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ABSTRACT – Finite element models are increasingly important in understanding head injury mechanisms and designing new 
injury prevention equipment.  Although boundary conditions strongly influence model responses, only limited quantitative data 
are available.  While experimental studies revealed some motion between brain and skull, little data exists regarding the base of
the skull.  Using magnetic resonance images (MRI) of the caudal brain regions, we measured in vivo, quasi-static angular 
displacement of the cerebellum (CB) and brainstem (BS) relative to skull, and axial displacement of BS at the foramen magnum 
in supine human subjects (N=5).  Images were obtained in flexion (7º – 54º) and neutral postures using SPAMM tagging 
technique (N=47 pairs).  Rigid body skull rotation angle from neutral posture ( , degrees) was determined by extracting the edge 
feature points of the skull, and rotating and displacing the coordinates in one image until they matched those in the other.  Tissue 
rotation was obtained by comparing tag lines in image pairs before and after flexion, and the motion of BS and CB were 
expressed relative to skull rotation and displacement.  During flexion, the CB rotated in the flexion direction, exceeding the skull 
rotation, but relative BS rotations were negligible.  Meanwhile, the BS moved caudally toward the foramen magnum.  With a 
flexion angle of 54º, the 95% confidence interval for the relative CB rotation was 2.7º – 4.3º, and 0.8 – 1.6mm for the relative BS 
axial displacement.  Albeit quasi-static, this study provides important data that can be implemented to create more life-like 
boundary conditions in human finite element models. 
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__________________________________ 

INTRODUCTION 

Finite element models have an increasingly important 
role in understanding mechanisms of head injury and 
in designing new injury prevention equipment, 
whereby predictions of intracranial stresses and 
strains are used to evaluate injury potential.  
Boundary conditions may influence finite element 
model responses, but only limited experimental data 
are available.  Thus the interface condition between 
skull and brain in finite element models has been 
estimated variously as either a tied, no slip, slip with 
friction, or pure slip boundary between brain and 
skull (Ueno et al. 1989 and 1995; Lighthall et al., 
1989; DiMasi et al., 1991 and 1995; Bandak et al., 
1994 and 1995; Chu et al., 1994; Ruan et al., 1994; 
Miller et al., 1998; Al-Bsharat et al., 1999; Zhang et 
al., 2001; Takhounts et al., 2003).  The relative 
influence of this contact formulation between the 
skull and brain on the model response of the brain 

has been explored using parametric simulations 
(Bankdak and Eppinger, 1994; Miller et al., 1998; 
Cheng et al., 1990; DiMasi et al., 1991; Kuijpers et 
al., 1995, Claessens, 1997, Kleiven et al. 2002).   

Kuijpers et al., (1995) investigated the influence of 
different boundary conditions on the response of head 
impact in 2D models and concluded that both coup 
and contrecoup pressures are much more sensitive to 
the brain-skull boundary condition, than to the 
presence or absence of a force-free foramen magnum.  
Also Miller et al. (1998) compared tied and frictional 
sliding boundary conditions, and found that allowing 
a sliding boundary with a friction coefficient of 0.2 
produces the best agreement with maximum principal 
strain, von Mises stress, and pressure responses found 
in experimental injury data.   
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Kleiven et al. (2002) applied a sliding contact 
boundary condition to model the meningeal-brain 
interface and compared three different sliding contact 
approaches: a tied interface, a sliding interface with 
separation, and a sliding interface without separation.  
They concluded that pressure response is sensitive to 
the type of brain-skull interface and that the tied 
interface provides the best correlation with cadaver 
intracranial marker experiments.  All of the 
parametric studies concluded that the interface 
condition between the skull and brain plays an 
important role in the model response to an applied 
load.   

Only a few numerical simulations included an 
analysis of the brain-skull interface at the foramen 
magnum.  This boundary condition was usually 
modeled variously too, either as free nodes or tied 
nodes (Trosseille et al. 1992; Ueno et al., 1989; 
Lighthall et al., 1989; Chu et al. 1994; Bandak and 
Eppinger, 1994).  Only Chu et al. (1994), compared 
the models with or without the foramen magnum 
under the no-slip boundary condition for the 
remainder, and found no significant difference 
between the models when comparing the computed 
pressures in the frontal and occipital lobes.   This is 
in agreement with the findings from the parametric 
study by Kuijpers et al., (1995).  Bandak and 
Eppinger (1994) proposed a fluid flow approach to 
model the foramen magnum interface, potentially 
allowing a frictional interface to be modeled.  While 
this boundary may have little effect on the cerebral 
mechanical response, it has a strong influence on the 
response of the brainstem.  Because the brainstem 
contains centers critical for respiration and heart rate 
and consciousness, this communication focuses on 
the paucity of information regarding brainstem 
motion. 

It is clear that in order to have an accurate finite 
element model to predict impact response in the 
region of interest, an accurate understanding of the 
local brain-skull boundary condition is needed.  The 
study of relative motion between the skull and brain 
at the vertex of the skull began nearly 60 years ago, 
when a transparent calvarium was used to directly 
observe relative distortions between the brain and 
skull of the nonhuman primate during impact 
(Sheldon (1944), Pudenz and Sheldon (1946), and 
Gosch (1970)).   

Using a high-speed flash x-ray cinematograph system 
to track the motion of blood vessels filled with 
contrast media media during a blunt head impact of 
anesthetized primates, Shatsky et al. (1974) found 
that the maximum displacement of the anterior 

cerebral artery was about 2.2 ± 0.6mm (p<0.005).  
However, their study was limited to observations of 
major vessels. 

Stalnaker et al. (1977) conducted a series of head 
impacts on fifteen unembalmed human cadavers with 
implanted lead pellets using a three-dimensional x-
ray technique.  They observed excessive brain motion 
during impact in cadavers studied more than four 
days after death, suggesting the importance of post-
mortem degradation on the materials properties of 
tissue. 

Nusholtz et al. (1984) examined head impact in live 
anesthetized and post-mortem Rhesus monkeys as 
well as in repressurized cadavers using high-speed x-
ray.  A neutral density radio-opaque gel was injected 
into the brain to determine its motion during impact.  
Although no relative motion was detected between 
the brain and skull, qualitative differential motion of 
different parts of the brain was observed.  

Hardy et al. designed and implemented a system 
using neutral density accelerometers (1997) and 
targets (2001) to measure brain motion in cadavers 
via a high-speed biplanar x-ray system.  Cadaveric 
heads were perfused and inverted to minimize 
entrapped gasses in the cranium.  In low severity 
impact tests, the peak relative displacement of the 
brain with respect to the skull was on the order of 5 
mm at deep as well as subcortical locations.  Using a 
finite element model under the same impact loading 
conditions, a small relative motion (less than 1mm) at 
the interface was predicted (Kleiven and Hardy, 
2002). However, experimental data from the Hardy 
study did not indicate whether or not sliding between 
the brain and skull exists.   

In a similar manner as Shatsky (1974), Hodgson et al. 
(1966) and Gurdjian et al. (1968) used flash x-ray to 
visualize skull deformation and brain displacement in 
anesthetized dogs, Rhesus monkeys and human 
cadavers during impact.  Using intravascular contrast 
media and implanted lead markers, they qualitatively 
found that the brainstem moved toward the foramen 
magnum and spinal canal during a mid-occipital 
impact.  In these studies, however, the effect of these 
relatively dense lead markers on the observed brain 
displacement is unknown.  Regardless, this study was 
one of the few to investigate the foramen magnum 
region. 

All these experimental studies used living or dead 
animals or cadaveric humans in impact tests.  
However, no data is available for live humans during 
voluntary motion.  We present a method to measure 
in vivo human brain and skull motion during flexion 
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and determine relative movement of the cerebellum 
(CB) and the brainstem (BS) with respect to the skull. 

METHODS 

This study employed a custom-designed guide that 
helps a human volunteers move their head/neck from 
a fully flexed position to a neutral position in a 
magnetic resonance (MR) scanner, in either a one- or 
two- step maneuver.  Tagged images were acquired at 
the end points before and after head motion using a 
Spatial Modulation of Magnetization (SPAMM) 
pulse sequence (Axel and Dougherty, 1989(a)).  
Synthetic tag lines with sub-pixel resolution were 
obtained using Harmonic Phase (HARP) analysis 
procedures as described by Osman et al. (2000).  CB 
and BS angular displacements and BS axial 
displacement with respect to skull during head 
motion were obtained by comparing the orientation 
and position of CB and BS synthetic tag lines in 
different head positions. 

Experiments 

A conventional 1.5-T whole-body MRI system 
(Signa; GE Medical Systems, Milwaukee, WI) was 
used to perform the experiments.  The protocol was 
approved by the Institutional Review Board for 
studies involving human subjects, at the University of 
Pennsylvania.  Five normal subjects (23-49 years old, 
3 male and 2 female) with no history of brain injury 
or spinal cord disease were studied.  A custom-
designed guidance system within the core of the 
magnet (described previously, Yuan et al. 1998) 
allowed the subject to move the head reproducibly in 
a one- or two- step maneuver through the subject’s 
entire range of motion in flexion.  Images of the 
caudal brain and the superior cervical spinal cord 
were obtained using a posterior neck surface coil.  
Results of cervical spinal cord movement have been 
reported previously (Yuan et al. 1998).  

An acquisition sequence of SPAMM tissue-tagging 
followed by a fast gradient-echo sequence (fgre) was 
employed (Axel and Dougherty, 1989 (a, b)).  The 
SPAMM sequence consists of a series of radio-
frequency (RF) pulses to produce transverse 
magnetization, separated by magnetic field gradient 
pulses to "wrap" the phase along the direction of the 
gradient.  The resulting images show periodic stripes 
due to the spatial modulation, which function as 
noninvasive fiducial markers that reflect the position 
of the underlying tissue.  Motion between the time of 
tissue-tagging and subsequent images directly 
corresponds to a displacement of the stripes.  Because 
the stripes fade as a function of the T1 relaxation 

time of the tissue, sufficient contrast to allow for 
accurate tracking of the tags lasted only ~2 seconds.  

Before the images were acquired, each subject lay 
supine in the magnet bore, wearing a close-fitting 
headgear with a nylon rope attached to the top (Yuan, 
et al., 1998).  The subject was asked to flex his/her 
head/neck fully (approximately 40º – 55º from 
neutral) and this position was maintained by securing 
a knot on the rope in a slotted box.  The subject could 
then relax in the fully flexed position.  An assistant 
outside the magnet released the knot, which allowed 
the subject’s head to drop by gravity either to the 
neutral position (one-step maneuver) or to a midway 
position as part of a two-step maneuver.  Two quasi-
static images were acquired for each motion 
sequence: a “reference” image before the motion and 
a “deformed” image after the motion.  Each image 
acquisition took three phases.  First, the SPAMM 
pulse sequence produced a series of parallel  tag lines 
(1mm thick, 7mm inter-line spacing) across the 
whole field of view.  Second, there was a 700 msec 
delay after tagging, during which time the head-neck 
complex remained stationary for the initial 
“reference” image, or extended to the next position 
for the “deformed” image.  Third, an fgre acquisition 
sequence was performed to obtain a 9mm thick 
sagittal image with a flip angle of 20º, a repetition 
time (TR) of 10.5 msec, an echo time (TE) of 5 msec, 
and a 256  128 sampling of k space.  Each image 
was subsequently reconstructed as a 256  256 matrix 
with a 24cm field of view (0.94mm  0.94mm/pixel).  
The total duration time for acquisition of a single 
image was about 2 seconds.   

Using the above procedure, the reference image had 
parallel tag lines, and the second or deformed image 
(obtained immediately after head motion) had 
distorted tag lines due to the motion of the tagged 
tissue.  By tracking the deformation of these SPAMM 
tag lines, this magnetic resonance tagging technique 
was validated previously for the capability of 
providing a detailed pattern estimate of the 
displacement field in a deformed body (Young et al. 
1992; Park et al. 1996; McVeigh, 1998, e.g.).  
Recently, Osman et al. (2000) developed a harmonic 
model to describe these SPAMM tag lines and 
established procedures to automate the data 
processing to calculate displacement and strain field 
within a deformed body.  Bayly et al. (2004) 
employed this method to analyze the 2D dynamic 
strain field in a rat brain and showed the promise in 
this method. 
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Data Analysis: HARP analysis of tagged images 

By comparing the tag line patterns in the reference 
and deformed images, the material displacement field 
can be obtained.  Harmonic phase (HARP) image 
analysis, which is capable of detecting small 
differences in tag line patterns, was applied to a 
region of interest (ROI) of either the CB or BS.  
Within the ROI, we assumed tissue moved as a rigid 
body.  All the image analysis and data processing 
procedures were implemented in Matlab 6.5 (The 
Mathworks, Natick, MA). 

A total of forty seven (47) MRI scans were obtained 
from volunteers in either a one-step (flexed to neutral 
position) or two-step (flexed to mid-position, then to 
neutral position) maneuver, yielding sequences of 2-3 
positions.  Typically, 6-8 sequences were recorded 
for each subject.  In the two-step maneuver, the mid-
position-to-neutral step was treated as a separate step, 
while the cumulative displacement was obtained for a 
combination of these two steps.  Synthetic tag lines 
of the CB and BS regions at both flexed and neutral 
positions were calculated in all the images, and CB 
and BS rotations and skull rotation angle were 
obtained.  The relative rotation of the CB, BS with 
respect to skull was obtained by subtracting skull 
movement. 

Synthetic tag lines in the CB and BS.  The ROI of 
either the CB or the superior part of the BS in the 
“deformed” image was selected by digitally tracing 
the SPAMM tagged image based on the anatomy 
where the geometry of the skull was evident (Fig. 1).  
Because HARP assumed a homogeneous pattern and 
relative constant image intensity, the edges of the 
anatomic structure were excluded by remaining about 
5 pixels away from the skull, and about 5 pixels away 
from the intersections of the tag lines from the CB 
and BS regions.  The size of each ROI in the 
deformed image varied with brain size across 
subjects.  Using the ROI from the “deformed” image 
as a guide, the ROI on the reference image was 
traced, maintaining to be about the same size and 
position relative to the skull.  Then, background 
regions outside the ROI were suppressed (image 
intensity values were padded with zeros) so that they 
did not contribute to the Fourier transformation of the 
image (“fft” function in Matlab).  In HARP, the 
periodic tagging pattern in the original image was 
expressed as peaks in the corresponding Fourier 
transformed image (Osman et al., 2000, Fig. 2).   

A circular band-pass filter to isolate the spectral 
peaks was defined as (Osman et al., 2000): 

RrRr

Rr
r

)],2/()(exp[

,1
)(

2
, (1) 

where r is the distance from the spectral peak and R
is the filter radius in Fourier space.  A Gaussian-type 
of filter with a rapid fall-off was chosen to reduce 
ringing artifact.  The decay parameter  was chosen 
to be 0.07.  The filter radius R = 4, was about 10% of 
the tagging frequency (distance from central DC peak 
to spectral peak).  This value was chosen so that the 
filter was large enough to encircle all the spectral 
peak energy, while small enough to filter out any 
contribution from the central DC peak. 

Figure 1.  A region of interest (ROI) of CB (at neutral (a) 
and a flexed (b) position) was selected by digitally tracing 
the SPAMM tagged image.  Regions outside of the ROI 

were suppressed before transforming the image into Fourier 
space. 

  
(a) 

 
(b) 
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image corresponds to the original tag line pattern 
(Fig. 3).  The brightest regions correspond to phase 
angles close to , while the darkest regions 
corresponds to phase angles close to - .  Note that the 
gray background (phase angle zero, outside the ROI) 
is apparent because this region was padded with zero 
intensity before the Fourier transformation and thus 
had a uniform phase angle of zero after the 
transformation. 

Figure 2.  Transformed image in Fourier space: (a) central 
DC and spectral peaks; (b) a single spectral peak.  Because 
of the weak signal of spectral peaks compared with central 
DC, threshold has been applied to better visualize the weak 
peaks (a).  A circular band-pass filter with a radius of 4 was 

centered on the pixel with the highest intensity as shown.  

Due to the wrapping effect as discussed in Osman et 
al. (2000), the phase angle is confined to the range of 
(- , ].  This caused a discontinuity in phase angles 
around the values of ± : the phase angle jumps from 
-  to +  or vice versa as evidenced by the zigzags in 
the transition areas between the black and white 

bands (corresponding to phase angles of ± , Fig. 4).  
To minimize this effect, a phase angle of zero was 
chosen to calculate the isocontour lines of the phase 
angle for synthetic tag lines.  It should be noted that 
at the boundaries of each ROI, artifacts occurred, due 
to the sharp drop of phase angle inside the ROI (in 
the range of (- ,+ ]) from the background (zero).   

Figure 3.  The calculated phase angle of HARP image 
around the ROI. 

Synthetic tag lines were thus determined by fitting 
the isocontour line segment into a straight line.  Care 
had to be taken to exclude any data points from the 
zigzag portion (wrapping effect) or data points close 
to the ROI boundary (artifact).  Orientation of a 
synthetic tag line was defined as the angle of rotation 
counter-clock-wise from the horizontal direction to 
the direction of the tag line.  The horizontal reference 
direction was kept the same for all regions, allowing 
for consistent comparison of the tag lines across 
regions.  It should be emphasized that these synthetic 
tag lines were mathematically determined.  Thus the 
coordinates of the data points are real numbers rather 
than integer numbers of pixels and are, therefore, of 
sub-pixel resolution. 

The orientation angles of the CB and BS synthetic tag 
lines before and after flexion were calculated, and the 
angular displacements of the CB and BS during 
flexion were computed from the difference in angle 
values before and after motion.   

The Fourier image was then inverted, making it 
complex.  The phase angle of this complex HARP 

 

(a) 

 

(b) 
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Figure 4. Synthetic tag lines as calculated from isocontours 
around the ROI.  Observe the zigzags due to wrapping 

effect, and artifacts around the ROI boundary.

Rigid body motion of the skull.  We wished to express 
the CB and BS rotations relative to skull.  Rigid body 
displacement and rotation of the skull movement 
were determined by identifying the feature points of 
the skull in both the “reference” and “deformed” 
images and calculating the changes in their 
coordinate values.  The rigid body motion of the skull 
was separated into pure translational and pure 
rotational component.  We determined the pure 
translation of the skull by identifying the same 
material point, the “anchor point”, on both reference 
and deformed images.  Typically, the medial extent 
of the posterior occipital bone in the mid-sagittal 
plane near the foramen magnum was selected as the 
anchor point because it was easy to detect 
reproducibly in each image (within ±0.93mm).  The 
position of this point was identified by the local 
maximum intensity gradients, corresponding to the 
pixel-valued edges of the image given by the “edge” 
function in Matlab (with the “canny” option to get the 
maximum number of data points).  Effectively, the 
“anchor point” is the origin of a local coordinate 
system located in the occiput, and subsequently 
feature points of the occipital skull rotated about this 
origin to define the 2-D rigid body rotation.  
Displacement of the anchor point between these 
images was defined as the rigid body translation.   

Next, the rotational displacement of the skull was 
determined.  Again, using the “edge” function in 
Matlab, the edge features of the skull around the 
foramen magnum were identified and digitized.  
These edge features (edge points) of the reference 
image (flexed position) were automatically displaced 
and mapped in the deformed image (neutral position) 
so that the anchor points coincided with each other.  
Then the edge features were interactively rotated 

about the anchor point until they matched those in the 
other image maximizing the number of edge points 
from the two images that coincided.  And this angle 
was defined as the skull rotational angle. 

Once the translational and rotational components of 
the rigid body skull motion were determined, CB and 
BS rotational angles were calculated relative to the 
skull rotational angle. 

Axial displacement of the BS around the foramen 
magnum.  A ROI of BS just near the foramen 
magnum was selected to obtain HARP synthetic tag 
lines with the same procedure as explained above.  
The BS axial displacement around the foramen 
magnum was determined from movement of the 
synthetic tag lines between the reference flexion 
image and the “deformed” neutral posture image. 

The foramen magnum was defined as the line 
connecting the medial extents of the clivus and the 
posterior occipital skull in the mid-sagittal plane 
(dashed line in Fig. 5).   The neural axis was defined 
as tangent to the posterior surface of the BS.  
Displacement of the intersection of the foramen 
magnum and the neural axis (“P” in Fig. 5) represents 
the BS axial displacement.  Because it is rare that a 
tag line is at this precise location, an interpolation 
scheme was applied to estimate the displacement.  
Specifically, two synthetic tag lines from each side of 
the foramen magnum were selected in both the 
reference and the deformed images.  These tag lines 
were defined as U1, D1, U2 and D2 (Fig. 5).  
Displacements from each pair ( 111 UDd ,

and 22UD2d ), were calculated, and the BS axial 
displacement at the foramen magnum (displacement 
at “P” along the neural axis; d), was defined as a 
linear interpolation: 

PDPD

PDPD

21

2211 dd
d . (2) 

To summarize, 5 distinct phases were involved: 1) 
Select the ROI and use the HARP procedure to obtain 
synthetic tag lines; 2) Identify the anchor point, and 
set it as the origin of the local coordinate system; 3) 
Find the edge features of the skull around the 
foramen magnum; 4) Interactively rotate the edge 
features to determine the magnitude of skull rotation; 
5) Calculate CB and BS rotational angles and BS 
axial displacement relative to the skull.   

The biggest error source is the human error in 
identifying the anchor point and in matching the edge 
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features of the skull in steps 2 and 4.  To minimize 
this error, two observers independently measured the 
relative rotations and displacements of the CB and 
BS for a total of 10 observations (3 and 7 
observations respectively).  Pearson correlation test 
showed good agreement between these two observers 
(correlation coefficient: 0.84).  These 10 readings 
were then averaged for regression analysis.   

(a) 

(b) 
Figure 5.  Scheme to compute BS axial displacement 

around the foramen magnum.  Units are pixels indicating 
relative positions.

The 47 MRI scans were considered as a group to 
establish a response corridor for the CB and BS 
angles of rotation and BS relative axial displacement 
relative to the skull.  Because we hypothesized that 
each of these parameters would vary with flexion 
angle , we first examined the parameters’ 
dependence on by linear regression, forcing the 
relationship to pass through the origin.  If the 
relationship was not significant (i.e. the slope of the 
linear regression did not vary significantly from 
zero), then we evaluated the data as a group using a 
descriptive analysis to determine if the value of the 

relative rotation or displacement was significantly 
different from zero.  Significance was defined as 
p<0.05, and values are reported as mean followed by 
a 95% confidence interval in parentheses.  

RESULTS 

The relative angle of rotation of the CB with respect 
to skull ( , degrees) increased as a function of the 
flexion angle ( , degrees) (Fig. 6).  A positive value 
of relative angular displacement was defined as a CB 
rotational angle in the direction of the head motion 
greater than the skull rotational angle, while a 
negative value indicated a CB rotational angle 
lagging behind that of the skull.  Within the flexion 
angle range (7º – 54º across all subjects), a linear 
regression analysis revealed that the relationship 
between CB rotational angle and skull rotational 
angle was = 0.063 degrees (95% confidence 
interval for the slope: 0.050 – 0.079), indicating that 
CB rotation exceeded that of skull along the direction 
of head motion by approximately 6%.  While the 
linear regression was highly significant (p<<0.001), 
the coefficient of determination, r2, was 0.2744.  This 
combination indicates a significant scatter of the 
values from the regression line and suggests that 
there may be additional important independent 
variables to consider, such as subject variation.  For 
this study, all 5 subjects were regressed as a group, 
and we observed a large inter-subject variation.  73% 
of the measurements for subject “23Y, M” were 
below the regression line, while 75% of the 
measurements for subject “36Y, F” were above the 
regression line.  However, because we only acquired 
images at limited end points for the deformed images 
(neutral or midway toward neutral position), the 
values of flexion angles for some of the subjects were 
only of limited range (e.g., ~40º – 50º and ~27º – 39º 
for subjects “36Y, F” and “49Y, M” respectively), 
making it inappropriate to perform a linear regression 
analysis across each individual subject for further 
comparison.  Additional studies are underway using a 
larger population and high resolution T1-weighted 
MR images as described in the discussion section 
below.  Regardless, these results demonstrate the 
significant correlation between the CB rotation angle 

 and the head flexion angle .

The regression between BS relative rotation and head 
flexion angle  was not statistically significant 
(p>0.3).  The relative rotation had a 95% confidence 
interval of -0.42º – 0.90º.  Again, a positive value 
was defined as a BS rotational angle greater than that 
of the skull in the direction of head motion. 
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Figure 6. CB angular displacement relative to the skull 
during head flexion (47 measurements from 5 subjects).  
Error bars represent standard errors of the mean for 10 

measurements.  The 95% confidence interval for the slope: 
0.050 – 0.079. 

By contrast, BS axial displacement at the foramen 
magnum (d, mm) increased significantly as the angle 
of head flexion ( , degrees) increased (Fig. 7, 
p<<0.001).  A positive value of the axial 
displacement was defined as the BS moving caudally 
toward the foramen magnum.  Within the flexion 
range (7º – 54º, across all subjects), linear regression 
analysis showed the relationship as: d = 0.022  mm 
(95% confidence interval for the slope: 0.015 – 
0.029).  Thus, a higher flexion angle increased the 
magnitude of BS axial displacement caudally toward 
the foramen magnum.  Again, the combination of the 
highly significant linear regression relationship and 
the poor r2 value (0.097) is likely attributed to the 
inter-subject differences within the group.  Compared 
with the inter-subject variation found for the CB 
relative rotation, 85% of the BS axial displacement 
measurements for subject “23Y, M” were above the 
regression line, while 82% of the measurements for 
subject “49Y, M” were below the regression line. 
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Figure 7.  BS axial displacement at the foramen magnum 
relative to the skull during head flexion (47 measurements 

from 5 subjects).  Error bars represent standard errors of the 
mean for 10 measurements.  The 95% confidence interval 

for the slope: 0.015 – 0.029.

DISCUSSION 

Our data demonstrate that the CB rotational angle 
exceeds the skull rotational angle during flexion in 
human volunteers but that the BS angle of rotation 
does not differ significantly from that of the skull.  
Interestingly, the BS displaces out of the foramen 
magnum with head flexion.  This is in agreement 
with the qualitative results reported by Gurdjian et al. 
(1968).  More recently, using the same experiments 
to study human in vivo displacement of the cervical 
spinal cord during the motion of the head and neck 
complex from the neutral to fully flexed position 
(~75º), Yuan et al. (1998) reported that the average 
displacement of the cervical spinal cord at level C2 
was 2.1mm caudally (1.5mm and 2.7mm caudally on 
the anterior and posterior surfaces, respectively).  As 
expected, these values are slightly larger than our 
reported maximum displacement of 1.2mm (95% 
confidence interval: 0.8 – 1.6mm) caudally for the 
BS at the foramen magnum during a flexion angle of 
54º.   

Two factors may contribute to the relative axial 
displacement of the brainstem: 1) gravitational force 
and 2) tension in the cervical spinal cord and 
brainstem due to the caudal cord displacement 
observed during head flexion (Yuan et al. 1998).  At 
a neutral posture, with the neural axis nearly 
horizontal, the component of gravitational force 
along the axial direction is nearly zero.  During 
flexion, a component of gravity acts caudally along 
the neural axis at the level of the BS, increasing 
monotonically with the flexion angle and applying a 
force on the BS to move caudally.  At the same time, 
with increasing head flexion, the spinal cord 
elongates (Yuan, et al. 1998), producing a tension 
that also acts to move the BS caudally. 

To estimate the tension experienced by the spinal 
cord, we used an average strain value of 6.9% (9% 
and 4.8% on the posterior and anterior cord surfaces 
respectively) at level of C2 during a 54º flexion 
(Yuan et al. 1998), and a quasi-static spinal cord 
elastic modulus of 1.02MPa (Bilston and Thibault 
1996).  We calculated the tension at 54º flexion to be 
70.4KPa (39.1 – 101.7KPa), or 5.5N (3.06 – 7.94N), 
over a typical human adult spinal cord cross-sectional 
area of 7.85×10-5m2, assuming that the spinal cord is 
stress-free in the neutral posture.  This gives an 
estimated magnitude of the force experienced by the 
cord, which might be useful to incorporate into FEM 
analyses in the future. 

To determine the relative roles that gravity and cord 
tension play in the caudal displacement of the BS 
during flexion, we designed a pilot in vivo MRI 
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study.  High resolution (0.23mm  0.23mm/pixel), 
10mm thick, midsagittal MR T1-weighted images 
were obtained for volunteers (N = 11) at neutral 
position (reference image), flexion, and extension, in 
both supine and prone postures (deformed images).  
Boundaries of the clivus and basal pons were 
extracted, and the edges of the basal pons close to the 
clivus were fitted into an ellipse of the same size 
(within 10% difference).  These feature points in the 
supine image were displaced and rotated onto the 
prone image until the clivus in both images matched.   

With flexion in both supine and prone postures 
tension acts caudally.  However, gravity points in 
opposite directions between the two postures with 
respect to the head (Fig. 8).  A 0.5mm BS 
displacement in the direction of gravity was observed 
by tracking the coordinates of the pons (ellipse 
center, Fig. 8(b)), indicating that gravity does indeed 
play a role in BS displacement.  These data are 
consistent with the relative brain-skull motion with 
gravity (less than 1mm) reported previously (Hill et 
al., 1998). 

Figure 8.  High resolution T1 weighted MR image of the 
lower part of the brain taken for subject at supine, flexion 
position (a, original size), and prone, flexion position (b, 

zoomed in).  Gravity points in opposite directions between 
the prone and supine positions. 

This study has two limitations.  First, because of the 
700ms delay, we do not capture transient dynamic 
motion but only a quasi-static deformation and 
movement of the brain.  Although methods exist to 
trigger image capture with the head motion to gather 
enough signal from repeated sequences to reconstruct 
a temporal series of images suitable to study dynamic 
impact events, it remains a challenge to precisely 
control the head motion in a reproducible enough 
fashion to allow for high quality image 
reconstruction.  Second, only movement in the 
sagittal plane was captured.  We assume that during 
flexion, the displacement of the 9mm thick sagittal 
mid-plane remains in the midsagittal plane.  This is 
justified in a flexion because of the symmetry of the 
brain about the midsagittal plane.

Nevertheless, our experimental findings provide 
direct and quantitative evidence of a differential 
motion of components of the brain during slow 
voluntary head motion and support the previous 
findings from impact studies that the BS moves 
caudally toward the foramen magnum during flexion 
(Gurdjian et al. 1968; Shatsky et al. 1974).  
According to the linear relationship d = 0.022  mm, a 
maximum of flexion angle of 54º gives a BS 
displacement 95% confidence interval of 0.8 – 
1.6mm along the axial direction.  While the 
magnitude of this relative displacement is less than 
the maximum displacement of the anterior cerebral 
artery of 2.2mm reported by Shatsky et al. (1974), 
their study used a blunt head impact.  In addition, 
they noted that air was allowed to enter the cranial 
vault, which exaggerated the brain motion.  
Moreover, this magnitude of relative displacement is 
much less than the inner brain displacement (about 
5mm) found by Hardy et al. (2001) during low-
severity impacts.  However, a direct comparison is 
not necessarily valid because these findings report 
relative displacement of different anatomic brain 
structures. 

Taken together, these results indicate that the 
foramen magnum is not a closed boundary but allows 
the brainstem to move out of the cranium.  These data 
support the practice of employing a free foramen 
magnum or an applied force boundary condition of 
the brain for more life-like finite element models. 

CONCLUSION 

This study demonstrates that the brain moves relative 
to the base of skull during voluntary head motion.  
From linear regression analysis, rotation of the CB 
exceeded that of the skull in flexion-to-neutral head 
motion, and the difference increases with the flexion 
angle.  By contrast, the relative rotation of the BS is 

 
(a) 

 
(b) 
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negligible.  The BS at the foramen magnum moves 
caudally toward the foramen magnum when the head 
flexes, and its axial displacement also increases with 
the flexion angle. 

These in vivo measurements of the differential 
motion of the brain components relative to the skull 
enhance our understanding of the kinematics of the 
head during motion, and contribute to improving the 
boundary conditions in finite element models of the 
head, allowing more life-like models to be developed.    
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