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In vehicle collisions, the occupant's torso is accelerated in a given direction while the unsupported head tends
to lag behind. This mechanism results in whiplash motion to the neck. In whiplash experiments conducted for
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animals, pressure transients have been recorded in the spinal canal. It was hypothesized that the transients
caused dorsal root ganglion dysfunction. Neck motion introduces volume changes inside the vertebral canal.
The changes require an adaptation which is likely achieved by redistribution of blood volume in the internal
vertebral venous plexus (IVVP). Pressure transients then arise from the rapid redistribution. The present study
aimed to explore the hypothesis theoretically and analytically. Further, the objectives were to quantify the effect
of the neck motion on the pressure generation and to identify the physical factors involved. We developed a
hydrodynamic system of tubes that represent the IVVP and its lateral intervertebral vein connections. An
analytical model was developed for an anatomical geometrical relation that the venous blood volume changes
with respect to the vertebral angular displacement. This model was adopted in the hydrodynamic tube system
so that the system can predict the pressure transients on the basis of the neck vertebral motion data from a
whiplash experiment. The predicted pressure transients were in good agreement with the earlier experimental
data. A parametric study was conducted and showed that the system can be used to assess the influences of
anatomical geometrical properties and vehicle collision severity on the pressure generation.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Reviews of Siegmund et al. (2009) and Curatolo et al. (2011)
concluded that whiplash injury is the most common motor vehicle
injury and the most poorly understood. They reviewed potential
anatomical injury sites in the neck and listed seven: facet joints,
spinal ligaments, intervertebral discs, vertebral arteries, dorsal root
ganglia (DRG), neck muscles and vertebral artery. Cairns et al.
(2015) pointed to neuroinflammation and glial cell activation in the
DRG and spinal cord as a possible mechanism behind the transition
from acute pain to chronic pain. This development revives the
interest in the DRG as a potential whiplash injury site. Earlier
experiments (Svensson et al., 1998; Örtengren et al., 1996) revealed
signs of DRG nerve cell body damage in the cervical and upper
thoracic levels after whiplash exposure in a porcine model. Taylor
(2002) found that similar, but more severe, DRG injury occurred in
cervical spines of victims who had sustained blunt trauma, whereas
the surrounding tissues showed no signs of damage.
mics, Department of Applied
296 Gothenburg, Sweden.
.

The experiments (Örtengren et al., 1996; Svensson et al., 1998)
reported remarkable pressure transients in the spinal canal during
whiplash motion. These findings supported the hypothesis of Ald-
man (1986) that changes of the spinal canal volume during sagittal
neck motion would cause transient pressure gradients along the
canal. The gradients would load and injure the nerve tissue inside the
canal. Eichberger et al. (2000) reproduced very similar pressure
pulses in postmortem human subjects during staged rear-end colli-
sions. Panjabi (2006) found that during extension of the cervical
spine, the intervertebral foramina narrowed, which was exacerbated
in individuals with foraminal spondylosis due to smaller bony for-
aminal dimensions. The narrowed space of the foramen could
potentially result in injurious compression of the DRG and is thus an
alternative explanation to the DRG injury. Gustafsson et al. (2015)
however found the greatest rate of whiplash associated disorders in
younger age groups, females aged 30–44 years and males aged 45–
59 years, where spondylosis is of minor concern.

Aldman (1986) realized that the spinal canal volume would alter
during whiplash motion. He understood that the volume alteration
would require a redistribution of the incompressible contents in the
canal. Aldman pointed to two fluid systems in the spinal canal, the
cerebrospinal fluid (CSF) and the internal vertebral venous plexus
(IVVP). He suggested that flow in one or both of these systems would

www.sciencedirect.com/science/journal/00219290
www.elsevier.com/locate/jbiomech
http://www.JBiomech.com
http://www.JBiomech.com
http://dx.doi.org/10.1016/j.jbiomech.2016.01.005
http://dx.doi.org/10.1016/j.jbiomech.2016.01.005
http://dx.doi.org/10.1016/j.jbiomech.2016.01.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2016.01.005&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2016.01.005&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2016.01.005&domain=pdf
mailto:huadong@chalmers.se
http://dx.doi.org/10.1016/j.jbiomech.2016.01.005


H.-D. Yao et al. / Journal of Biomechanics 49 (2016) 416–422 417
provide volume compensation. Svensson (1993) proposed that the
IVVP and intervertebral vein (IV) would be the main contributor to
the volume compensation. Fig. 1 shows a diagram of the vertebral
vein network in a transverse plane based on an illustration by Bre-
schet (1819). The IVVP lies within the epidural space in the vertebral
canal and is supported by a collagenous-fiber network. Its function
was described in the works (Batson, 1940; Moore et al., 2013). In
contrast to most venous vessels the plexus veins have no valve
structures as addressed by Parke et al. (1992), so that the venous
blood is free to flow in two directions. The IV connects the IVVP and
external vertebral venous plexus (EVVP) via the intervertebral fora-
men. Batson (1957) reported that it was possible for the blood to flow
in both directions inside the IV. However, a challenge is to under-
stand how the volume compensation drives the blood flow in the
IVVP and IV and produces the pressure transients.

The objective of the present study was to explore the hypothesis
of blood flow. A one dimensional hydrodynamic model including
the IVVP and IV was proposed for the hypothesis. Other objectives
Fig. 1. A schematic picture showing a transverse slice of a vertebra in the mid
cervical spine. The internal vertebral veinous plexus (IVVP) and the intervertebral
veins (IV) are drawn in red. The dura mater and its lateral nerve root sleeves are
green. The change in spinal canal inner volume during neck motion causes IVVP
blood volumes to flow through the IVs. (For interpretation of the references to color
in this figure caption, the reader is referred to the web version of this paper.)

Fig. 2. X ray pictures of the cervical spine during (a) extension and (b) flexion. The whit
enclose the vertebral canal between the head and the C7 vertebra. The vertebral cana
permission of Jonsson (2008). (For interpretation of the references to color in this figur
were to quantify the impact of the neck motion on the pressure
generation and to identify the important anatomical parameters.
2. Method

2.1. Hypothesis regarding the volume compensation process

A synthesis of literature findings by Svensson (1993) is further developed here.
As shown in Fig. 2, the cervical spine elongates during flexion, and shortens during
extension (Jonsson, 2008). The volume in the spinal canal therefore increases
during flexion, and decreases during extension. Furthermore, Siegmund et al.
(1998) found that the canal volume varied between the neutral and retracted neck
postures.

Estes and McElhaney (1970) reported that all tissues and fluids inside the
vertebral canal are virtually incompressible. This means that fluid transportation, to
and from the canal, must take place during the flexion-extension motion. The fluid
would be either blood or the CSF. Results by Löfgren et al. (1973) indicate that the
flow resistance of the CSF in the subdural space of the canal is relatively high. Thus,
in this context, the CSF flow may be of minor importance compared with the blood
flow. Löfgren's results also show that the pressure imposed for deforming the
arteries is higher than that for deforming the CSF volume. Therefore, we assume
that the blood transportation in the IVVP is dominant in compensating the canal
volume. Nonetheless, the arterial blood can also change the volume and generate
pulse waves (Alastruey et al., 2012). Neglecting this effect is a simplification of the
present work.

Breig (1978) found that most of the soft tissues in the canal deform in fixed
positions during neck motion. Combining the above discussions for the CSF and
arterial blood, it is assumed that the volumes of these fluids and soft tissues do not
change during flexion and extension. Therefore, if the canal volume varies, the
volume filled by the venous blood will change correspondingly.

Fig. 3 illustrates the process of volume compensation by the venous blood flow.
It shows a section of the vertebral canal consisting of two vertebral levels. In
flexion, the dural sac elongates along the canal and contracts in the horizontal
direction. In extension, the dura sac shortens together with a horizontal expansion.
Meanwhile, the total volume inside the canal increases in flexion and decreases in
extension. The volume changes are compensated by the venous blood.

2.2. Formulations

A hydrodynamic model was developed to simulate the volume compensation
using Matlab-Simulink produced by MathWorks. Firstly a set of schematic geo-
metrical relations were defined. Then the IVVP and canal were simplified into
cylindrical tubes. Fig. 4 illustrates the simplified geometry of two adjacent ver-
tebrae and their relative motion in flexion. The IVVP tube is shown in gray, while
the total volume change of the canal is in dark gray. The soft tissues drawn in white
remain virtually unchanged during neck motion. In this schematic model, the
instant center of rotation of the upper vertebra is located within the vertebral body
e line is parallel with the facet joint plane between C5 and C6. The yellow contours
l is shortened during extension (a) and elongated in flexion (b). Reproduced with
e caption, the reader is referred to the web version of this paper.)



Fig. 3. A schematic diagram of the spinal canal with three basic bending types and the corresponding deformations of the soft tissues. From left to right: neutral, extension, and
flexion. A: soft tissues, B: internal vertebral venous plexus, C: arteries, D: vertebral body, E: intervertebral disc. White arrows represent contraction, and black arrows expansion.

Fig. 4. Schematic view of two adjacent vertebrae in flexion, viewed in the sagittal
plane. White shows the soft tissues. Gray marks the IVVP. Dark gray shows the
expanded canal volume. The black dots represent imaginary the rotation centers.
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in contrast to the real human neck where it is located in the body of the inferior
vertebra (Penning, 1995). Since the total volume of the posterior veins is higher
than that of the anterior veins, the central line of the IVVP tube is placed posterior
of the central line of the canal.

The distance from the instant center of rotation to the canal wall is given by

lb ¼
1
7

X7
i ¼ 1

lb;i ; ð1Þ

where the subscript i denotes the vertebra number enumerated from the head to
torso. lb is specified as half of the anteroposterior (AP) diameter of the vertebral body.

The sagittal diameter of the canal is defined as

Dc ¼ 1
7

X7
i ¼ 1

Dc;i ; ð2Þ

The change of the total canal volume is

Vc ¼
πD2

c tan α=2
� �

4
2lbþDcð Þ; ð3Þ

where α is the difference of the instant rotation angles between the two vertebrae.
As α¼ 0, the vertebrae stay in the neutral position.

The volume change is assumed to be distributed evenly in the two adjacent
vertebral canal sections. It yields

Vc;up ¼ Vc;dn ¼ Vc=2; ð4Þ

where the subscripts up and dn denotes the upper and lower vertebra.
The distance from the central line of the IVVP tube to the instant center of
rotation is

lv ¼ lbþ
1þ2β

2
Dc ; ð5Þ

where β¼ ld=Dc . ld is the distance from the central line of the IVVP tube to the
central line of the canal.

The volume of the IVVP tube is given by

Vv ¼ Sv 2 tan α=2
� �

lvþhupþhdn
� �

; ð6Þ

where h represents the neutral-position canal length that is equal to the vertebral
height, and Sv is the cross-sectional area of the IVVP tube.

Due to the compensation effect, the volume change of the IVVP tube satisfies

dVv

dt
¼ dVc

dt
: ð7Þ

Substituting Eqs. (6) and (3) into Eq. (7),

lv sec2 α=2
� �dα

dt

� �
Svþ 2lv tan α=2

� �þhupþhdn
� �dSv

dt
¼ πD2

c 2lbþDcð Þ
8

sec2 α=2
� �dα

dt
:

ð8Þ
The derivation for the volume in the extension is identical to that in the flexion

as shown above. Therefore, for brevity, the derivation is not described herein. It is
worth noting that extension results in a squeezing effect of the venous blood, while
flexion causes a suction effect.

According to Eq. (8), the IVVP tube dynamically adapts the volume by changing
both of the length and diameter. However, this adaption can bring some modeling
difficulties such as wall boundary conditions and a deforming computational
domain. To solve the problem, an approximation adopted is that the volume change
of the tube can be transformed into the mass flow in it without changing the length
and diameter, based on the equivalence rule of Reynolds number Re, in which flow
with the same Re possesses equivalent features. Then, the mass flow satisfies

Reð Þfz ¼ Reð Þdf ⟺
dVv;fz

dt
¼ dVv;df

dt

ffiffiffiffiffiffiffiffiffi
Sv;fz
Sv;df

s
ð9Þ

where df represents the flow driven by a deforming volume, and fz denotes the
equivalent flow in the tube by keeping the initial length and diameter. The mass
flow dVv;fz=dt will be enforced in the tube.

2.3. Vein network modeling

A simple and fast numerical method was developed by decomposing the vein
network into a set of hydrodynamic components. Fig. 5 illustrates how a local vein
network in a pair of adjacent vertebrae was decomposed. The components were
constructed according to their locations and functions. The component Canal
concerns the IVVP located in the vertebral canal. The component Canal joint relates
to the IVVP in the joint between the two vertebrae while the component Branch
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corresponds to the IV. The EVVP is modeled in the component External environ-
ment. The vein network was implemented using SimHydraulics which is a toolbox
of Matlab-Simulink.

2.3.1. Modeled hydraulic components
Fig. 6(a) illustrates the integrated block Vein Vessel that was established for

computing the flow in the IVVP and IV tubes. The SimHydraulics block Segmented
Pipeline is one of the elements of this integrated block. It models a tube composed
of a number of segments as

p¼ 1
N
ρh
Sv;fz

dVv;fz

dt
� 1
N

ffiffiffiffi
π

p
f

4
ρh

S5=2v;fz

dVv;fz

dt
dVv;fz

dt

				
				 ð10Þ

where ρ is density, υ is kinematic viscosity, and N is number of the segments set as
Fig. 5. Decomposition of the local vein network in a vertebra pair into a set of
hydraulic components.

Fig. 6. The components of the hydrodynamic system: (a) the integrated block, Vein Vesse
vertebra.
10. The friction coefficient f is given by

f ¼

Ksf=Re; RerReL
f Lþ f T � f L

ReT �ReL
Re�ReLð Þ; ReLoReoReT

�1:8 log 6:9=Reþ r
7:4

ffiffiffiffiffiffiffiffiffiffi
Sv;fz=π

p

 �1:11

" #( )�2

; ReZReT

8>>>>><
>>>>>:

ð11Þ

where Re¼ 2
π
dVv;fz

dt S�1=2
v;fz υ�1, Ksf is shape factor set as 64. The hydraulic losses due to

irregular shapes of the vein vessels were taken into account in the SimHydraulics
block Local Resistance using a classical pressure-loss equation:

Δp¼
Kl

ρ
2S2v;fz

dVv;fz

dt
dVv;fz

dt

				
				; Re4Recr

Kl
πRecrυ

4S3=2v;fz

dVv;fz

dt
; RerRecr

8>>>>><
>>>>>:

ð12Þ

where Δp is pressure loss, Kl is pressure loss coefficient, and Recr is the critical
Reynolds number of flow transiting from laminar to turbulent status with the
default value 150. Kl was specified as 1 for both of the direct and reverse flow. In
addition to the volume changes in Eq. (8), the elasticity of the vein vessel walls can
introduce wall deformations. This effect is modeled using the SimHydraulics block
Spring-Loaded Accumulator

dVv;fz=dp¼ Ksc ; ð13Þ

where Ksc is set as 1� 2:25�9 m3=Pa (Gelman, 2008).
Fig. 6(b) displays the subsystem constructed for modeling the local vein network

surrounding a vertebra. The strategy of arranging the blocks is in accordance with
the decomposed vein network shown in Fig. 5. The compensating flow, which is
formulated in Section 2, is computed in the block Compensating Flow. By assuming
that the compensating flow is distributed uniformly in the IVVP, a simple way to
treat the flow is to add the block Compensating Flow between two identical tube
segments, the blocks Vein Vessel. Because the length of the canal joint is shorter than
that of the vertebral canal, we disregarded the compensating flow in the canal joint.
The IV was modeled with the block Vein Vessel since unlike the IVVP it cannot be
deformed by the canal volume change. The flow at the connection between the IVVP
and IV was modeled using the SimHydraulics block T-Junction, which is formed by
connecting three Local Resistance blocks. Kl is set as 2 for the connections linked to
the IVVP and 4 for the connection linked to the IV. Whiplash motion has been
assumed to have negligible impact on the blood flow in the EVVP. The SimHydraulics
block Constant Head Tank was used to model the EVVP. Regarding free ambient
l, modeling the veins; (b) the subsystem modeling the local vein network around a



Fig. 7. The system established for modeling the entire vein network around the
vertebrae from C1 to T1.

Fig. 8. The instant rotation angels of the vertebrae during whiplash motion with
reference to the experimental data of Ono et al. (2000).

Table 1
The parameter settings for the system.

Case No. Vertebra transverse dimension cfd (%) cfh rkt (%) rka (%)

B/L Case Men, mean 1.96 1 100 100
Case 2 Women, mean ” ” ” ”

Case 3 ” 1.44 ” ” ”

Case 4 ” 2.56 ” ” ”

Case 5 ” ” 0.8 ” ”

Case 6 ” ” 1.2 ” ”

Case 7 ” ” 0.8 80 ”

Case 8 ” ” 1.2 120 ”

Case 9 ” ” 0.8 ” 75
Case 10 ” ” 1.2 ” 125

The ditto mark (”) means the value of the B/L case is used.
cfd is the ratio of the venous blood volume to the canal volume. cfh is defined to
adapt the vertebral heights in terms of hc ¼ cfhhc;BL .
The vertebral transverse dimensions of women and men are set based on the mean
values of the sagittal diameters of the vertebral canal and the AP diameters of the
vertebral bodies for asymptomatic Chinese subjects reported by Lim and Wong
(2004).
rkt is the factor for scaling the time of the input rotation angles of the vertebrae;
and rka is the factor for scaling the amplitudes of the input rotation angles.
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pressure in the EVVP, the pressure at the EVVP inlet is formulated as

p¼ ρgHf þKl
ρ

2S2v;fz

dVv;fz

dt
dVv;fz

dt

				
				 ð14Þ

where g represents the gravity, and Hf is fluid level in the tank with respect to the
inlet position. To obtain negligible variations of Hf caused by inflow and outflow, the
tank horizontal cross area is specified as 10 m2. The flow is positive when it trans-
ports into the EVVP. The pressure loss coefficient Kl is set as 2.

The vertebrae of interest refer to the cervical vertebrae from C1 to C7 and the
first thoracic vertebra T1. The local subsystem is identical for each of these vertebral
levels. They were assembled to build a system that models the entire cervical vein
network. Fig. 7 shows the system representing this entire vein network. With the
assumption that pressure pulses can be absorbed in the skull and thoracic vertebral
canal, the top and bottom sides of the system were connected to the external
environment modeled with the SimHydraulics block Constant Head Tank.

2.3.2. Computational settings
The transverse vertebral dimensions of asymptomatic Chinese men and women

reported by Lim and Wong (2004) were adopted here, namely, the mean values of
the canal sagittal diameters and vertebral body AP diameters. The vertebral heights
by Vasavada et al. (2008) were used, but are not listed for the sake of brevity.

The instant sagittal vertebral angulation angles are given with reference to the
experiment by Ono et al. (2000). The cubic spline method (Schoenberg, 1969) is used
to approximate the experimental data for the input. Fig. 8 shows the instant rotation
angels. In Ono's experiment, the vertebrae from C2 to C6 were studied. However, the
present system requires the rotation angels of C1, C7 and T1 as well. Since C1 is
attached to C2, we made the simplified assumption that C1 rotates at the same
angles as C2. Since the motion of the torso is generally not obvious (Adams and
Dolan, 2005; Fice and Cronin, 2012), we assumed that C7 and T1 do not rotate.

Table 1 lists the parameters for the cases computed. The transverse vertebral
dimensions are different in the B/L case and Case 2. The IVVP tube diameter is
calculated by Divvp ¼ cfdrdDc;BL , where cfd is an adjustable coefficient as the ratio of
the venous blood volume to the canal volume, rd is an empirical coefficient
defined with Divvp;BL=Dc;BL ¼ 0:14, and the subscript BL means the B/L case. This
formulation implies the assumption that the volume of the venous blood con-
tained in the IVVP tube is proportional to the canal volume. Based on Lim and
Wong (2004), the ratio of Dc to its mean value varies between 0.965 and 1.035 for
men and between 0.975 and 1.027 for women. Regarding these ratios, cfd is set to
1 for the B/L case, 0.86 for Case 3, and 1.14 for Case 4. The adjustment of the
vertebral heights is performed using the formulation hc ¼ cfhhc;BL . Vasavada et al.
(2008) reported that for men and women hc varies with ratios from 0.92 to 1.08
with respect to its mean value. To include the ratios, the adjustable coefficient cfh
is set to 0.8 for Case 5 and 1.2 for Case 6. As found by Stemper et al. (2003), the
neck kinematics in women is greater than men. In addition, Carlsson et al. (2011,
2012) reported that the kinematics can also be intensified by increasing rear-end
collision speed. To investigate the impact severity of the neck kinematics, the
amplitudes and time of the vertebral rotation angles are scaled for the input. The
factor rkt is used to scale the time by 80% for Case 7 and 120% for Case 8. rka scales
the amplitudes by 75% and 125% for Cases 9 and 10.

The density of blood is specified by 1:06� 103 kg=m3 (Kenner, 1989 for all the
cases, and the kinematic viscosity 3:3� 10�6 m2=s (Rosenson et al., 1996). Except
for the parameters mentioned above, the other parameters for the SimHydraulics
blocks use the default settings.
3. Results

Fig. 9(a) and (b) shows the pressures computed for the B/L case in
comparison with the pressure at C4 in an anaesthetized pig under
whiplash exposure at the pulling force of 600 N (Svensson et al.,
1993). The computed pressures are monitored at the positions where
the integrated blocks of Compensating Flow are linked into the system
shown in Fig. 6. The time of the experimental data was shifted
backwards by 0:02 s to match the numerical results. The present
computation uses the vertebral motions from Ono et al. (2000). Due
to the difference in the starting times between Svensson's and Ono's
experiments, it was decided to shift the timing. Another difference
shown by the results is that the computed pressures in C5 and C6
match the experimental data in C4. Firstly, the difference is due to
the different subjects between Svensson's and Ono's experiments.
The vertebral anatomies of a pig and a human are similar (but not
identical). Secondly, it is impossible to precisely and identically
reproduce the vertebral motion of a human being in a pig model. In
Svensson's results, the pressure transients were treated by excluding
the ambient pressure, which was measured as the pig was not
exposed to forces. In the computation, the ambient pressure is set to
0 Pa. Moreover, it is noteworthy that the experimental data shows a



Fig. 9. (a) and (b) The pressure pulses of the venous blood in the IVVP in the B/L case, compared with experimental data of C4 with a pulling force of 600 N obtained by
Svensson et al. (1993). Comparison of the pressure pulses in C5 for: (c) the B/L case and Case 2, where the transverse dimensions of the vertebrae are different in terms of the
Chinese men and women; (d) the B/L case, Case 3 and Case 4, where the diameters of the IVVP tubes are variant; (e) the B/L case, Case 5 and Case 6, where the vertebral
heights differ; (f) the B/L case, Case 7 and Case 8, where the time of the input rotation angles of the vertebrae is scaled by 720%; (g) the B/L case, Case 9 and Case 10, where
the amplitudes of the input rotation angles are scaled by 725%.
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negative value at 0 s since small pressure fluctuations appear in the
early stage. Nonetheless, the trends observed in the pig experiment
were consistent with those found in the human being model. The
first negative pressure dip appears in the very beginning. A second
deeper dip reaches the minimum pressure at 0:05 s followed by a
positive pressure crest reaching maximum pressure at 0:09 s.

Fig. 9(c) displays the pressure pulses in C5 for the B/L case and
Case 2. The pressure magnitudes in Case 2 are lower than those in
the B/L case. The reason is that the females possess smaller vertebral
canal diameters and vertebral body AP diameters than the males. As
shown in Eq. (5), small diameters lead to small lv. The IVVP tube
volume associated with lv in Eq. (6) becomes small at the same
rotation angles. Therefore, the pressure magnitudes caused by the
volume changes are smaller in Case 2. However, a complete com-
parison of gender differences should include more geometrical
details and kinematics.

Fig. 9(d) shows the pressures at C5 for the B/L case, Case 3 and
Case 4. The effect of the diameter of the IVVP tube is examined by
comparing the pressure pulses in these cases. A reduction of the
pressure magnitudes is observed as the diameter increases. It
suggests that the percentage of venous blood in a vertebral canal
influences the pressure magnitudes.

Fig. 9(e) displays the pressure pulses at C5 for the B/L case, Case
5 and Case 6. The pressure magnitudes reduce as the vertebral
heights are increased. This reduction is however smaller than the
reduction caused by increased IVVP tube diameter.

Fig. 9 (f) shows the pressure pulses at C5 for the B/L case, Case 7 and
Case 8. Scaling the time of the vertebral rotation angles by 80% leads to
amplified pressure amplitudes.

Fig. 9 (g) illustrates the pressure pulses at C5 for the B/L case,
Case 9 and Case 10. The pressure amplitudes overall increase as a
consequence of increased vertebral rotation angles.
4. Discussion

Volume variations of the spinal canal during neck motion in
whiplash exposure are likely accommodated by changes in IVVP
blood volume. To model this effect, the present study presents a
simple and fast numerical approach – a hydrodynamic system of
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the cervical IVVP, IV and EVVP – using SimHydraulics. Based on the
empirical formulations, the hydrodynamic components that con-
stitute the system can model the main flow, which is one-
dimensional along the tubes. The system is valid to predict the
main flow in the way of adapting the parameters of the formula-
tions. However, an apparent limitation of this modeling approach
is that three-dimensional convection and dissipation of the real
flow cannot be simulated.

The negative pressure in the IVVP leads to a low pressure envir-
onment inside the vertebral canal. Since the pressure in the EVVP
outside the canal remains virtually unchanged, the pressure differ-
ence produces a suction effect for the venous blood. As indicated in
Eq. (8), the suction corresponds to increased IVVP volume, which is
caused by the flexion of the cervical spine. Accordingly, the positive
pressure in the IVVP induces a squeezing effect for the venous blood
since the IVVP volume is reduced by the spine extension.

The difference in averaged spinal canal diameter between females
and males only produces a small difference in pressure magnitudes.
Reducing the IVVP volume contained in the canal produces increased
pressure magnitudes. However, the pressure amplitudes increase as a
result of increased vertebral rotation angles. Besides, the pressure
amplitudes can be amplified by accelerating the neck motion.

The computational results are compared with the pig experimental
data (Svensson et al., 1993). The pig subject had a neck length and
angular motion range that were representative of an adult human
being. The pig neck was therefore considered as a qualitative model
for this type of whiplash tests. The test sets allowed repeatable
measurements with controlled parameter adjustments. The pig with
the pulling force 600 N presented similar kinematics as the human
subject sitting in a rigid seat without a head restraint (Ono et al.,
2000), which is used as the computational input. An alternative is the
PMHS tests of Eichberger et al. (2000). The tests were however per-
formed with a head restraint that interrupted the neck motion. Their
results were thus not comparable with Ono's data. Moreover, the
properties of the soft tissues and blood would change postmortem.
This adds uncertainties.

Improved data on tissue properties and dimensions would be
needed to improve model accuracy. New whiplash experimental
results that combine pressure monitoring and vertebral motion
monitoring with well documented spinal geometrical details
would be helpful for better validation of the model.
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