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The injury mechanism for cerv ical vertebrae and sp inal l igaments in road accidents 
are not fully understood today. Thus, we do not seem to know how to develop an 
optimal seat  and head-rest, for minimizing the risk of injuries to the occupants in 
rear-end car collis ions. 

For this purpose a mechanical model of relevant cerv ical sect ions wil l  be  
developed, based on experiments carried out on cadaver sp ine segments. 

The experimental model consists of lumbar sp ine segments. A spec ially designed 
fixture is used to hold the speci men in a known orientation. Bending moments are 
applied to the upper vertebra in different direct ions. Loads and moments generated 
in the lumbar segments are then recorded with a biomechan ical platform. At the 
same time the three-dimensional mot ion behaviour of relevant structures are 
studied. 

First the specimens are exposed to a physiolog ical range of mot ion, then disrupt ion 
of l igaments is generated. After the injury generation the motion behavior is 
investigated again. The results will eventually be compared with clinical 
observations from real world accidents. 

INTRODUCTION 

During the last decades the number of severe sp inal injuries has increased. Traffic 
accidents represent more than 50 per ·cent of all injuries. Sp inal injur ies can lead to 
severe impairment of the nervous system (e.g. para- and tetraplegias). Often young 
people are affected (in our region in Sweden the mean age of the patients with 
vertebra fractures is around 29  years). 

Severe spinal injuries with instabil ity occur in about 50 cases by year and one 
mil l ion populat ion. In sp ite of this, very little is known about the mechanisms of 
injury. There is also a need for better diagnost ic and rehab il itation methods. 
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Clinical instabil ity has been defined by White and Panjabi (1978) as the lass of  the 
ab i l i ty of the sp ine under physiolog ical loads to maintain relat ionships between 
vertebrae in such a way that there is e ither in i t ial damage or subsequent irritation 
to the sp inal cord or nerve roots. 

The mechanics of the injured sp ine have been studied by among others White et al. 
(1975) and Panjab i et al. (1975). They have investigated clin ical stab i l i ty of the 
cerv ical spine as a funct ion of  transect ion of components (e.g. ligaments) under 
normal static physiologic loads. A similar study was made by Posner et al. (1982) 
for the lumbar and lumbosacral sp ine. 

Goel et al. (1984) invest igated the three-dimensional mot ion behav iour of the 
normal, in jured and stabi l ized cerv ical sp ine in the physio logical range of motion. 

Usually, motion segments are used in the exper imental stud ies. A motion segment 
(or a functional sp inal unit,  FSU) consists of two adjacent vertebrae, all intervening 
l igaments and the intervertebral disc. The funct ional sp inal unit is a three
dimensional structure, which allows one vertebra to move with respect to the other 
in any direction in space under the applicat ion of a given load. 

Ta date, there have been few experi mental studies to determ ine human cervical 
spine tolerances to impact (Huelke and Nusholtz, 1986). Most laboratory tests on 
indiv idual cervical vertebrae or cerv ical segments have been conducted staticly 
and not under dynamic condit ions. 

Mertz and Patrick ( 1 971)  est imated human tolerances for the cerv ical sp ine based 
an human volunteer testing and an cadaver sied tests. They suggested tolerance 
levels for the resultant bending moment in flexion (190 Nm) and extension (57 Nm). 
These are cons idered lower boundar ies, as simi lar bending moments cause no 
d iscern ible l igamentous damage in cerv ical sp ine segments (Huelke and Nusholtz, 
1986). 

Nygren (1984) showed that wh ip-lash injuries in rear-end car collisions often lead to 
permanent disabil i ty. Five years after the accident 10% of those init ially 
complaining about neck pain after a rear-end car collision had remaining problems. 
We h ave, however, not found any study, where clinically relevant fractures s imilar 
to those in real world accidents, e.g. injuries in rear-end car collisions have been 
invest iga ted. 

Nygren et al. (1985) showed that head-rests have a certain influence on the 
inc idence of neck injuries· in rear-end car collis ions. There is a great difference in 
effectiveness between different types of head-rests but there is no reduct ion of 
neck injuries in rear-end car coll isions for newer car construct ions. Thus, we da not 
seem to know today, how to develop an opt imal seat and head-rest, for minimiz ing 
the risk of injur ies of occupants in rear-end car collis ions. 

D ifferent methods are described in the l iterature for study ing two- and three
dimensional motion patterns of a rigid body. The various measuring techn iques may 
be classified into two general groups, stereometry and electro-mechanical 
methods. 
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In stereo metry, two posit ions o f  a rigid body in space, at the beginning and at the 
end o f  a motion step, are recorded. The position of the body is defined of three 
non-collinear points of the body. Using geometric procedures the three-dimensional 
coordinates of the three points in two positions are determined. Principles of 
k inemat ics are then ut ili zed to compute the rigid body motion. The body in space 
can be recorded in two or more v iews with e.g. v is ible light (v ideo and high-speed 
film), X-rays, infrared light (Selspot) or acoust ic waves (Graf /Pen). 

Selspot and Graf /Pen are new computer based measurement systems for recording 
and analyzing data of three-dimensional motion an a real-time basis. The Selspot
system uses light emitting diodes as markers working in the infrared region of the 
light spectrum. The diodes are imaged by two video cameras suitably posit ioned. 
This method has been uti l ized by e.g. Antonsson and Mann (1979) for gait studies 
and Goel et  al. (1985) for study ing kinematics of the lumbar sp ine. In the Graf /Pen 
system the markers consist of spark generators. Each spark produce an acoust ic  
wave which is p icked up by su itably placed microphones. Graf/Pen has  been used by  
Goel et al. (1984) for investigat ion of the relative mot ion between the vertebra in  
the cervical spine under p hysiolog ical loads. 

High-speed films and X-ray recordings can also be computer analyzed, e.g. with a 
real t ime image processing system. TV-cameras are used to record relev ant parts 
from the h igh-speed film, then the analog video signals from the cameras are 
converted to digital data. Each image is stored as a matrix of picture elements, 
where each element prov ides a level of grey tone. Ta analyze the frames an 
arithmetic logic processor is used. 

Various electro-mechanical transducers have been ut il i zed to measure two- or 
three-di mensional motion, e.g. mechan ical dial gauges or electrical l inear variable 
differential transformers (L VDT). These transducers measure hor izontal and 
vert ical displacements in a mov ing body. Displacement gauges have been used by 
e.g. Panjab i et al. (1981) for the description of  three-d imensional mot ion in the 
lumbar sp ine. 

The purpose of this study is to develop methods for studying effects an the sp ine 
under different dynam ic loads, s imi lar to those in rear-end car collisions. 

Knowledge about these effects can lead to a better understanding of the m1ury 
mechanism. This in turn, can lead to i mproved diagnost ic methods of sp inal injur ies 
and better rehabil itation programs. 

When the three-dimensional mot ion behaviour of  the cervical sp ine has been 
investigated, a mechanical model of relevant cerv ical sect ions based an the 
experimental data will be developed. Th is model can be used as a tool in further 
development studies. 

METHODS 

Functional spinal un its fro m the lumbar region were used in the experimental 
studies. When the methods for study ing effects an the lumbar sp ine under different 
dynamic loads have been further developed and tested, they will be applied to 
cervical spine segments and to the whole cerv ical sp ine. 
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Handling and preparation of test material 

Fresh lumbar spines were obtained dur ing autopsies. The specimens were double
wrapped into plast ic bags and frozen at -zoo C. For preparat ion the specimens 
were thawed at room temperature (+zoo C) and kept in the plast ic bag to preserve 
moisture. The sp ines were divided in appropriate functional sp inal un its and X-rays 
were taken to invest igate if  there were any defects or degenerative changes in the 
segments. Only intact specimens were used in the study. Data for each specimen 
were collected regarding e.g. sex,  age, spinal levels, size (height and width of the 
segment), disc degeneration, cause of  death and radiologic observations. 

The functional sp inal units were cleaned and dissected free from muscles and fat 
with care to preserve the bone-ligament units intact. All work was performed in a 
h igh humidity env ironment in order to preserve the natural hydration of the bone 
and ligaments. If the specimen was not to be tested immediately it was refrozen. 

It has been shown that freez ing, thawing and refreezing cycles da not appreciably 
affect the physical and mechanical propert ies of the bone, the annulus fibres of the 
disc, or the longitudinal ligaments (Sedlin and Hirsch, 1966; Galante, 1967; 
Tkaczuk, 1968; Panjabi et al.,  1975). 

Ta obtain a rigid fixation two Kirschner wires (1.16 mm diameter) were inserted 
perpend icular to each other in the upper and lower bone structures. One third of 
the upper and lower vertebra of  each specimen were then embedded into a two
component cement (Plast ic Padding) in specially designed steel cups. Extreme care 
was taken to ensure that the mid-disc plane of the funct ional sp inal unit was 
parallel with the lower steel cup. For this purpose a spec ial j ig was designed. 

At the cast ing procedure the specimen was mounted in the cups with help of the 
wires passing through the walls an the cups. The inner surface of the steel cup was 
covered with a thin coat of lubricating grease to prevent  permanent adhesion 
between the hardened fixat ive and the cup. 

After casting, ten specimens were X-rayed and the angle between the mid-disc 
plane and the lower steel cup was measured. 

Measiring System 

Loads were applied to the funct ional sp inal units through a vert ical meta! bar at 
the center of the upper stee l cup. With the help of a meta! wire passing over 
pulleys di fferent we igh ts could produce specified forces and moments or iented 
correctly with respect to the x, y and z axes. With this arrangement physiological 
loads as well as transient dynamic loads provid ing fa ilure could be applied in 
flex ion, extension and lateral bending. The experimental set up is shown in 
F igure 1.  

Loads and moments generated in the funct ional sp inal units are measured with a 
b iomechanical platform (AMTI MCl Z-6-1000). With the use of a strain gauge 
system the transducer resolve applied loads into three orthogonal force components 
(F x ' F Y ' F z) and three orthogonal moment components (Mx, MY' Mz). 
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The platform has a capac ity of 4,500 N for the force channels and 700 Nm for the 
moment channels. The resonant frequency is  880 Hz for vert ical loads (F z) and 
450 Hz for loads applied in the hor izontal plane (F x and F y)• 
The electrical output s ignals from the platform were cal ibrated and amplif ied 
(Johne+Reilhofer, 8MV1) before being recorded at  an Y-t platter (Figure 2). 

The three-dimensional motion behav iour of the speci men was monitored w ith a 
1 6  mm h igh-speed film at  500 frames per second. With the help of a mirror the 
motion behav iour in the sagittal plane as well as in the transversal plane could be 
detected. Small meta! markers were attached to the funct ional spine uni t with an 
acryl ic glue. The motion p icture made i t  poss ible to measure the displacements of  
di fferent structures in the funct ional spine un it  by tracing the locat ion of the 
markers. With the help of geometr ic calculat ions, displacements in different 
d irections could be determined with an accuracy of 2 mm. 

By comparing the motion p icture analysis w i th the force and moment values from 
the platform at di fferent  t imes, i t  is possible to see when and under which loads 
different structures have moved. 

Experimental procedure 

First, the functional sp inal units were exposed to a physiological range o f  mot ions 
by applying different stat ic loads in flex ion, extension and lateral bending. The 
mot ion pattern at di fferent loads and the hor izontal and vert ical displacements for 
each speci men were determ ined from the platform recordings and from the film 
analysis. 

The spec imens were then exposed to dynamic loads prov iding fai lure in the 
segments. W ith the help of we ights di fferent k inds of damage, e.g. fractures and 
disrupt ion of l igaments, were generated (F igure 1). 

The posttraumatic motion pattern of the segment was then investigated and 
compared w ith  the prev ious results. The results were also compared w ith  clinical 
observations from real world acc idents. The posttraumatic instab ili ty was 
evaluated in terms of  translat ion. and angular d isplacement and assessed in relation 
to the stabi l i ty necessary for intact nerve and functional sp ine unit function. 

Finally pathoanatomical stud ies were performed an the damaged segments. 
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RESULTS 

Static loads were applied in increments of 100 N for each specimen. After each 
loading step there was a four m inutes wait ing period to el i m inate the creep effect 
in the ligaments. The static loads correspond to a bending moment in flex ion, 
extension or lateral bending of  25, 50, 75, 100, 1 25, 150 and 175 Nm. Measurements 
were taken during the whole loading sequence. 

Four functional sp inal units from the lumbar reg ion (age 20-50 years) have been 
studied so far. The physiologic range of mot ion in flex ion was invest igated for two 
funct ional sp inal units. These segments were then exposed to dynam ic loads in 
flexion of 125  Nm and 175 Nm respect ively. The other two specimens were exposed 
to mot ions in extens ion and lateral bend ing. 

For the specimens used in flex ion the results show that they withstand a stat ic 
phys iological load of 175 Nm. Up to this load the bending moment and the shear 
force generated in the funct ional spinal unit showed no changes nor were there any 
discernible damage at the ligaments. 

The results from the specimens exposed to static loads in extension and lateral 
bending show a maxi mum physiological load of about 80 Nm for extension and 
125 Nm for lateral bend ing. If the bending moment was increased above these 
levels the loads produced damage to the posterior elements, e.g. fractures of 
processus sp inalis. 

Figure 3 shows the bending moment and the shear force generated in a functional 
lumbar sp ine unit exposed to a dynam ic load in flex ion. The load of 175 Nm was 
applied at a rather low velocity (1 m/s). After th is, the posterior ligaments showed 
s igns of damage. The posttraumatic mot ion pattern was then investigated and 
compared with the earlier tests. There was increased mob ility in flex ion after the 
loading sequence. 

Figure 3 

Fs 
[N] 

Bending moment and shear force generated in a funct ional lumbar 
spine unit exposed to a dynam ic load of 17 5 Nm in flexion 
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Another funct ional lumbar sp ine unit was exposed to a dynamic load of 125 Nm 
(1 m/s) in flexion. This segment showed no damage and the physiologic range of 
mot ion was the same as before. 

Figure 4 shows the bending moment for a spec imen exposed to a dynamic load of 
100 Nm in flex ion. In the same figure the rotat ion around the z-axis is shown. The 
rotat ion in the functional spinal uni t  is very small compared with the bending 
moment. This demonstrates that there is nearly no rotation in the segment when it 
is  exposed to small dynamic loads. 

Figure 4 

DISCUSSION 

M [Nm]  
/00 

Bending moment and rotation in the same specimen at a dynamic load 
of 100 Nm 

At the experimental procedure, it is important that the funct ional sp inal units 
perform normal motions and not are forced to act in an unrealistic way. The 
loading arrangement must allow for complex freedom of mot ion of the upper 
vertebra with respect to the fixed vertebra below. Normally, sp ine motions occur 
in three dimensions, including flex ion, extension, right and left lateral bending, 
rotation and translat ion. In the physiolog ical range, pure loads in a certain 
direction never ex ists (Panjabi et al., 1 976). Usually complex loadings, includ ing 
axial compress ion, shear force and bending moment occur at the same time. 

Ta provide pure bending moment in flex ion, ex tension and lateral bending, the 
applied load must be perpend icular to the vertical axis of the segment during the 
whole loading sequence (F igure 1 ). When applying loads, it is also important to 
determine a defined point of appl ication at the upper vertebra. Figure 4 shows that  
the  rotation in  the  segment was very small when small bending moments were 
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applied in flexion. The translation y-component was neglible. This tells us that the 
loading arrangements can provide pure loads in all direct ions tested. 

At the cast ing procedure care was taken to have the lower steel cup and the 
midplane of the disc in parallel. With defined parallel planes a three-dimensional 
orthogonal coordinate system can be ut il i zed when study ing e.g. the mot ion pattern 
of the segments. A X-ray study was undertaken to invest igate if the specimens 
were mounted correctly in the steel cups. The results showed that the mid-disc 
plane was parallel to the horizontal plane with a difference of a maxi mum of 
3 degrees. This is in accordance with the results from Panjabi  et al. (1977). 

Different methods for apply ing stat ic  loads to a funct ional sp inal unit have been 
described in the l iterature. Usually, forces are applied in incremental steps up to 
the maxi mum force with help of pulleys, strings and weights. Measurements (e.g. 
load as a function of displacement) are then performed after each step. 

There are only a few studies reported for dynam ic loading of segments e.g. Willen 
et al. (1984), where axial dynamic loading was used to produce crush fractures in 
the thoracolumbar region. In order to obtain dynam ic loading, they used a metal 
drop weight with a mass of 10 kg, wh ich was allowd to fall freely fro m  a height of 
two meters. 

Dur results show that a dynamic load of 175 Nm (1 m/s) in flex ion provides failure 
(e.g. disruption of ligaments) in the lumbar region, but the load is too small to 
cause fractures in the vertebrae. In further experiments the veloc ity will be 
increased to 5-8 m/s (18-30 km/h). This is more simi lar to those in the majority of  
rear-end car collisions. 

D i fferent mechanical load transducers and load cells for determinat ion of  stat ic 
loads in one direction are uti l ized when studying the mechanical behav iour of the 
sp ine, e.g. Adams and Hutton (1981) and Lee and Landgrana (1984). The AMTI 
b iomechan ical platform used in our study, measure forces and moments generated 
in the functional spinal unit  in three d imensions. The platform can be used to 
record high dynam ic traumatic loads as well as phys iological loads in the normal 
range of mot ion. 

In our study h igh-speed photography has been used for studying the mot ion pattern 
in the sagittal- and transversal planes. This g ives good information about the 
motion patterns but takes considerable t ime to evaluate the film in detail. In 
further experiments our intension is to use a co mputer based measurement system 
when analyzing the mot ion behaviour of the sp ine. 

The development of methods for studying effects an the sp ine under different loads 
cont inues and further experimental studies are planned for the lumbar sp ine as well 
as for the cerv ical sp ine. 

The results fro m these invest igations w ill then be used for the development of a 
mechan ical model of the cerv ical spine. 

247 



REFERENCES 

Adams, M.A. and Hutton, W.C. (1 982). Prolapsed Intervertebral Disc - A 
Hyperflex ion Injury. Sp ine, Val. 7, No. 3, pp. 184-191.  

Antonsson, E.R. and Mann, R.W. (1979). Automatie 3-0 Gait Analysis Using a 
Selspot Centered System. Presented at Amer. Soc. Mech. Engrs. Winter Meet ing, 
New York. 

Galante, J.O. (1967). Tensile Propert ies of the Human Lumbar Annulus Fibrosus. 
Acta Orthop. Scand., Suppl. No. 100. 

Goel, V.K.; Clark, C.R.; McGowan, D. and Goyal, S .  (1984). An In-Vitra Study of 
the K inemat ics of the Normal, Injured and Stab il ized Cerv ical Sp ine. Journal of 
B iomechanics, Val. 17,  No. 5,  pp.  363- 376. 

Goel, V.K.; Goyal, S.; Clark, C.;  Nishiyma, K. and Nye, T.  (1985). Kinematics of the 
Who le Lumbar Spine - Effect of Discecto my. Spine, Val. 10, No. 6, pp. 544-554. 

Huelke, O.F. and Nusholtz, G.S. (1986). Cervical Spine B iomechanics: A Review of 
the Literature. Journal of Orthopaedric Research, Val. 4, No. 2,  pp. 232-245. 

Lee, C.K. and Langrana, N.A. (1 984). Lumbosacral Sp inal Fusion - A Biomechanical 
Study. Spine, Val. 9, No. 6,  pp. 44 7-460. 

Mertz, H.J. and Patr ick, L.M. (1971). Strength and Response of the Human Neck. 
In: 15th Stapp Car Crash Conference Proceedings, New York, Soc iety of 
Automot ive Engineers, pp. 107-255. 

Nygren, A. (1984). Injuries to Car Occupants - Same Aspects of the Interior Safety 
of Cars. Acta Oto-Laryngologica, Suppl. 395, 164 p. 

Nygren, A.;  Gustafsson, H.; Tingvall, C. (1985). Effects of Different Types of 
Head-Rests in Rear-End Coll is ions. Proceedings at the lOth Internat ional 
Conference on Experimental Safety Veh icles (ESV), Oxford, England. pp. 85-90. 

Panjabi, M.M.; Brand, R .A. and White III, A.A. (1976). Three-Di mensional 
Flex ibil i ty and St iffness Propert ies of the Human Thoracic Spine. Journal of 
Biomechanics, No. 9, pp. 185-192. 

Panjabi, M.M.;  Krag, M.H. and Goel, V.K. (1 98 1). A Technique for Measurement and 
Descr iption of Three-Di mensional Six Degree-of-Freedom Mot ion of a Body Jo int 
w ith an Application to the Human Spine. Journal of Biomechanics, Val. 14, pp. 447-
460. 

Panjabi, M.M.; Krag, M. and Summers, 0. (1 985). Biomechanical Time Tolerance of 
Fresh Cadaveric Human Spine Specimens. Journal of Orthopaedic Research, No. 3,  
pp.  292-300. 

248 



Panjab i, M.M.; Summers, D.J.; Pelker, R.R.; Videman, T.; Fr iedlaender, G.E. and 
Southw ick, W.O. (1975). Cerv ical Spine Mechan ics as a Funct ion of Transect ion of 
Components. Journal of Biomechanics, Val. 8, pp. 327-336. 

Panjab i, M.M.; Krag, M.H.; Wh ite III, A.A. and Southw ick, W.O. (1977). Effects of 
Preload an Load Displacement Curves of the Lumbar Spine. Orthopaedic Clin ics of 
North America, Val. 8 ,  No. 1, pp. 181-192. 

Sedlin, E.D. and Hirsch, C. (1966). Factors Affecting the Determination of  the 
Phys ical Propert ies of Femoral Cort ical Bane. Acta Orthop. Scand. 37, pp. 29-48. 

Tkaczuk, H. (1968). Tensile Propert ies of Human Lumbar Longitudinal Ligaments. 
Acta Orthop. Scand., Suppl. No. 1 15. 

White III, A.A.; Johnson, R.M.; Panjab i ,  M.M. and Southwick, W.O. (1975). 
Biomechan ical Analysis of Cl in ical Stab i l i ty in the Cerv ical Spine. Clin ical 
Orthopaedics and Related Research, No. 109, pp. 85-96. 

Wh i te III, A.A. and Panjab i ,  M.M. (1978). Clin ical Biomechanics of the Sp ine. 
Phi ladelphia, J.B L ippencott. 

W i llen, J.; L indahl, S.; Irstam,  L.; Aldman, B.  and Nordwall, A. (1984). The 
Thoracolumbar Crush Fracture. In: Willen, J. Unstable Thoracolumbar Fractures. 
Department of Orthopaedic  Surgery I and Diagnostic Radiology I, Un iversity of 
Göteborg, Sahlgren Hosp ital, Sweden. Doctoral theses. 

249 




