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A closed head trauma induces incompletely characterized temporary movement and deformation of the brain, contributing to the
primary traumatic brain injury. We used the pressure patterns recorded with light-operated miniature sensors in anaesthetized
adult rabbits exposed to a sagittal plane rotational acceleration of the head, lasting 1ms, as a measure of brain deformation.
Two exposure levels were used and scaled to correspond to force levels reported to cause mild and moderate diffuse injury in
an adult man, respectively. Flexion induced transient, strong, extended, and predominantly negative pressures while extension
generated a short positive pressure peak followed by a minor negative peak. Low level flexion caused as strong, extended negative
pressures as did high level extension. Time differences were demonstrated between the deformation of the cerebrum, brainstem,
and cerebellum. Available X-ray and MRI techniques do not have as high time resolution as pressure recordings in demonstrating
complex, sequential compression and stretching of the brain during a trauma.The exposure to flexion caused more protracted and
extensive deformation of the brain than extension, in agreement with a published histopathological report. The severity and extent
of the brain deformation generated at a head trauma thus related to the direction at equal force.

1. Introduction

A closed head trauma may result in traumatic brain injury
(TBI), and its consequences constitute a large burden for the
victims, their families, and the society [1–5]. The relation
between the external loading of the head and the response
in the brain, resulting in damage, during an impact lasting
just milliseconds needs further clarification. Inertial shearing
deformation of the brain is considered to be a primary cause
of injury [6–14] and generates temporary pressures in the
brain parenchyma, as demonstrated in, for example, post-
mortem human subjects and in nonhuman primates [15–17].
Anderson et al. [18] reported correlations between applied
force, dynamic pressures, and histopathological changes at
a lateral head impact. The forces applied at a closed head
impulse have been proposed to possibly induce cavitation at
interfaces [19–23].

The aim of the present study was to elucidate the impor-
tance of the direction of a sagittal plane rotational accel-
eration trauma to the head and neck for the deformation
of the brain, which thereby induces brain concussion, also
named mild traumatic brain injury (TBI) [10, 12–14, 17]. We
consider that the direction of the force at a head trauma is
likely to influence the resulting primary brain damage, which
is generated during as short time as just a few milliseconds
[6, 7, 24–27]. Pudenz and Shelden [28] were the first to
demonstrate that at a trauma the brainmoves within the skull
and is deformed, as subsequently repeatedly confirmed [6, 7,
10, 11, 29, 30]. A number of approaches have been reported
to further characterize the movement and deformation of
the brain at the exposure to a trauma by, for example, high
speed photography of the brain through a window in the
calvarium, the use of flash X-ray of implanted lead particles,
or advanced biplanar X-ray system combinedwith embedded
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Table 1: Number of animals, exposures and results.

Impact condition, number
of animals1

Acceleration (krad/s2) Location of transducer Animals, 𝑛 Tests, 𝑛 Peak Pressure (bar)
Mean Std. dev.4 𝑛

2 Mean4 Std. dev.4

High Flexion3

𝑛 = 4

208,0 n.a. 1 Brainstem 1 1 −0,47 n.a.
Basal ganglia 1 1 n.a n.a.

Low Flexion
𝑛 = 8

96,3 15,0 52

Brainstem 7 48 −0,38 0,20
Basal ganglia 6 30 −0,49 0,16
Paraflocculus 1 3 −0,20 0,05
Cerebellum 1 1 −0,15 n.a

Angled in Basal ganglia 1 12 — —

High Extension
𝑛 = 10

−184,5 14,5 20

Brainstem 3 6 0,29 0,10
Basal ganglia 4 8 0,34 0,18
Hippocampus 6 13 0,62 0,24

Parieto-temporal cortex 5 12 0,48 0,34

Low Extension
𝑛 = 12

−95,0 6,6 37

Brainstem 4 8 0,51 0,15
Basal ganglia 4 18 0,30 0,16
Hippocampus 8 24 0,25 0,14

Parieto-temporal cortex 8 23 0,33 0,19
1The total number of animals exposed to sagittal rotational acceleration impulses was 24. Three animals were exposed to a single high level flexion tests, one
animal was exposed to multiple low and high level flexion tests and four animals were exposed to multiple low level flexion tests. Three animals were exposed
to multiple low level extension tests, six animals were exposed to multiple low and high level extension tests, three animals were exposed to a single high level
extension test and one animal was exposed tomultiple high level extension tests. Finally, three animals were exposed tomultiple low level flexion and extension
tests.
2The total number of experiments that provided useful data was 110.
3The three animals that were exposed to a single high level flexion tests did not provide peak pressure data. All transducers installed bottomed out; the
underpressure was as least in the range of −0.45 bar. As such these test confirm the data provided by the single test that provided brainstem pressure data.
4n.a.: not available.

neutral-density particles as well as with the aid of MRI
[6, 7, 11, 13, 28–32]. Finite element analyses indicate that
head impacts induce complex displacement and deformation
resulting in compression and strain in the brain [12, 23,
33]. We have used a different approach to elucidate what
happens in the brain parenchyma during the very short time,
usually in the order of milliseconds, when a sagittal plane
closed head rotational acceleration impulse forces the brain
to transiently move and be deformed, thereby contributing
to the primary brain injury [34, 35]. High speed recordings
of the pressures generated by the mechanical events taking
place in the brain parenchyma at a head andneck traumawere
used by utilizing sensitive and flexible miniature pressure
sensors, operated by light, and enabling high sampling rate
and resolution. At neck flexion, the brain and spinal cord
will initially be stretched and then after a short lag, perhaps
including oscillations, regain the position in the skull and
spine. In contrast, at extension of the neck, the frontal and
temporal brain lobes especially will be compressed, and
the brainstem, the cerebellum, and the spinal cord are as
well affected. Another goal was to investigate whether the
inertial displacement and deformation of the brain and spinal
cord in an intact cranium and vertebral column, lasting just
milliseconds, generated complex pressure patterns differing
for flexion versus extension. Further, we aimed to elucidate
if differences could be demonstrated between the cerebrum,
brainstem, and cerebellum as judged from the recorded
pressure patterns.

2. Materials and Methods

2.1. Ethical Considerations. The experiments were approved
by the Regional Animal Experiments Ethics Committee
and performed in accordance with Swedish and European
Union guidelines (Directive 2010/63/EU). Care was taken to
minimize the number of animals and their suffering.

2.2. Test Procedure. Two sagittal rotational acceleration rates
were used at flexion, 96.3±15.0 krad⋅s−2 and 208 krad⋅s−2, and
at extension, −95.0 ± 6.6 krad⋅s−2 and −184.5 ± 14.5 krad⋅s−2,
termed low level and high level, respectively (Table 1). These
exposure conditions were scaled to match peak accelerations
in an adult man, as previously described in detail [34–36].
The high acceleration level for a rabbit corresponded for an
adult man to 11 krad⋅s−2, considered sufficient to induce a
moderate TBI [25, 37].The low exposure level was equivalent
to 6 krad⋅s−2 for an adult man, likely to cause a mild TBI, and
of the same magnitude as the calculated average rotational
acceleration of the head of professional American football
players at concussions. Each animal was repeatedly exposed
to either flexion or extension, or both, at low and high
acceleration levels (Table 1). Data from previously reported
extension experiments were included for comparison [34].

2.3. Animals and Exposure System. Adult New Zealand
albino rabbits (2.3–3 kg) were kept anaesthetized throughout
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Figure 1: The model system. The setup is shown with an anaes-
thetized rabbit in position for exposure to a closed head sagittal
rotational acceleration.The arrow points to the glass fiber reinforced
plastic helmet, glued to the cranium. A piston, attached to a
pneumatic cylinder and driven by compressed air, was used to
deliver the force to themoving (golden) arc to which the rabbit head
was attached, as was an accelerometer.

the experiment by injections of Dormicum (Roche) and
Hypnorm (Janssen). A helmet of glass fiber reinforced epoxy
plastic was glued to the exposed calvarium, providing a
broad-based, firm attachment between the rabbit head and
a bar, which rotated around a horizontal axis at exposure
(Figure 1) [34]. The animals were not restrained except for
the attachment of the head.The position of the anaesthetized
animals at flexion and extension in the exposure equipment
only differedwith regard to the orientation of the longitudinal
axis [35]. The angular displacement of the head was for both
flexion and extension set to 21∘, based on pilot experiments,
to limit mechanical deformation of the cervical spinal cord
and the brainstem. The center of rotation was approximated
to the center-of-gravity of the head, located inferior to the
brain, and close to the pituitary [36] to minimize the risk for
spinal cord damage. The bar, when struck by a piston driven
by compressed air, forced the head to rotate in sagittal plane
while the acceleration was recorded [35, 36].

Further, 3 animals were sham-exposed and 4 näıve
controls used for comparison. In all, 42 animals were used
in the present study.

2.4. Pressure Recording System. Pressures generated by the
brain deformation were recorded with a fiber optical minia-
turized pressure transducer (FOPT), connected to a control
unit (Samba 3200; Samba Sensors AB, Sweden; Figure 2)
and a computer. The FOPT was inserted in a 0.9mm (outer
diameter) polytetrafluoroethylene (PTFE) tube to protect
the sensor from direct mechanical influence by the brain
tissue. The pressure range was −0.8 to 5.5 bars, relative to
the continuously recorded ambient atmospheric air pressure,
and the average resolution 0.008 bar. Two pressure sensors
were used concomitantly and supplied an analogue signal
updated at 15 kHz (filtered signal) and were acquired with
the acceleration signal with a DataBRICK system (GMH
Eng. Inc., Orem, UT, USA) at 12.8 kHz. No filters were
applied to these signals to facilitate proper resolution in

time. Aliasing was avoided for the pressure recordings as the
oscillation frequency provided by the Samba unit was lower
than the sampling frequency.The recorded accelerationswere
identical with an antialiasing filter set at 2500Hz as compared
to those without. System performance was checked prior
to each test. The factory calibrated pressure sensors were
additionally calibrated prior to and after use by immersion
in a water-filled glass cylinder. Care was taken to keep the
sensors clean.

2.5. Implantation of Pressure Transducers and Assessment of
Structural Brain Injury. TwoFOPTs, enclosed by PTFE tubes,
were during each experiment inserted perpendicular to the
rotation direction in the brain parenchyma through tightly
fitting holes drilled in the skull [34]. The anterior FOPT,
designated the parietotemporal one, was inserted through the
parietal bone (8mm lateral to the midline; 6mm posterior
to the bregma) and directed coronally toward the basal
ganglia [38]. The posterior FOPT, named the occipital one,
was positioned ipsilaterally through the occipital bone 6mm
behind the first one and directed towards the brainstem.
The sensing tips were positioned 6–16mm below the dura
mater. Great care was taken to ensure that the sensors were
positioned at the same locations during flexion as extension.
TheFOPTswere not sealed to the skull, except in one low level
flexion experiment in which they were secured to the bone
by dental glue. The FOPT cables were kept perpendicular to
the rotation plane of the head. The FOPTs were in one set
of experiments inserted at a 45-degree angle relative to the
plane of rotation and thereby positioned close to each other,
one angled rearward and the other angled forward. In other
experiments, the two transducers were inserted in opposite
brain hemisphere with the sensors facing each other. Holes
were further drilled for recordings in the cerebellum.

Additional animals (Table 1; 𝑛 = 6) were exposed to
a low level sagittal rotational acceleration flexion impulse
to investigate the function of the blood-brain barrier (BBB)
15min after an intravenous injection of the marker Evans
blue (1% in buffered saline; 1mL/kg b.w.) as the BBB is
considered to remain essentially intact at a mild TBI. One
h later, the animal was fixed by transcardial perfusion with
buffered formalin after an initial rinsing with buffered saline.
The brains were inspected macroscopically for extravasation
of the dye-protein complex and thin sections prepared for
fluorescence microscopy and examined for BBB dysfunction.
Further animals (𝑛 = 5) had a single low level flexion expo-
sure prior to fixation by transcardial perfusion to elucidate
effects on blood vessels in the subarachnoid and Virchow-
Robin spaces. Sham-exposed (𝑛 = 3) and näıve control
animals (𝑛 = 4) were investigated as well (Table 1).

All animals were at the end of the experiments euthanized
by overdose of Dormicum and Hypnorm. The FOPT tracks
were inspected visually and with an operating microscope.
The position of the sensor was thereby checked and named
according to a rabbit brain atlas [38].

2.6. Analysis of Pressure Recordings. Differences in peak pres-
sures (positive peak pressures recorded in extension trauma
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Figure 2: Effects on brain by exposures. A rabbit brain after a single exposure to a low level sagittal flexion closed head rotational acceleration
(A). There are small hemorrhages in the leptomeninges and on the dorsal surface of the medulla and uppermost cervical cord (marked I).
The track after a FOPT used in this special exposure indicated by an arrowhead. Paraflocculus (Pf) and the olfactory bulbs (OB) marked.The
brain has no signs of contusion or distortion. (B) shows that there was no blood-brain barrier dysfunction but in the olfactory bulbs (OB),
as revealed by Evans blue staining after a low level flexion exposure. The arrowhead points to a stained segment of the basilar artery. Note
the staining along the vessels in the subarachnoid spaces. (C) shows the design of a FOPT, resting on a fingertip. The sensor is to the left at
the tip of the glass fiber conducting LED light. Note the small dimensions and the absence of mechanical parts and electric leads. (D) Light
micrograph of a stained section of brain parenchyma with a tiny hole (∗) constituting the track formed by a FOPT after two exposures to a
high level extension. Blood vessel marked Bv.

and negative peak pressure recorded in flexion trauma)
between flexion and extension trauma for measurements in
one region of the brain and between different measurement
sites for different trauma levels were analysed using a one-way
analysis of variance (ANOVA) blocked by sample and a post
hoc test at a 5% significance level. All differences analysed
with aforementioned statisticalmethodswere assessed for the
first peak; the second peak that appeared in some extension
tests was neglected.

3. Results

3.1.MacroscopicallyVisible Injuries. Rabbits exposed to either
a low level flexion or low or high level extension sagittal
rotational acceleration, closed head impulse had no skeletal
fractures or dislocations; all breathed spontaneously and
none had any apnea (all survived). In contrast, all rabbits
exposed to a high level flexion suffered lasting apnea and
died at the exposure but had neither any skeletal fractures or
dislocations nor any deformation of the head and neck. The
carotids and their main branches and the vertebral arteries
were inspected and found to be intact in all exposed animals.
Sham-exposed animals were unaffected as were the näıve
controls.

Autopsy of three rabbits that succumbed at the exposure
to a single high level flexion disclosed scattered parenchymal
and extensive meningeal hemorrhages, extending to the
cervical spinal cord, but no skeletal fractures, contusions,
lacerations, or torn structures. In contrast, animals exposed
to a low level flexion rarely showed rupture of cerebral cortical
veins, thin hemorrhages in the leptomeninges and along
Virchow-Robins spaces, and leptomeningeal hemorrhages
at the transition between the cervical spinal cord and the

brainstem (Figure 2 A). No focal injuries or hemorrhages
were demonstrable in the brain parenchyma, not even under-
lying the helmet or at the countercoup position. The C1
and occasionally the C2 dorsal roots were teased but never
ruptured. The spinal cord appeared macroscopically intact.
The olfactory bulbs were partly detached from the cribriform
plates and petechiae recognized. The BBB was as expected
at a mild TBI intact except for regarding the olfactory bulbs
(Figure 2 B).However, the leptomeninges looked slightly blue
as did parts of the basilar artery and some leptomeningeal
vessels, most evidently in the subarachnoid and Virchow-
Robins spaces, indicating slight dysfunction of the vascular
barriers but without prevalence of hemorrhages ormeningeal
ruptures.

Brains from rabbits exposed to a closed head extension
trauma at either low or high level looked at autopsy like
those from sham-exposed animals and näıve controls, that is,
macroscopically uninjured.

Small hemorrhages were observed in immediate connec-
tion to and along the tracks formed by the FOPTs, especially
after multiple runs (C and D in Figure 2).

3.2. Pressure Measurements at Head Flexion. At a low
level flexion rotational acceleration, negative pressures (also
named underpressures in this report and related to ambient
air pressure) dominated (Figures 3(a) and 3(b); Table 1). The
acceleration recordings are shown in Figures 3(a) and 3(c).
The posterior FOPT, positioned in the upper brainstem,
showed an initial deep pressure drop lasting approximately
2ms, sometimes followed by a transient positive pressure
(also named overpressure and related to ambient air pres-
sure). The anterior FOPT, positioned in the basal ganglia,
similarly disclosed an initial pressure drop lasting about 2ms
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Figure 3: Continued.
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Figure 3: Sagittal closed head rotational acceleration and pressure recordings in indicated regions of the brain during low and high level
flexion ((a)–(d)) and extension ((e)–(j)), respectively. The recorded sagittal rotational acceleration rate is indicated by the black dashed line
and the scale to the right in (a), (c), (e), and (h). (a) and (b) demonstrate that a low level flexion initially induced a strong underpressure,
followed by slight overpressure. (c) and (d) show the strong pressures recorded at a high level flexion. Extension at a low level ((e)–(g))
generated initially overpressure followed by underpressure, thus strikingly differing from the pressure patterns induced by flexion at the same
level ((a) and (b)). Pressure patterns at high level extensions are presented in (h)–(j).Three experiments were performed in 3 different animals,
except for high level flexion. The largest change in peak pressures, the least change in pressure, and representative pressure time histories are
presented. See Figure 8 for statistical analyses.

and then ambient pressure, sometimes after a transient, slight
overpressure.

All animals exposed to a high level flexion sagittal rota-
tional acceleration impulse died at the exposure. The pres-
sures mostly exceeded the sensors measuring range (Figures
3(c) and 3(d); Table 1).

Consecutive low level flexion exposures in the same
animal showed acceptable pressure repeatability (Figures
4(a)–4(d)).The recorded negative peak pressure varied when

all tests were studied (Figures 3 and 4), but the pressure
patterns were similar, indicating reproducibility.

Implantation of two pressure sensors just a few mm apart
at the same depth in the brain parenchyma resulted in small
differences in the pressure patterns.

A sensor in the paraflocculus of the cerebellum disclosed
that a low level flexion induced positive and negative pressure
peaks divergent from those concomitantly recorded by a
second sensor in the brainstem (Figures 5(a) and 5(b)).
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Figure 4: Repeated pressure recordings in animal number 12 ((a), (b)) and animal number 17 ((c), (d)) with sensors kept at the same
locations in the brain parenchyma throughout a series of repeated consecutive low level sagittal plane flexion rotational acceleration exposures.
Recordings from the basal ganglia (left) and the brainstem (BS; right). Close to the same pressure, patterns are recorded, but larger amplitudes
are obtained at the first exposures. See Figure 8 for statistical analyses.

An initial positive peak was recorded by the paraflocculus
sensor and followed by a negative peak. There was ∼0.5ms
time difference between the two sensors as the pressure
changes occurred later in the paraflocculus than in the brain-
stem (Figure 5(a)). A sensor deep in the cerebellum recorded
at a low level flexion a pressure pattern similar to that in
paraflocculus (Figure 5(b)). A time delay was consistently
demonstrable between the pressures in the different parts of
the cerebellum as compared to those in the cerebrum and
brainstem.

3.3. Pressure Measurements at Head Extension. At low level
extension, an initial positive pressure peak was followed by
a brief negative one (Figures 3(e)–3(j)). The accelerometer
readings are shown in Figures 3(e) and 3(h).These recordings
were similar to those previously reported [34]. For a high level
extension, the pressure dropwasmore prominent in the basal
ganglia as compared to that in the rostral brainstem (Figures
3(f), 3(g), and 5(c)).

A sensor inserted in the border between the pons and
medulla oblongata, that is, in caudal parts of the brainstem, at
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Figure 5: Two consecutive pressure recordings in the same animal at two locations, brainstem (BS) and paraflocculus cerebelli (a), and a
subsequent one with one sensor in the brainstem and the second one deep in the cerebellum (b) at a low level sagittal plane flexion rotational
acceleration. Note the difference in time between the appearance of pressure changes in the brainstem and in the cerebellum. A high level
sagittal extension trauma (c) induced strong pressure amplitudes, initially overpressure followed by underpressure, with one sensor positioned
in deep in the caudate head (basal ganglia) and the other one in the pons portion of the brainstem. The sensor in the brainstem indicates
extended, persistent underpressure due to extensive deformation.

a high level extension closed head exposure recorded a strong
overpressure followed by underpressure, while the anterior
FOPT, placed in the basal ganglia, revealed an even stronger
pressure drop (Figure 5(c)). The pons sensor recorded a
sustained negative pressure for a prolonged time as compared
with the sensor in the caudate head of the basal ganglia
(Figure 5(c)).

3.4. Pressure Measurements to Elucidate the Importance
of Direction and Anchoring of the Sensors. Two sensors,
implanted in mirror positions in either brain hemisphere,

revealed similar pressure patterns at both flexion and exten-
sion rotational accelerations (Figures 6(a) and 6(b)) with
small differences, likely due to variations in sensor positions.

Attaching the PTFE tube to the skull bone with glue had
nomeasureable effects on the pressure recordings at exposure
to low level flexion, in concordance with our previous report
on extension [34].

The insertion of the sensors in deep brain structures at
an angle of approximately 45 degrees relative to the plane
of rotation, with the anterior FOPT angled in a posterior
direction and the posterior one angled anteriorly, had little or
no effect on the recorded pressures (Figures 7(a) and 7(b)).



Advances in Neuroscience 9

0 2 4 6 8 10

Flexion, brainstem right and left

LF19-1-left BS
LF19-1-right BS

Time (ms)

Pr
es

su
re

 (b
ar

)
0.2

0

−0.2

−0.4

−0.6

(a)

0.4

0.2

0

−0.2

−0.4

0 2 4 6 8 10

Extension, basal ganglia right and left

LE21-4-left basal ganglia
LE21-4-right basal ganglia

Time (ms)

Pr
es

su
re

 (b
ar

)

(b)

Figure 6: Two FOPTs in opposite brain hemispheres from the right and the left side, facing each other, recorded the pressure in the left
or right side of the brainstem (BS) at a low level flexion (a) and basal ganglia at a low level extension (b). Similar pressure recordings were
obtained for both the brainstem and the basal ganglia, respectively, at either exposure direction. The variations reflect minor differences in
sensor positions.
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Figure 7: Repeated recordings at a low level sagittal flexion closed head rotational acceleration with the sensors in basal ganglia. One FOPT
was inserted through the hole in the parietotemporal bone and directed at an angle of 45∘ rearward (a), while the one through the occipital
bone was directed at an angle of 45∘ forward (b). Thereby the sensor tips were positioned only a few mm apart during the exposure. Similar
pressure patterns were obtained whether the sensor was aligned against or along the direction of the sagittal rotational acceleration. The
sensors are thus likely to record dynamic pressures generated in the brain parenchyma at the exposure. No obvious indication suggesting that
the pressures were related to movements of the FOPTs in the brain tissue.

3.5. Assessment of Structural Brain Injury Caused by the
Two FOPTs and by the Exposure. The tracks formed by
the FOPTs were traced visually and by light microscopy to
map the positions of the transducers. Light microscopy of
stained brain sections disclosed that a FOPT track generated
a collapsed channel (Figure 2 D). Hemorrhages and tissue
contusions were rarely observed after a single exposure but

after multiple exposures and when the FOPT position was
changed.

In a published report, we have characterized the histo-
pathological changes demonstrable in exposed animals sur-
viving one week after an exposure to sagittal plane rota-
tional acceleration impulse as described above. Diffuse brain
injuries were demonstrable in the brains of rabbits exposed
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to a sagittal plane low level flexion rotational acceleration
impulse as could be shown for animals exposed to high
or low level extension [35]. The animals exposed to a high
level flexion suffered brain contusions and none survived,
and therefore no corresponding histopathological data are
available. These histopathological investigations on animals
exposed to a low level flexion and a high or low level extension
thus demonstrate that the used exposure levels are to be
considered causing mild TBI according to commonly used
criteria [10, 18, 20, 22, 39].

3.6. Statistical Analysis of the Results. The statistical analysis
of the achieved results is presented in Figure 8.

4. Discussion

A major result was that strikingly differing pressure patterns
were generated in the brain depending on the direction of
movement of a head at a sagittal closed head rotational
acceleration impulse and equal force lasting close to 1ms
[Figure 8]. Flexion resulted in pressures with longer duration
and larger amplitudes than did extension. A low level flexion
induced prominent negative, prolonged pressures in contrast
to extension, which resulted in a short positive pressure
peak followed by a small negative one (Figure 3). Pudenz
and Shelden [28] reported that the brain moves and may be
deformed at a closed head trauma, as subsequently repeatedly
confirmed [6, 7, 10, 17, 29, 30]. The recorded pressures
were generated by deformation of the brain and spinal
cord on exposure to a sagittal plane rotational acceleration.
The pressure pattern and its duration constitute a measure
of the inertial twisting and strain at the deformation of
the brain. We conclude that flexion caused more extensive
mechanical trauma to the brain than did extension at the
same force, in agreement with what has previously been
demonstrated histopathologically [35]. At a low level flexion,
there were macroscopically no visible hemorrhages, contu-
sions, or tearing of the brain parenchyma and spinal cord,
but histopathologically demonstrable diffuse brain injuries
[35]. Consistent findings were mechanical damage to the
olfactory bulbs, hemorrhages in the leptomeninges and along
the Virchow-Robins space, and deformation of the C1/C2
nerve roots (Figures 1 and 2). The exposure to flexion thus
likely overstretched the brain and spinal cord. Unexpectedly,
we did not observe any apnoea, considered a sensitivemarker
of brainstem damage, except at a high level flexion. The
paraflocculus, which in rabbits is largely enclosed by bone,
showed the same pressure pattern as deep central parts of
the cerebellum (Figure 5).The cerebellumwas histopatholog-
ically damaged but less than the olfactory bulbs [35], which in
parts detached from their normal anchoring to the cribriform
plates. Extension, similarly limited to 21∘, likely compressed
the brain but caused no macroscopic signs of damage [34,
35]. The prevalence, distribution, and severity of brain and
spinal injuries are known from other types of exposures to
be direction dependent [6, 7, 9, 10, 15, 24, 27]. Our published
histopathological investigations have disclosed that flexion
caused much more extensive damage than did extension
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Figure 8: The ANOVA of the pressure data provided the following
results: for pressure measurements in the brainstem: low flexion
was significantly different from low extension. Pressure in the
brainstem was not significantly different between low and high
extension. For pressure measurements in the basal ganglia: low
flexion was significantly different from low extension. Pressure in
the basal ganglia was not significantly different between low and
high extension. For pressure measurements in the hippocampus:
low extension was significantly different from high extension. For
pressuremeasurements in the parietotemporal cortex: low extension
was not significantly different from high extension. For pressure
measurements in low extension trauma: only the peak pressure in
the hippocampus was significantly different from the peak pressure
in the brainstem. All other combinations of pressure recordings
in the brainstem, basal ganglia, hippocampus, and parietotemporal
cortex were found not to be significantly different from each
other when exposed to a low extension trauma. For pressure
measurements in high extension trauma: only the peak pressure in
the hippocampus was significantly different from the peak pressure
in the brainstem and basal ganglia. All other combinations of
pressure recordings in the brainstem, basal ganglia, hippocampus,
and parietotemporal cortex were found not significantly different
from each other when exposed to a high extension trauma. For
pressure measurements in low flexion trauma: peak pressures in
the brainstem and basal ganglia regions were found not to be
significantly different from each other.

at the same force [35]. It must however be stressed that
in either case the diffuse brain injury demonstrated must
be classified as fulfilling the criteria for being mild TBI as
there was no evidence indicating any contusion, tearing, or
parenchymal hemorrhages. We conclude that the increased
magnitude and duration of the recorded transient pressures
at flexion as compared to extension movements in the
brain parenchyma correlated with the macroscopically and
histopathologically more extensive brain damage [35]. Case
reports in the forensic medicine indicate that flexion may
be more deleterious than extension also to human subjects,
but to our knowledge no systematic investigation is available
[20, 22].

Our presented results elucidated the importance of rapid,
transient vibrations and movements of a head at impact for
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the severity of the resulting brain damage. In our initial
experiments [36], the force delivering helmet was attached
to the cranium with individually glued titanium pins, which
enabled movements of the cranium and thus of the head as
less than 40% of the calvaria was anchored to the helmet. In
contrast, in the present experiments, the entire calvaria was
firmly attached with glue to a fitting helmet [34], restricting
headmovements. Further, the glue formed a continuous layer
firmly bridging the calvarial bone and the shaped helmet
of glass fiber reinforced epoxy, thereby minimizing any
mechanical deformation of the skull. The head movements
allowed by our previous system strikingly increased the
severity of the damage as reflected by, for example, brain
hemorrhages, widespread diffuse brain injury, elevated levels
of excitotoxic amino acids, and extensive gliosis [36, 40, 41].
At simulated traffic accidents, brain damagemay be avoided if
head and neck movements are limited [14]. We conclude that
restricting the headmovements and deformation of the skull,
as done in the present study, reduced the extent and severity
of the induced TBI [35], in agreement with considerations in
clinical and experimental reports [14, 20, 22, 28, 42].

We asked whether the recorded transitory pressure
changes at a rotational acceleration, closed head impulse
could add to the injury in the anisotropic brain. Support
is gained from studies based on finite element modeling
and blast-induced TBI at pressures of similar magnitude and
duration [19, 43–47]. Distant high energy missile hind leg
impact to animals induces positive and negative pressure
waves in the brain aswell as histopathologically demonstrable
brain damage [48]. Pressure waves of similar magnitude and
duration are injurious to cultured neurons [49]. Detailed
mapping of the deformation and pressure patterns at a sagittal
rotational acceleration is required to derive firm statements
about whether the induced pressure waves per se added to
the diffuse brain injury.

The brain lacks conventional lymphatics [50–54]. Instead,
the cerebrospinal fluid (CSF) and the interstitial (extra-
cellular) fluid (ISF) are drained along paravascular path-
ways and nerves. It is essential for the brain to have a
proper turnover of fluid, nutrients, and waste products. A
main pathway for the ISF flow constitutes the Virchow-
Robin space (VRS) and further along brain blood vessels,
draining fluid eventually to, for example, cervical lymph
nodes. A closed head sagittal rotational acceleration trauma
as in the present study resulted in mechanical displace-
ment and deformation of the brain, including blood ves-
sels and meninges, which may impair the blood flow and
the traffic of CSF and ISF. Rabbits exposed to a flexion
impulse had hemorrhages preferentially localized perivas-
cularly in the subarachnoid space (A and B in Figure 2)
and along the VRS. Histopathological investigation of
exposed, surviving animals disclosed posttraumatic reactive
gliosis along cortical arteries in the VRS [35]. In our opinion,
a closed head trauma not only deforms the brain but in
addition may impair the trafficking of fluid, metabolites, and
waste products by paravascular routes, adding to the primary
brain injury.

One limitation is that the achieved results are not readily
applicable to humans, whose neuraxis has a sharp angle

between the main part of the brain and the spinal cord while
the neuraxis in rabbits is slightly S-shaped, as judged by
the position at the exposures in the present study. Further,
the human cerebrum is gyrencephalic, having distinct sulci
and gyri, while the rabbit brain is lissencephalic, that is,
smooth surfaced, likely to influence the outcome [51, 55].
However, the cerebellum both in humans and in animals has
an elaborated system of fissures and folia which are injured
more often than generally anticipated both in humans and in
animals [22, 30, 35, 39].

5. Conclusions

Our approach to use the dynamic pressure patterns at a sagit-
tal plane rotational acceleration trauma enables evaluation
of the induced deformation of the brain. The information
achieved with our approach supplements other available
methods in assessing the movements and structural alter-
ations going on in the brain at the exposure to a closed
head trauma at a very high time resolution. Further, we
could demonstrate the prevalence of time differences in
displacement and deformation of different parts of the brain,
as were revealed by the timing of the pressure patterns. We
further conclude that a closed head sagittal flexion rotational
acceleration impulse caused more extensive deformation of
the brain and spinal cord than extension, generating stronger
pressures of longer duration and aggravation of the induced
TBI. Different parts of the brain are displaced and deformed
in a noncoherent manner, which likely explain differences in
extent of the resulting TBI. The events in the leptomeninges
and Virchow-Robin spaces deserve elucidation with regard
to likely importance for the generation of primary and
secondary brain damages.
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