Xiao-sheng, et 
al. 2000 

Sagittal plane 
rot. acc.. 

Rabbit Not studied 
(used 210 
krad/s2) 

Changes in the astrogliosis 8 -
14 days after trauma, 
hemorrhages, focal bleeding, 
reactive astrocytosis and 
axonal injury  

Rot. head trauma involves 
edema and neuronal 
environment that leads to cell 
death by apoptosis 

Runnerstam et 
al. 2001 

Sagittal plane 
rot. acc.. 

Rabbit Not studied 
(used 210 
krad/s2) 

Neurofilament redistribution 
and beta-amyloid 

Effect of trauma on the 
neuronal cytoskeleton  

Hamberger et al. 
2003, Hansson 
et al. 2003 

Sagittal plane 
rot. acc.. 

Rabbit Not studied 
(used 94 and 
178 krad/s2) 

Intracranial pressure recordings Transient negative pressure 
pulses in the brain during 
trauma  

Krave et al. 2005 

Oblique head 
rot. acc. and 
contact injury  

Sheep Complex  
motion 

� -APP histology, contusions 
and axonal injury 

Axonal injury was related 
to impact severity  

Andersson  2000 

Coronal plane 
rot. acc.  

Rat Not studied 
(used 368 
krad/s2) 

Limited macroscopic brain 
damage, no evidence of axonal 
swellings 

Transient unconsciousness Fijalkowski et al. 
2007 

1.6 Head injury criteria 

The Head Injury Criterion (HIC) is the most widely used measure of head and brain injury risk 
today. HIC is indirectly based on experiments with PMHS heads which were dropped head on 
onto a flat and rigid surface and the risk of skull fractures as result of the contact with the rigid 
surface. HIC has been heavily criticized because it only takes linear acceleration into account 
although it has been shown that rotational acceleration and size and shape of the contact surface 
have an important association with the degree of injury (Newman et al., 1980, Ono et al., 1980, 
Gennarelli et al., 1982). At best, it has been shown that HIC does bear some relationship to the 
risk of skull fracture in frontal impacts (Prasad and Mertz, 1985; Hertz, 1993). 
 
An alternative to HIC has been presented under the name head impact power (HIP) by Newman 
et al. (2000). For HIP, the threshold for head injury will be exceeded if the rate of change of 
kinetic energy of the head exceeds some limiting value. Mathematically it comprises the product 
of head mass, acceleration, and velocity plus the product of the head’s moment of inertia, angular 
acceleration, and angular velocity.  
 
The Generalized Acceleration Model for Brain Injury Threshold (GAMBIT) was developed by 
Newman (1986) to combine translational and rotational accelerations of the head. The GAMBIT is 
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not commonly used to date; the criteria still lacks validation and does not take into account that 
injury risk may be different for rotational acceleration in different planes.   

1.7 Animals as a model of the human 

In order to study DAI, its associated injury mechanism and threshold, probably the best method 
would be reconstruction of well documented cases in which the patient is almost injured. The real 
life accidents and symptoms following injury are however commonly rather complex; knowledge 
of the accident scenario are commonly limited; the injuries are regularly sever, i.e. the violence 
during the accident was above injury thresholds, or the patient suffer from a multitude of injuries.   
Experiments in situ lend it self to the study of axonal injuries and correlation to mechanical 
assault. However, up till now in situ experiments have many limitations and the study render it 
self to experiments on animals.  
Animals are physiological analogues of humans and may respond to trauma in similar ways. 
Animal data may be scaled to that of humans. Unfortunately, some of the differences between rat 
brains and human brains are difficult to scale:  

- The geometries of the animal brains are different from that of the human, so the result 
from scaling depends on which measure is used in the scaling formula. 

- The surface of many of the brains used in trauma experiments are not folded as for 
humans, this will probably give rise to different movement pattern and strain 
concentrations.  

- The cerebellums are for a number of the animal species located rear of the brain as 
compared to under the brain as for humans, and these differences could give rise to 
different movements of the brain. 

Hence, most animal experiments encompass brain properties that require employment of finite 
element methods to carefully estimate the loading at tissue level in the animal experiments. An 
alternative would be to study the differences between humans and animals and the effect of 
these differences on the scaling methods by the use of various analytical and mechanical models.  

1.8 The rat as an animal model  

Few studies of rotational head trauma are available for small animals; the main reason may be 
that geometric scaling dictates very high acceleration for smaller brains to be injurious (Holburn 
1943). In a model described by Marmarou et al. (1994), a cap the size of Dime is cemented to the 
denuded bone on top of the rat skull. During trauma this plate is impacted by a drop weight which 
causes the head to accelerate linearly and rotate forward in the sagittal plane. The initial purpose 
with the model was not to assess the threshold for DAI in rotational head trauma but rather to 
study the pathology and treatment of TBI in general. In another model in which the rat is used, the 
head was exposed to an angular acceleration of 368 krad/sec2 for approximately 2 ms in the 
coronal plane (Fijalkowski et al. 2007). The model produced transient unconsciousness and 
macroscopic damage in 51% of the animals.  No evidence of DAI was found.  
 
In the current study, the rat was chosen as an animal model of injury because it presented 
several advantages: 

- There was experience within the departments involved in this study in performing neuro-
trauma experiments on rats. 

- The rat brain geometry is closer to that of humans compared to that of many other 
animals suitable for experiments.  

- With the rat model it is possible to study both the initial mechanical effects of the trauma 
on the brain tissue as well as the effects initiated at a later stage. The latter requires that 
the animal will be allowed to survive for a longer period than is commonly practice in 
experiments with larger animals.   

One of the disadvantages of using the rat in the study of injury threshold according to (Gilchrist 
2004) is that the rat has an extremely steep injury tolerance curve. That means that even a slight 
change in the impact parameters may change the injury outcome from minor to fatal.  
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1.9 Methods to asses the distribution of DAI 

One of the functions of the axon, except signal transmission from the terminals to the cell body, is 
to allow for transportation of chemicals along the axon, from the cell body to the terminals. During 
trauma, it has been suggested that the mechanical insult will hamper the flow of chemicals and 
that accumulation of these chemicals will take place at or near the site of injury. In general the 
accumulation is then associated with a swelling and lobulation of the axon; previously described 
as the retraction ball associated with axonal injury and histologically shown using silver stains 
(Strich, 1961). In recent years, also introducing antibodies that bind to one or more of the 
hampered chemicals, mainly amyloid beta precursor protein (� -APP), have been shown to be 
useful techniques to assess the distribution of DAI (Christman et al. 1994 and Gentleman et al. 
1993).   
Staining with antibodies against neurofilament (NF) may provide a good picture of the axonal 
architechture after brain injuries. However, the onset of this possible change in architecure will 
require at least 72 hours of survival time.  
Ongoing clinical studies indicate that serum analysis of S100B can be an early sensitive indicator 
of DAI (Bellander, personal communication). 

1.10 Aims of the study 

The aims of this study of diffuse axonal injuries were: 
- To develop an animal model in which the trauma related parameters can be well 

controlled and produce variable level of diffuse axonal injury.  
- To develop a model that is highly repeatable to enable the study of interventions on long 

term injury outcome.  
- To examine the relationship between head impact dynamics and the resulting axonal 

injury. 
- Scale the impact data to enable the development of an injury threshold for humans.  
- To Provide input data for further FE-analysis of DAI.  
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2 Materials and Methods 

2.1 Experimental setup 

During an experiment, the rat head was subjected to sagittal plane acceleration causing 
extension approximately about the head centre of gravity. The entire trauma caused the head and 
neck to extend 25 degrees and represents a forehead impact to the steering wheel or a-pillar in a 
frontal or oblique collision.  
Prior to trauma, a small curved metal bracket was tightly glued on the skull bone of anesthetized 
adult rats (Figure 2). The bracket and head was rigidly attached to a rotating bar, which prior to 
trauma was fitted a rectangular plate, denominated the striker target. During the impact, the rat 
brains were first subjected to a short lasting rotational acceleration, then rotation at constant 
velocity and finally came to a stop by a deceleration of about 25% of the initial acceleration. The 
short lasting acceleration was produced when a solid brass weight, denominated the strike, 
impacted the striker target. To reach sufficient striker speed and to enable variation of the striker 
speed, a specially designed air driven accelerator was adopted. In principle, resulting striker 
velocity and thereby rotation acceleration was varied, while the impact duration was maintained 
constant, by adjusting the air pressure in the accelerator.  
 

  
 

  
Figure 2.  Schematic of the test device used to accelerate the rat head rearward in the sagittal 
plane (top; oblique frontal view of the rotational rig, bottom; oblique rear view of the rotational rig 
excluding the attachment plate and the rear crossbeam). 
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2.2 Test rig design 

The test rig comprises three main parts; an air driven accelerator, a basement and rotational test 
rig. 

- In the air driven accelerator, pressurized air was used to accelerate a striker made out of 
brass; weight 0.040 kg, diameter 6.35 mm and 43 mm long. Both the accelerator and the 
striker were produced by CNC-Process AB, Hova, SWEDEN. In principle, when initiating 
the acceleration of the striker, a valve connecting the barrel and a compartment filled with 
pre-compressed air was mechanically opened, and made the striker leave the barrel at 
high velocity. The pre-set pressure in the compartment determines the striker velocity 
(Table 2 and 4). For each test anew striker was used.   

- The basement comprised a flat plate, dimensions 10*100*1200 mm, to which the air 
driven accelerator, the rotational test rig and a stand for the chronograph was mounted to. 

- The rotational test rig mainly comprises a stand, a rotating bar that can rotate freely 
around a horizontal axis and a curved bracket that in the experiments was glued to the 
animal skull bone (Figure 2). The bar was made to rotate rapidly by the impulse produced 
when the striker hit the striker target. The striker target, which was made in aluminium and 
had the dimensions 5*15*34 mm or 6*15*34 mm, was designed so that it would plastically 
deform when hit and thereby increased the duration of the rotational acceleration of the 
rat head. In order to reduce the vibrations during the trauma, the striker first made contact 
with a 10 mm thick rubber sheet (Figure 3, ShoreA95 Polyurethane, Slitan, Sweden, 
dimensions 15*8 mm) which was glued to the striker target (Figure 2). After the head rig 
rotated about 25 degrees, it was gently stopped when the striker target compressed a 
block of energy absorbing dense foam (Figuer 2, Tempure Polyurtehan Foam, Fagerdala 
AB, Sweden) which was glued to a cross beam (Figure 2). 

 

   
 

    
Figure 3.  Photo of the new test rig device used to accelerate the rat head, top left; rear oblique 
view and right; top frontal oblique view from above, bottom left shows the animal in the test rig 
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prior to trauam (including cenetre of rotation) and, bottom right, the the frontal, nose and parietal 
bones freed from adherent tissue and sanded. 

2.3 Instrumentation, data acquisition and analysis 

Side views of the head trauma were recorded by a Redlake video at 20'000 f/s with a resolution 
of 120*68 pixels. Film targets and a grid (spacing 5*5 mm) were prior to the experiments attached 
on to the stand and rotating bar, respectively (Figure 3). Oblique frontal views of the trauma were 
also recorded to control for the rigidity of the head to rig attachment.  
 
An Endeveco Isotron 2255B-01 piezoelectric accelerometer with integrated electronics and 
resonance frequency of 300 kHz was mounted to the rotating bar at a radius of 36.5 mm from the 
centre of rotation (Figure 3) and connected to a Endeveco 4416B signal conditioner. The 
analogue signal was digitized and captured by means of a National Instrument DAQ Card 6062 at 
200 kHz in a Compaq nx7010 portable computer.  
In a limited number of tests, the head rig accelerometer signal was also captured by means of an 
oscilloscope at 5 MHz to further study the frequency response of the set-up during experiments. 
The skull deformation and test rig flexibility was assumed to be diminutive in the calculation of the 
head rotation. 
 
A chronograph (SKAN PRO1 Series 3) was used in most of the experiments to capture the 
velocity of the striker.  
 
Angular velocity and displacement were numerically integrated from the acceleration data and 
compared to the high speed data for accuracy.  The rotational acceleration data was smoothed 
(average filter with a window size of 20 data rows). 

2.4 Impact conditions 

One of the aims of the experimental model was to produce a rotational acceleration near the 
threshold for sever brain injury in humans. This threshold has been suggested to be 12 krad/s2 
and impact duration of 4 ms (Viano et al. 1986). Target rotation acceleration and duration used in 
this study were based on these data and scaling laws initially suggested by Holbourn (1943), 
Ommaya et al. (1967) and Margulies et al. (1985) and modified by Gutierrez et al. (2000). Their 
work provides a relation ship between rotational acceleration (� ) and the mass (m):  

3
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�
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�

�
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H

R
RH m

m
aa  

Where H represents human and R represents rat. Providing that the human and rat brain have 
the same properties, the mass in the equation can be substituted with the cube of the length ratio 
between the humans and animals:  

2

��
�

�
��
�

�
·=

H

R
RH L

L
aa  

And the duration (t) of the rotational acceleration and the velocity change: 
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For typical human and rat brain length this equation provides target threshold and duration for the 
rat experiment (Table 2). 
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Table 2. Injury thresholds and target trauma duration for the rat scaled from preliminary values for 
the rat and humans for various types of TBI . 
Type of trauma Parameter  Human Rat 
 

Brain radius (mm) 80.0 4.5 
 

   

Concussion from Rotation Rotational acceleration (krad/s2) 6.4 2 040 

 Rotational velocity (rad/s) 35.0 620 

 Duration (ms) 15.0 0.8 

    

DAI from Rotation Rotational acceleration (krad/s2) 12.0 3 800  
 

Rotational velocity (rad/s) 30.5 540 
 

Duration (ms) 4.0 0.2 

2.5 Animals 

Male SD rats (except for two female rats, Table 3), weighing between 0.412 and 0.528 kg, 
average 0.435 kg, were anaesthetized by intra-abdominal injections of Dormicum® (0.6 ml/kg of 5 
mg/ml Midazolan, Roche) and Hypnorm® (0.6 ml/kg, Janssen) and thereafter given intra-
muscular injections every 0.5 hours. The work was performed in accordance with the national 
guidelines for animal experiments, which was approved by the animal care and use ethics 
committee in Umeå. 
 
A midline incision was made through the skin and periosteum on the skull vault, and the frontal, 
nose and parietal bones were freed from adherent tissue (Figure 3). The exposed bone was 
treated with 15% phosphate acid for 3 minutes and thoroughly rinsed with tempered water and 
dried for 3 minutes with a warm air drier providing air of 37 degrees temperature. The exposed 
bone was then gently sanded prior to shaping a plate made in aluminium (originally, length 35, 
width 4 mm and 9 mm frontal and rear region, respectively, smaller version width 2 mm in the 
frontal region) to roughly match the contour of the exposed skull. Then the plate was glued to the 
bone with dental glue (Super-Bond C & B; Sun Medical Co., Shiga, Japan) such that the centre of 
rotation during trauma was located 1 to 2 mm in in front of bregma. After curing for 20 minutes, an 
attachment plate was fastened by means of to M2.5 screws to the curved plate and the rat head 
(Figure 2). The animal with attachment plate rigidly secured to the head was placed on an 
insulating board on the test rig basement and fit into the rotating bar. The pre-trauma position of 
the head was slightly flexed, the axes of rotation were perpendicular to the sagittal plane and 
approximately located 1.5 mm below the head base, which was eqivivalent to that the 
approximated brain centre of gravity was 6.5 mm above the rotational centre and right above the 
centre of rotation (Figure 3). 

2.6 Dissection, histology and in-situ hybridization  

Post-trauma survival times were varied between 2 and 72 hours (Table 3) in this study for a 
number of reasons; initial ethical approval only permitted short survival times; the authors 
preferred to assess the effect on the brain tissue as soon after the trauma as possible in order to 
avoid other secondary effects associated with the trauma or the preparation of the animal prior to 
trauma. Other reasons for varying the time for scarification was to as make assure that the 
observed � -APP -reactivity was a function of trauma and not a function of time from trauma to 
scarification of the traumatized animal. The longer survival times will be used to asses the 
progress and presence of NF-positive reticular bulbs.  
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Table 3.  Experimental protocol (FF - Fresh Frozen). 
No Sex Weight Skull 

cap 
type 

Air 
pressure 

in 
accelerator 

Survival time  
(h) 

Tissue 
sampling 

Serum 
collection 

  (g)  (bar) 0 2.0 2.5 3.3 5.0 24 72   

07 F 326 Large about 1.80  *      FF  
08 F  None         FF  
11 M 465 Large 1.72   *     FF  
13 M - Large 2.02  *      FF  
14 M 461 Large Sham  *      FF  
16 M 452 Large 1.68    *    FF  
19 M 450 Large 1.93    *    FF  
20 M - Large 1.65    *    FF  
22 M 453 Large 1.92   *     FF  
23 M 453 Large 1.42   *     FF  
25 M 460 Large 1.39   *     FF * 
26 M 448 Large 1.39   *     FF * 
27 M 457 Large 1.27   *     FF  
28 M 454 Large 1.51   *     FF * 
29 M 465 Large 1.45   *     FF * 
30 M 458 Large 1.05   *     FF * 
31 M 458 Large 0.89   *     FF * 
32 M 443 Large 0.88   *     FF * 
33 M 443 Medium 1.50   *     FF * 
34 M 457 Medium about 0.70   *     FF * 
35 M 474 Medium 0.49   *     FF * 
36 M 412 Medium 2.07   *     FF * 
38 M 447 Medium 1.30   *     FF * 
39 M 460 Medium 0.92   *     FF * 
40 M 471 Medium 1.30   *     FF  
41 M 450 Medium 0.99   *     FF * 
42 M 464 Medium 1.14   *     FF * 
43 M 464 Medium 1.12   *     FF * 
44 M 440 Medium 0.33   *     FF * 
45 M 461 Medium 0.59   *     FF * 
46 M 455 Medium 0.89   *     FF * 
47 M 456 Medium 0.96   *     FF  
48 M 518 Medium Sham   *     FF * 
49 M 502 Medium Sham   *     FF * 
50 M 501 Medium Sham   *     FF * 
51 M 493 None Normal *       FF * 
52 M 493 None Normal *       FF * 
53 M 516 None Normal *       FF * 
54 M 489 None Normal *       FF * 
55 M 509 None Normal *       FF * 
56 M 420 None Normal     *   - * 
57 M 419 None Normal   *     - * 
58 M 431 None Normal *       - * 
59 M 442 None Normal   *     - * 
60 M 432 None Normal *       - * 
61 M 418 None Normal     *   - * 
62 M 420 None Normal     *   - * 
63 M 437 None Normal *       - * 
64 M 415 None Normal   *     - * 
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No Sex Weight Skull 
cap 
type 

Air 
pressure 

in 
accelerator 

Survival time  
(h) 

Tissue 
sampling 

Serum 
collection 

  (g)  (bar) 0 2.0 2.5 3.3 5.0 24 72   

65 M 416 None Normal *       - * 
66 M 450 None Normal   *     - * 
67 M 440 None Normal     *   - * 
68 M 428 None Normal *       - * 
69 M 415 None Normal   *     - * 
70 M 417 None Normal     *   - * 
71 M 395 Medium 1.00      *  FF * 
72 M 398 Medium 1.45      *  FF * 
73 M 397 Medium 1.42      *  FF * 
75 M 369 Medium Sham      *  FF * 
76 M 370 Medium Sham      *  FF * 
79 M 382 Medium about 1.45       * Fixated * 
80 M 387 Medium 1.52       * Fixated * 
81 M 371 Medium 1.36       * Fixated * 
83 M 385 Medium Sham       * Fixated * 
84 M 379 Medium Sham       * Fixated * 
85 M 387 Medium about 1.45      *  Fixated * 
86 M 384 Medium 1.47      *  Fixated * 
87 M 381 Medium 1.59      *  Fixated * 
88 M 384 Medium 1.44      *  Fixated * 
89 M 382 Medium Sham      *  Fixated * 
90 M 377 Medium Sham      *  Fixated * 
91 M 380 Medium Sham      *  Fixated * 
92 M 382 Medium Sham      *  Fixated * 
 
At time for scarification, venous blood was collected from the right ventricle of the heart by means 
of a Safety-Lok needle and SST II blood collection system containers from BD Vacutainer® which 
includes clot activator and gel for serum separation. For most objects two containers were filled 
for each animal, and treated according to the instructions provided with the system, prior to 
collection of the serum.  
 
After scarification of the animals, the brains were dissected either perfusion fixated or the brains 
were placed in a brain blocker and split into a frontal, middle and occipital unit and finally fresh 
frozen on dry ice. Coronal sections of 14 � m were cut with a cryostat. Immunocytochemical 
staining of the sections were carried out to study the accumulation of beta-amyloid precursor 
protein (� -APP) and invasion of macrophages (ED-1). The tissue was also stained with two types 
of antibodies for supporting cells; Neurofilaments (NF), which is major elements of the 
cytoskeleton supporting the axon cytoplasm, and Glial fibrillary acidic protein (GFAP).  
 
In situ hybridization was carried out to asses the presence of Cyclooxygenase 2  (COX2); an 
enzyme which is responsible for formation of important biological mediators called prostanoids. 
Normally COX2 is undetectable but is known to be abundant in cells at sites of inflammation and 
have been suggested to correlate with cell death. 
 
In the analysis, two brain sections from each of the three levels in the brain, frontal-middle- 
occipital region, were chosen arbitrary and NF, ED-1, GFAP, � -APP and COX-2 reactivity was 
assessed by the use of either a confocal microscope or traditional white light microscope. For the 
two latter, the analysis also included scoring according to a grading schema (Table 4). In the 
following result presentation the average grade for the analysed tissue slices will be used. 
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Table 4. Grading of � -APP and COX-2. 
Grade Number of � -APP-

positive axons per 
section  

Shape and dimension 
of � -APP-positive 
axons 

Intensity of COX-2 silver staining 
per section 

Localization of the COX-2 
positive cells  

0 Only background � -APP  
stains  

Circular shape Notable or none Distributed regardless of 
tissue type 

1 50-100 Small but asymmetric Clearly visible in 10 x microscope Clearly localized to cell 
bodies 

2 100-200 Large and asymmetric Clearly visible in 1x microscope to 
almost overshadowing underlying 
tissue 

Clearly localized to cell 
bodies 

3 >200 Large and a fraction 
extended along the axon 

Clearly visible macroscopically and 
overshadowing underlying tissue 

Clearly localized to areas 
where cell bodies are 
abundant 

2.7 Serum analysis 

Two of the S100 proteins, S100A1B and S100B, are found in the central nervous system glial 
cells and are known to be released into various body fluids following trauma (Ingebrigtsen et al. 
2000). In the current study, serum S100B levels and the total S100 (S100A1B and S100B) levels 
were assessed with two different immunoassays (S100 EIA and S100B EIA, Can Ag Diagnostics 
AB, Gothenburg, Sweden). 
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3 Results 

3.1 Test protocol  

The magnitude of the rotational acceleration used in the first experiments in this study was base 
on suggested injury threshold for humans. Traditional scaling laws and geometrical properties of 
the human (Gutierrez et al. 2000) and preliminary rat brain dimensions were used to estimate the 
loading in the first few experiments (Table 5). In a number of the first tests, the skull cap came 
loose during trauma or the skull bone fractured during the trauma. After a few tests the load 
magnitude was reduced; macroscopic injuries reduced and the skull cap remained firmly fixed to 
the skull bone. For a few experiments the initial position of the striker was shifted down stream in 
the barrel in order to reduce the striker velocity at contact with the rotating bar. In the following 
tests, the trigger spring and valve in the accelerator was redesigned to allow for lower striker 
velocities without varying the initial position of the striker (Figure 2 and Table 5). In the first few 
experiments the skull cap was larger than in the following experiments; the location of the first 
skull cap relative to the head was dependant on the possibility to denude the nasal bone. Hence 
the centre of rotation varied to a larger degree in the first few experiments than in the rest of the 
series. Although these differences exists in the test series, the results from these first few 
experiments are included mainly because the acceleration level is high and to successfully repeat 
these test will require that a large number of animals will be sacrificed since it is anticipated that 
the skull cap will come loose in a number of the repeated experiments.  
 
The following number of experiments has been excluded in the subsequent analysis:  

- In seven tests the glue line between the head plate and the skull bone came loose during 
trauma. 

- Two animals died during trauma. In one of these experiments, the animal died due to 
excessive neck angulation and the neck fracture which was the result of the excessive 
neck angulation.  

- Three animals died from, or were eliminated due to, skull bone fractures that occurred 
during trauma. 

- In seven experiments the animals died before, during or after trauma as a consequence 
of the introduction of drugs. 
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Table 5.  Trauma condition and analysis records (blank means not analysed, - means not possible 
to analyse, NR means not recorded).  
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 (m/s) (Mrad/s 2) (rad/s) (0-4) (0-3) Front Mid Oxi Front Mid Oxi ( ng/L) 1 2 3 
07 NR appr 1.80 - - 2  2   1  -  - - - 

08 0.0 Normal 0 -        -  - - - 

11 NR 1.72 369 - 1 2 1 0 2 3 2 -  - - - 

13 NR 2.02 404 - 2 3 1 0 2 3 2 -  - - - 

14 NR Sham 0 - 0 0 0 0 0 1 0 -  - - - 

16 NR 1.68 348 - 2 3 2 1 2 2 2 -  - - - 

19 NR 1.93 359 - 0 3 2 2 3 2 3 -  - - - 

20 NR 1.65 296 - 0 2 1 2 3 3 3 -  - - - 

22 62.9 1.92 361 -  3 2 2 2 2 3 -  - - - 

23 47.0 1.42 273 - 0 3 1 1 2 2 3 -  - - - 

25 46.3 1.39 269 1 1 1 0 0 2 2 1 2068  973  1092 

26 45.0 1.39 258 4 2 2 2 0 2 2 1 -  - - - 

27 47.0 1.27 257 - 3 1 0 0 2 2 2 -  - - - 

28 48.5 1.51 278 4 1 3 1 0 0 1 1 -  - - - 

29 47.6 1.45 265 1 3 3 3 0 1 1 2 681 937 301  249 

30 40.8 1.05 220 3 1 1 1 0 0 1 2      

31 38.0 0.89 208 2 1 0 0 0 0 1 0 479 647   210 

32 38.2 0.88 195 1 2 0 0 1 0 0 0 284    123 

33 48.6 1.50 281 3 0 1 0 3 1 1 1      

34 29.3 appr 0.70 - 0 0 0 0 0 0 0 0    49 73 

35 30.8 0.49 133 0 0 0 0 0 0 0 0 150    93 

36 62.9 2.07 304 3 3 2 2 1 1 2 2 843    526* 

38 42.9 1.30  1 0 2 1 1 1 2 2 228  127 136 165 

39 40.3 0.92 188 0 1 0 0 0 1 1 1 167   90 108 

40 42.6 1.30 214 - 1 0 1 2 2 2 2 -  - - - 

41 39.1 0.99 197 3 1 0 0 0        267 

42 41.2 1.14 221 1 1 0 1 1 1 2 1 192 315   160 

43 39.8 1.12 177 0 2 1 1 0    313  156  165 

44 32.5 0.33 61 1 2 0 0 0 0 0 0  144  36 71 

45 33.2 0.59 125 0 2 0 0 0 0 0 0  243  53 90 

46 40.0 0.89 198 0 0 1 0 1 0 0 0 284    129 

47 39.2 0.96 202 - 0 0 0 0 1 2 1 -  - - - 

48 0.0 Sham 0 1 0 0 0 0 0 0 0   100  78 

49 0.0 Sham 0 0 0 0 0 0 0 0 0     58 

50 0.0 Sham 0 1 0 0 0 0 0 0 0    36 54 

51 0.0 Normal 0 1 0 0 0 0  0 0   38 28 46 

52 0.0 Normal 0 1 0 0 0 0  0 0    69 87 

53 0.0 Normal 0 3 0 0 0 0  0 0    154 200 

54 0.0 Normal 0 0 0 0 0 0  0     69 88 

55 0.0 Normal 0 1 0 0 0 0  0     140 158 

56 0.0 Normal 0 0 - - - - - - -   56   

57 0.0 Normal 0 0 - - - - - - - 172  57   

58 0.0 Normal 0 2 - - - - - - -  1180 230   

59 0.0 Normal 0 0 - - - - - - - 137 267 45   

60 0.0 Normal 0 1 - - - - - - -  857 248   

61 0.0 Normal 0 1 - - - - - - -  254 60   

62 0.0 Normal 0 1 - - - - - - -  274 70   

63 0.0 Normal 0 1 - - - - - - -  559 117   

64 0.0 Normal 0 0 - - - - - - - 179 211 42   

65 0.0 Normal 0 1 - - - - - - -  696 160   

66 0.0 Normal 0 0 - - - - - - - 380  113   

67 0.0 Normal 0 0 - - - - - - -  269 54   

68 0.0 Normal 0 1 - - - - - - -  508 141   

69 0.0 Normal 0 2 - - - - - - - 140 297 54   

70 0.0 Normal 0 1 - - - - - - -  464 103   
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71 43.6 1.00 201   2 1 3    229 618    

72 53.4 1.45 273   3 2 3    153 266    

73 53.5 1.42 263   3 3 2    179     

75 0.0 Sham 0   0 0 0    134 284    

76 0.0 Sham 0   0 0 0    176     

79 55.0 appr 1.45 -          136    

80 54.6 1.52 273          205    

81 49.5 1.36 234          273    

83 0.0 Sham 0          286    

84 0.0 Sham 0          243    

85 55.2 appr 1.45 -          370    

86 54.7 1.47 287          198    

87 55.4 1.59 275          198    

88 54.8 1.44 286          188    

89 0.0 Sham           306    

90 0.0 Sham           316    

91 0.0 Sham           636    

92 0.0 Sham           158    

3.2 Rotational acceleration and velocity change 

The resulting head angular acceleration lasted for about 0.4 ms and filtered peaks were 
approximately between 2.1 and 0.3 Mrad/s2 in this study (Figure 4). After 10 to 15 degrees of 
head rotation, the rotational velocity (Figure 7) was reduced when the striker target made contact 
with a high density Tempur foam and came to halt after a total of approximately 2 ms at an angle 
of about 20 to 25 degrees (Figure 5). The peak angular acceleration and resulting angular 
velocity change appear to correlate (Figure 10). All presented peak angular accelerations were 
filtered prior to presentation. Figure 8 illustrate the effect of various filters on the peak angular 
acceleration  
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Figure 4.  Range of acceleration pulses used in the current study.  
 
In the study, only the striker velocity was varied while the striker mass and the thickness and 
stiffness of the damping material remained constant. As a consequence, the duration of the 
acceleration remained rather constant while peak rotational acceleration varied and also resulting 
rotational velocity change (Figure 5). 
 



APROSYS Project                                                                                       AP-SP51-0045  
 FINAL 

 22/39 

-1

-0.5

0

0.5

1

1.5

2

0 0.5 1 1.5 2

No 22

No 27

No 32

R
ot

at
io

na
l a

cc
el

er
at

io
n 

(M
ra

d/
s2  )

Time (ms)  
Figure 5.  Rotational acceleration for injured, only just injured and uninjured animal.  
 
For evaluation of the recoded linear acceleration and subsequent calculation of rotational 
acceleration, images of the rotating bar during trauma was recorded (Figure 6) and the time from 
start to stop was compared to the accelerometer data. Detailed estimation of velocity time history 
from film analysis failed due to insufficient frame rate (20.000 f/s). Resulting peak angulations of 
the rotating bar during the trauma, as estimated by double integration of the rotational 
acceleration, were consistently about 20 degrees. Time for peak angulations varied due to the 
difference in angular acceleration; for test 16 peak angular displacement was reached at 1.65 ms 
while for 2.12 ms (Figure 7).  
 

 
 
Figure 6.  Sequence of high-speed video recordings of a representative test (No. 47). The left 
photo was captured at first contact between striker and the striker target and is taken as time 
zero; the consecutive photos were captured with a time period of 0.5 ms in-between. After 2.5 ms 
a negligible rebound motion could be observed. Not that the actual trauma took place when the 
first frame was captured and was need before the second frame was captured. 
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Figure 7.  Rotational acceleration and integrated rotational acceleration for No. 16. 
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Figure 8.  Effect of different filters on angular acceleration and duration (No. 16) 
 
In a number of experiments, additional sampling of the acceleration signal at a higher sampling 
frequency was introduced to assess the presence of vibrations in the rotating bar close to the 
natural frequency of the accelerometer used (300 kHz). No obvious difference in signal response 
could be observed in the comparison between the two different sampling methods (Figure 9).  
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Figure 9.  Unfiltered linear accelerometer data, calculated to show rotational acceleration, which 
was digitized and stored by both the DAQ-system (200 kHz) used in this study and a standard 
oscilloscope (5 MHz, No 32). 
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Figure 10.  Cross plot leveler rotational acceleration versus leveler rotational velocity. All available 
tests (n=35) from test 01 to 92. 
 
In a pre-study, the effect of striker target strength on acceleration of a dummy head was 
evaluated. Thin (5 mm) and thick (6 mm) striker target produced peak rotational acceleration of 
2.5 and 1.0 Mrad/ s2 and an angular velocity change of 385 and 220 rad/s, respectively (Figure 
11). The initial tests with animals were carried out with the thin striker target, however in these 
tests oscillation of the rotating bar and head of the rat was rather pronounced and the following 
tests were carried out with the thick striker target. 
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Figure 11:  Rotating bar rotational acceleration from two pre-study experiments with different 
thickness of the striker target mounted to the rotating bar; left 6 mm thickness and right 5 mm 
thickness.  

3.3 Macroscopic injury 

In the animals successfully exposed, no skull fractures could be observed by visual inspection. 
After scarification, some animals appeared to suffer from hemorrhages on the surface of the 
brain, mainly in the foramen magnum region and in the surface of the cortex (Table 5 and Figure 
12). A few animals suffered from hemorrhages in the vicinity of the olfactory bulb. A limited 
number of intracranial hemorrhages were noted in some of the animals that had been subjected 
to rotational accelerations about or above 2 Mrad/s2.  
  

        
Figure 12. Subarachnoid hematoma commonly observed following rotational trauma (Grade 1, 
No. 45).  

3.4 Microscopic injury 

Bands of � -APP-positive axons, i.e. axons with reduced plasma flow and hence dying axons, 
were seen in the border between the cortex and the corpus callosum in nearly all animals 
exposed to head rotational trauma at 1.1 Mrad/s2 or higher (Figure 13 and 14). For a large 
number of the exposed animals, � -APP was also found in the thalamus, mainly on the border to 
corpus callosum, the caudate putamen, the commisure, and in the hippocampus regions (Figure 
15 and 17). Most animals exhibited similar number of and intensity of � -APP-positive axons on 
the right and left hemispheres. No difference in the number of � -APP-positive axons could be 
observed for survival times between 2.0 and 3.3 hours. Size and the extent of � -APP-positive 
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axons appeared to increase when the survival time was 24 hours compared to 3.3 hours. Some 
difference in � -APP size and intensity was observed between the anterior, middle and occipital 
sections. For short survival times the highest intensity and density of � -APP-positive axons where 
found in the anterior sections while for 24 hour survival time no difference between anterior, 
middle and posterior sections could be observed.  
 
In the anterior sections the � -APP-positive axons were most proliferate on the border between 
the cortex and the corpus callosum but could also be found in the caudate putamen and the body 
of the corpus callosum (forceps minor). The lateral position of the observations varied from one 
animal to another.  In the middle sections small diameter � -APP positive axons was found in a 
number of animals in the hippocampus region. Further, in the border of the corpus callosum and 
in the vicinity of the lateral ventricle.  
 

  
Figure 13.  Confocal images of frontal sections of the corpus callosum and subcortical white 
matter incubated with � -APP (green) and NF antibodies (red) for animal No 19.  
 

  
Figure 14.  Illustration of axonal injury in the corpus callosum and the subcortical white matter 
gray-white matter interface (� -APP, coronal plane, frontal section) for animal No 73.  
 

 
Figure 15.  Illustration of axonal injury in the habenular region which is located caudally of the 
corpus callosum (� -APP, coronal plane, occipital section) for animal No 71.  
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For the NF marker, very limited changes were seen and were only observed in the animals that 
survived 24 hours an 72 hours, where some examples of axonal end-bulb formation could be 
observed butnot satisfactorily documented.  
 
For the COX2 probe few or no cells were labelled in normal or sham operated animals. In animals 
subjected to trauma a distinct upregulation of COX2 mRNA could be detected in a large number 
of locations in the cortex and hippocampus at rotational acceleration of the brain above 0.9 
Mrad/s2 (Figure 16 and 17). In the anterior and middle sections, the COX2 was mainly found in 
the cingulated cortex and in the lateral regions of the cortex (Figure 16, bottom). In the anterior 
sections and in a few of the middle sections, the areas with large increase in COX2 intensity were 
the dentate gyrus, hippocampus, amygloidal region and cingulated cortex (Figure 17).  
 

 
 

    
Figure 16.  Images captured in optically white light of coronal plane occipital sections of the 
Dentate Gyrus (top row) and lateral Cortex (bottom row) stained for Cox2 (left; No 34 exposed to 
moderate rotational acceleration, right; No 22 exposed to a sever rotational acceleration, 4x 
magnification).  
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Figure 17.  Schematics of the middle coronal section of the rat brain. Left: Stars indicating 
localization of � -APP -positive axonal damage. Right: Stars indication the localization of COX2 
up-regulated concentrations of cells.  
 
The average level of � -APP-positive axons and COX2 intensity, as subjectively determined 
according to the system of grades previously presented (Table 4), increase with rotational 
acceleration (Figure 18, Table 5). An apparent dose-response pattern can be deduced; for � -
APP-positive axons the increase starts at 1.1 Mrad/s2 and for COX2 intensity the increase starts 
at around 0.9 Mrad/s2.  
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Figure 18.  � -APP level and COX2 level as a function of maximum rotational acceleration. 

3.5 Serum analysis 

Increased serum level of total S100 and S100B was observes for animals exposed to a rotational 
acceleration above 0.9 Mrad/s2 (Figure 19). Three repeated analysis of S100B serum level show 
similar increase as a function of maximum rotation. However, in analysis 1 and 3 an offset of 
about 40 ng/L compared to analysis 2 were present for most analyses samples.  
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Figure 19.  Repeated measurements of S100B and single measurements of S100 total level as 
function of maximum acceleration. 

3.6 Experimental injury threshold and scaled values  for humans 

Scaling laws and experimental data is used to calculate the DAI threshold for humans (Table 7). 
The various geometrical parameters for the rat brain were obtained from the objects used in the 
experiments while the human data was obtained from the literature (Table 6). The results indicate 
that the DAI threshold range for humans are, according to chosen scaling method and brain 
dimensions used in the calculations, between 4.4 and 14.6 krad/s2. 
 
Table 6.  Rat and human brain dimensions; rat brain dimension recorded in the current 
experiments and human brain dimensions obtained from the literature. 
 
Brain dimensions Rat (SD) Human 

Brain length, including the cerebellum (mm) 22.2 (0.6) 165.0 

Brain length, excluding the cerebellum (mm) 15.9 (0.5) 165.0 

Height, including the cerebellum (mm) 9.3 (0.5) 96.0 

Height, excluding the cerebellum (mm) 9.3 (0.5) 140.0 

Calculated mean radius, incl. the cerebellum (mm) 7.9 65.3 

Calculated mean radius, excl. the cerebellum (mm) 6.3 76.3 

 
Table 7. Suggested DAI thresholds for humans based on scaled data obtained in this study. 
Various different brain dimensions for the human and the rat have been used.  
 
Parameter Rat data DAI thresholds for humans based on scaling and different dimensions 

  
Length, excl. 

cerebellum 

Height, incl. 

cerebellum 

Height, excl. 

cerebellum 

Radius, incl. 

cerebellum 

Radius, excl. 

cerebellum 

Rot. acc. (krad/s2) 1000 9.3 9.4 4.4 14.6 6.8 

Rot. vel. (rad/s) 190 18 18 13 23 16 

Duration (ms) 0.4 4.2 4.1 6.0 3.3 4.8 
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4 Discussion 
The new experimental test rig for rotational induced injury in the rat brain is simple, allows for 
alteration of impact forces and provides reproducible biological effects. The rotational direction 
can easily be changed whereas the plane of rotation requires larger modifications. In the current 
study the head cap is made out of aluminium, but can certainly be replaced by a cap produced in 
glass fibre reinforced epoxy for studies using MRI or EEG.  
 
In the initial experiments in this study, the striker velocity and mass, striker target dimensions and 
rubber block dimensions that was affixed the striker target (Figure 2) were modified. The purpose 
with this was to enable the study of pathological changes as a function of rotational velocity 
change, impact duration and rotational acceleration. An example of the effect of striker target 
thickness on rotational acceleration, when a dummy head was mounted to the rotating bar, is 
visualized in Figure 5. Consecutive experiments with animal heads indicated that for some 
combination of striker target dimension and head inertia etc, head oscillation became sever and 
hence tuning of the test rig is required before variation of the pulse duration is feasible. 
 
No scientific assessment of the level of impairment that the injury may have produced was carried 
out. No obvious changes to the animals performances were observed 24 and 72 hours post 
trauma; possibly the animals moved slightly slower and were duller than normal.  
 
Blood oxygen levels were not monitored and hence no knowledge about the post impact oxygen 
levels is available and hence no countermeasures have been introduced to reduce secondary 
insults such as hypoxia.  

4.1 Macroscopic injury 

In the first series of experiments, large bleedings were observed in the foramen magnum region 
in a few animals. These bleedings are often present in rotational trauma, but are preferably 
reduced to a minimum in order to avoid suffering and effects of excessive hemorrhages. In the 
first few experiments in this study, the head rotation ended after about 2 ms at about 30 degrees 
head angle change. It seams as the amount of hemorrhages in the foramen magnum region was 
slightly reduced in the following experiments when the head rotations was stopped at 
approximately 20 degrees extension motion. No change on the incidence of hemorrhages in the 
other regions of the brain was observed when the resulting head angel was reduced. Similarly, 
only a insignificant correlation between extent of hemorrhages and rotational acceleration was 
observed: No hemorrhages were found in unexposed control animals but were observed in 
animals exposed to rotational trauma above 0.6 Mrad/s2.  

4.2 Microscopic injury 

In this study, we have shown the presence of � -APP positive axons, COX2 stained nerve cells 
and an increase of S100 concentration in serum following a sagittal plane rotational acceleration 
induced brain injury in the rat. We have also showed that the presences and increase in 
concentration at least is a function of rotational acceleration. The analysis and the resulting data 
clearly indicate the injury threshold for rotational acceleration induced brain injury. The range in 
rotational acceleration for which these three markers started to increase was between 0.9 and 1.1 
Mrad/s2. The interval must be regarded as extremely limited and hence the injury threshold for 
the rat brain is likely to be in this range. One of the limitations with the current study was the 
chosen post trauma survival time, which was rather short compared to many other studies 
investigating pathological changes following TBI. For obvious reasons, we expect higher 
concentrations of � -APP-positive axons with larger diameters in for increased survival times. We 
also anticipate that NF will indicate reticular bulbs in connection to � -APP-positive axons and 
other markers probably could be used to study reactive astrocytosis, apoptosis, blood-brain-
barrier injuries, etc. However, we do not foresee that the suggested injury threshold would have 
been significantly reduced in case longer survival time would have been studies. This reasoning 
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is base on the fact that all three used injury markers, which are relatively independent of each 
other, clearly indicate a single injury threshold.  
 
In this study the largest number of � -APP-positive axons was found in the border of and inside 
the corpus callosum. These observations were in contradiction to the findings presented by 
Gutierrez et al. (2000) in which rabbits were exposed to sagittal plane rotation. They reported an 
absence of astrocytosis in the corpus callosum and mentioned that this absence was expected 
since the animal was exposed to rotational acceleration in the sagittal plane. Rather the 
localization of the � -APP-positive axons in this study resemble those commonly reported for DAI 
in the literature; axonal injury and focal lesions in the in the white matter of the cerebral 
hemispheres, corpus callosum, brain stem and cerebellum. The partial absence of positive axons 
in the white matter of the cerebral hemispheres in study may reflect species differences, rotation 
in different planes and /or the relatively short survival times used in the current study. The 
presence of DAI in the brain stem and the cerebellum was not analysed in this study.  
 
The rapid and intense up regulation of the COX2 in the neuron cell bodies in the brain following 
trauma can be a result of axonal injury or/and an effect of the mechanical insult directly to the cell. 
For an improved understanding of the reasons for the intense COX2 up regulation in this study, 
additional analysis will have to be introduced and an improved understanding of the functions of 
COX in trauma is required. 
 
One of the first studies that combine biomechanics and pathological investigations was carried 
out by Gennarelli et al. (1982). In their study, the Palmgrens method was used to assess the 
presence of axonal injury and they could relate the severity of the concussion to observed axonal 
injury.  In this study, the presence of concussion following trauma was not investigated but signs 
of concussion were not apparent to the authors after the experiments. This was the case despite 
the presence of pathological changes in form of cellular changes as indicated by COX2 and 
axonal injuries as indicated by large number of � -APP positive axons in a number of regions in 
the brain following trauma. The results in this study suggest that permanent brain injury may 
result from rotational head trauma despite the absence of unconsciousness. 
 
Maxwell et al. (1993) suggested that axonal injury is a secondary effect that requires at least 6 
hours to develop. The authors suggested that an axonal injury takes place due to a chemical 
cascade which initiates the primary injury to the axolemma. However, the results of the current 
study suggest that axons are directly affected by the trauma. In this study the intense and early 
onset � -APP is most likely a consequence of the insult to the axon itself and not a secondary 
effect.  
 
In a few experiments, hemolysis appeared in the serum after separation from the blood sample 
collected from the animal. A number of reasons have been identified; the blood as initially 
sampled from the vena cava inferior instead of the heart ventricle; or blood coagulation had 
already started prior to successful sampling. Serum samples affected by hemolysis were rejected 
in the analysis of S100 (Table 5). Based on preliminary S100 results and estimated level of 
hemolysis, data from estimated hemolysis level 3 and 4 should be discarded from further 
analysis.  
 
Mental stress has shown to increase the S100 level in serum in studies with cats. In the 
preliminary S100 analysis, it was noted that the S100 level in the untreated animals (No 50 to 55), 
which were sacrificed approximately 15 minutes after initial administration of anaesthetic, varied 
from about 500 to 200 ng/l. The animals studied were from the same breeder, litter, etc and 
hence the S100 level was expected to be very similar. However, the stress response, due to 
handling at time for injection of anaesthetics and in the order this was carried out, could be 
different and hence introduce variability in the S100 analysis. To study the effect of stress, as 
introduced in the treatment of the animals prior to initial administration of anaesthetic, a series of 
tests in which the animals were anaesthetized for 0.25, 2.5 and 5 hours prior to scarification were 
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carried out. It was assumed that the combination of S100 half-life and the time provided for 
relaxation would be sufficient to indicate the effect of stress on the S100 level. The results reveal 
that S100 levels were higher for the animals sacrificed after 0.25 hours compared to 2.5 and 5.0 
hours after initial anaesthetization (Figure 20). No difference in S100 level was observed between 
the 2.5 and the 5 hours groups. The results are in agreement with the finding that nonacute S100 
measurements may be of greater prognostic value than acute measurements. (Anderson et al. 
2001) and that interpretation of elevated S100 concentrations immediately after multitrauma may 
be difficult because of extracerebral contributions. daRocha et al (2006) concluded, in a study 
where the serum samples were gathered 10 hours after trauma, that there was no correlation 
between higher S100B concentrations and the presence of multitrauma. The literature and the 
limited study carried out here on stress induced S100, indicate that S100 levels is highly 
dependent on stress and all animals included in future S100 analysis should preferably be 
anaesthetized for a period of at least 2.5 hours prior to scarification.  
 

0

50

100

150

200

250

300

0 1 2 3 4 5 6

C
on

ce
nt

ra
tio

n 
of

 S
10

0B
B

 (
ng

/l)

Time from anesthesia start to serum collection (h)  
 
Figure 20.  S100B serum levels as function of time from anaesthesia start to scarification of the 
animal and serum collection. Note that concentration of S100B is for un-injured humans 
approximately 30% of the total S100 concentration. 

4.3 Relevance of the markers to assess the presence  of DAI 

Diffuse axonal injury in this model was defined by the presence of beta-amyloid precursor protein 
(� -APP) in the axons of the brain, the presence of COX-2 stained cell bodies of the brain and the 
total and a subgroup of S100 presence in the serum obtained from the animal at time for 
bereavement.  
 
The � -APP is normally produced in neurons and is transported distally in the axon. Following an 
injury to the axon, the � -APP will rather rapidly accumulate at the site of injury and is hence 
useful to identify DAI shortly after the insult (Gentleman et al., 1993, Blumbergs et al., 1994).  
 
COX2 can be rapidly induced and is an important step in the early phases of tissue inflammation 
after cellular injury. COX2 is a regulating enzyme in the synthesis of prostaglandins, 
Prostaglandins may have both vascular inflammatory effects and a role in events that regulate 
cell death or survival. Our data seem to confirm the notion that COX2 is an early indicator of TBI 
and DAI. 
 
Studies have suggested that S100 may be useful in the management of patients with brain 
damage (Rothoerl et al., 1998, Raabe et al., 1998 and Ingebrigtsen et al., 1999). These 
suggestions were based on correlation between S100 levels in serum and observations of brain 
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contusions in magnetic resonance images, impaired neuropsychological functioning and Glasgow 
Coma Scale scores. However, recent studies indicate that serum and brain S100 levels are 
poorly correlated. It has been suggested that serum levels are dependent primarily on the 
integrity of the blood-brain barrier and not the level of S100 in the brain (Kleindienst et al. 2006).  
These early studies clearly showed that S100 is a useful marker for brain injury.  However, these 
studies mainly included sever cases and cases with obvious contusions as shown by imaging. In 
the current study rats exposed to rotational trauma above 0.9 Mrad/s2 show evidence of elevated 
S100B and total S100 concentrations despite lack of obvious contusions and signs of altered 
activity level post trauma. In a more recent study by Savola et al. (2004), head trauma patients 
was reported to have significantly higher S100 concentrations (170 ng/L) than controls (70 ng/L). 
That study also showed that serum S100 levels also correlated with the severity of brain injury. In 
the current study the elevation of S100 was in parity with the latter study; animals exposed to 
sub-injury head acceleration levels and controls exhibited S100 mean concentrations of 180 ng/L, 
while those exposed to injurious head accelerations, as indicated by � -APP and COX2, revealed 
mean concentrations of 470 ng/L (range from 150 ng/L to 2000 ng/L). Similar increase due to 
trauma was observed in the repeated analysis of the S100B. Note that the different baseline level 
and increase due to trauma could be attributed due to the choice of species and the fact that 
different assays were used in the two studies.  
 
Savola et al. (2004) also reported that large extra cranial injuries also elevated S100 levels to 
about 350 ng/L whereas small extra cranial injuries in the absence of head trauma did not 
significantly affect S100 levels. In this study the vault of the rat brain was denuded prior to the 
actual trauma and this operation may be considered to be an extra cranial assault. However, 
sham operated rats and rats exposed to very mild trauma exhibited similar S100 and S100B 
levels than normal controls (Table 5): 

For S100 153 ng/L (n=3) compared to 202 ng/L (n=5)  
For S100B 66 ng/L (n=12) compared to 65 ng/L (n=10)  

Note that for the latter comparison, data from three different S100B analyses are used, in which 
the inter analysis differences were rather small; approximately 10ng/L (Figure 20). To conclude, 
the S100 data obtained in this study is in agreement with the findings in other studies, matches 
the severity rotational insult, and was in parity with the � -APP and COX2. 

4.4 Effect of the location of the centre of rotatio n in the trauma 

In the current study the amount of DAI as function of rotational head trauma was studied, The 
hypothesis that the amount of DAI is also a function of the localization of the instantaneous axis 
of the rotation (IAR) was not evaluated. In order to avoid excessive neck loads, the IAR was in 
these new experiments located approximately at the height of the to the skull base and in the for-
aft direction to the auditory duct. Due to this localization of the IAR, the brains were not only 
exposed to loads from rotational acceleration of the brain mass, contact effects due to contact 
between the brain and bony land marks and structural differences within the brain tissue, but also 
exposed to linear acceleration of the brain mass. The latter imposes a contact force along the 
periphery of the brain and an acceleration of the entire brain body.  
 
In general contact injuries are considered to only be focal and localised and it is thought that 
contact between the brain and the skull does not contribute to diffuse injuries of the brain. This 
generalisation was supported by a number of studies. Ommaya and Hirsch (1971) concluded that 
if head rotation were indeed the crucial brain injury mechanism, cerebral concussion should be 
produced at an identical threshold for rotational velocity of the head irrespective of how the head 
rotation was induced. On the other hand, Anderson (2000) found in experiments with a sheep 
model that there was a significant contribution to the brain injury by the local effects of impact, i.e. 
contact phenomena. In those experiments a large number of the animals however suffered from 
skull fractures at the site of contact between the skull and the impact device and there are very 
limited resemblance between that model and the current rat model.  
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Further, Gennarelli et al.’s (1982) suggested that the degree of traumatic unconsciousness and 
the degree of DAI are linked. This finding suggest however that contact forces are of importance 
also in the development of DAI since it has been reported that contact phenomena are important 
components of traumatic unconsciousness (Ommaya and Hirsch 1971). On the other hand, the 
extent of DAI due to an offset between the centre of mass of the brain and the IAR and thereof 
resulting contact force on the brain in the new experiments are most likely limited because the 
duration of the impacts was much greater than the transit times of pressure waves passing 
through the brain. 

4.5 The effects of brain dimensions on scaled injur y threshold for humans 

The injury threshold for rotational injury to the rat brain must be scaled to be used for humans: 
The mass and the inertia of the rat brain is only a fraction o that of humans. Some additional 
differences between rat brains and human brains and possible affect on scaled injury threshold 
for humans are mentioned below. 

- The rat brain geometries is different from that if the human brain and the scaled threshold 
is highly dependent on the used measure (Table 7). 

- The surface of the brain of the rat is not folded as of the humans. Strain concentrations 
will most likely be less common in the rat brain and a consequence of this may be that the 
scaled injury threshold for humans is too low.  

- The cerebellum is located posterior in the rat while located below the cerebrum.  
In order to improve the understanding the effect on scaling laws of these differences between the 
human and the rat, it is recommended to carry out a parametric study on these issues using 
detailed FE-models of the rat brain and hybrid forms of the rat and the human brain. 

4.6 Future studies  

In the near future the following studies are recommended: 
- Extended survival time to asses the level of impairment and asses the correlation 

between pathology and impairment.  
- Determine the localization of axonal injury in the rat brain by the use of MRI to serve as 

evaluation data for future FE-models of the experiments. Compare pathology and MRI 
results.  

- Determine risk of DAI as function peak rotational acceleration, duration and rotational 
velocity to enable the development of a robust criterion for DAI due to head rotation in the 
sagittal plane.  

- Shift the centre of rotational to study the effect of combined linear and rotational 
acceleration.  

- Modify the test rig to also enable flexion head rotational in the sagittal plane to be able to 
develop injury risk curves for flexion induced DAI.  

- Study the secondary effects, ischemia, vasodilatation etc, to improve the understanding, 
diagnosis, and treatment of DAI following head rotational trauma. Possible this type of 
research can reduce the cost to the society and the suffering due to brain injury, not only 
due to traffic related trauma, but due to all types of trauma resulting in DAI. 



APROSYS Project                                                                                       AP-SP51-0045  
 FINAL 

 35/39 

5 Conclusions  
In this study, we report a new model for rapid and controlled rotational acceleration and 
deceleration of the head of adult rats. This model is initially used for characterization of the forces 
that produce DAI. A small metal bracket was tightly glued on the skull of anesthetized adult rats. 
The bracket and head was attached to a rotating bar. During trauma, the bar was impacted by a 
striker that was accelerated by air pressure in a specially designed accelerator. By adjusting the 
air pressure, resulting rotation acceleration between 0.3 and 2.0 Mrad/s2 was achieved. The 
animals were allowed to survive for up to 72 hours after the trauma. The brain was removed and 
placed on dry ice and serum samples were collected. Coronal 14 micron sections from frontal, 
central and occipital regions were cut and incubated with antibodies against � -APP and 
neurofilaments. In other sections the distribution of mRNA for COX-2 were examined with 
synthetic complimentary oligoprobes and in situ hybridization. Confocal images of sections 
incubated with � -APP and neurofilament antibodies and COX2-probes independently suggest 
that animals that are exposed to a rotational acceleration of 1.0 Mrad/s2 for 0.4 ms will develop 
DAI. The scaled representative global head rotational acceleration and duration for humans is 
estimated to be 9 krad/s2 and 4 ms, respectively. 
 
We also conclude that the developed model produces DAI, produces repeatable pathology, can 
be used to study the development, diagnosis and treatment of DAI.  
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