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ABSTRACT 

The kinemat ical analysis of  displacements of the vertebrae of 
an 1n v1vo lumbar column during a movement of lateral inflexion allows one : 

- to quantify the behavioural qua l i ties of  the spine , 
- to obtain information about the way in which a vertebral column adap ts to 
s tres ses 
- to def ine the concept o f  s tandard column , 
- to analyse the wear and tear produced by l ateral impact on spinal columns 
and hence define the concept of  standard co lumn . 

INTRODUCTION 

The sys tematic analysis of the movements of the lumbar spine 
is a recent even t .  Three dimens ional space s tudies were made by several 
teams ( Ro l ander 1 96 6 ,  Kinzel et al 1 97 2 ,  White and Panj abi 1 97 1 ) .  They were 
never in-vivo s t udies . Displacements were ei ther measured directly with the 
help of  displ acement gauges or e s t imated by using X-Rays . In-vivo s tudies 
using bip lane Roentgenography and subsequent computer analysis  have been 
carried out by R . H .  Br0wn et al . This technique involves the cal culation 
of coordinates of points in three dimens ional space , which are very hard 
to identify owing to certain peculiaritie s .  

We defined a technique for analysing plane movements . When 
certains condit ions are met ,  this  t'echnique al lows one to use the coordi
nates which are directly measured on the f i lms ,  without any data proce s s ing . 

It was tempting to apply a wel l-tested technique to obtain 
partial but .in themse lve s  rel iable resul ts about the s tudy of movements 
of a l umbar column during lateral inf lexion. 

The analysis of  a movement of  a lumbar column even if  this 
movement is s imp l ified �elds a great amount of  data. This very great 
amount of data dictates i t s  interpretation ; we have been led to define 
parame ters to characterize the curves of change , to synthes ize tables  of 
data ; we have been induced to propose a dynamica interpretation in order 
to exp l ain kinematical characteris tics . In this article  we would l ike to 
present these techniques and the results we obtained from these tests . 

MATERIALS 

The sub j ect is s tanding , his  pelvis fixed in p o s 1 t 1on. Seven 
p l ane radiographs , at regularly spaced intervals are taken. They allow one 



to fol low the displacement of  the vertebrae from 15 to T l ! with respect to 
the sacrum during the who le range of movement for lateral inflexion. 

Two series of  X-Rays were taken 

- a series corresponding to a movement as continuous as pos s ib l e ,  
- a series corresponding to a movement a s  d i s continuous a s  p o s s i b l e .  

I n  a three dimens ional movement ,  the rotation vector of  each 
vertebra with respect to the sacrum has three component s  : nx,  Qy , n z .  
The lateral inflexion movement can b e  l ikened t o  a plane movement i f  nx 
and ny are negl igible with regard to nz during the whole movement . 

The shadow technique al lows one to calculate the component 
nz and to verify indirectly the size of nx and Qy . 

In this technique the shadow of each vertebra is  traced on 
tracing paper. Thi s  shadow does not lose i t s  shape during the whole movement . 
The displacements of the shadows are measured . The coordinates of  the points 
and the errors due to bad coincidence are statis tically evaluated . 

METHODS 

The coordinates of points measured from the shadow of each 
vertebra and for each posi tion of the column are the data that a l l ow one 
to obtain the kinematical characteri s t ic s  of an e lementary movement 
rotation vector and point with zero displacement ( Instant Center of Rotation 
I . C . R. ) .  

Two sorts of movements are observed : 

- the movement of  each vertebra with respect to the sacrum : absolute 
movement ,  
- the movement o f  each vertebra with respect to the one next to i t  assumed 
to be f ixed in p o s i t ion : relative movement . 

For the who le lateral inflexion movement it is  pos s ible to 
draw : 

- For the movement of  each vertebra with respect to the sacrum : 

. The curve of change in angles when the vertebra 
rotates during i t s  displacement ,  

. The path of  the absolute I . C . R .  of  the vertebra 
with respect to the sacrum assumed to be f ixed in position. 

- For the movement of  each vertebra with respect to the one next to it 

. The curve of change in angles of the relative 
rotation, 

The path of  the relat ive I . C . R .  

The analysis  o f  these numerous curves and paths involved two 
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operations 

- the def inition of  the parameters capabl e  of  synthes iz ing a curve of 
change or path and to relate these parameters to the behavioural qua l i ties 
of the lumbar spine in order to attempt an evaluation of  these behavioural 
qua l ities . 
- a mechanical s tudy to relate the d iscont inui ties and anomalies of  displ a
cement to the natural dynamic capacity of the column for sus taining and 
dis tributing these anoma l i e s . 

PARAMETERS OF SYNTHESIS : ABSOLUTE MOVEMENT 

CURVE OF CHANGE IN ROTATION 

The equation of the s taightl ine neare s t  the rough curve 
( regre s s i on l ine) is : 

0 = ax + 0 
0 

The coefficient a ,  can be used to define the ab solute kinematic act1v1ty of 
the vertebra. The res idual variance over an interval between the rough 
curve of change and i t s  regress ion l ine is def ined by : 

V = A 
E i 

( 0  - 0  ) 2 
curve l ine 

n - 1 

VA measures the f i t  between the dashed curve and the regres s ion l ine ; VA 
defines in a quan t i t a t ive manner the smoothne s s  of  the movement of a s ingle 
vertebr a .  

ABSOLUTE PATH O F  I . C . R . 

The movements s tudied in b iomechanics have their I . C . R .  paths 
concentrated within specific zones . The paths vary from one l ive sub j ect 
to  another , but the zones of  concentration are comparabl e .  The abs o lute 
path of I . C . R. is  characterized by a scattering c irc l e .  The center of  this 
c i r c l e  is IAM defined as the barycenter of the set of  ab solute I . C . R. al ong 
the path. Ttie ra�ius of  this circle is  denoted RA . RA is  defined as the 
average of the d i s t ance between the barycenter IAM and each I . C . R . 

R 2 
A n 

IAM can be cons idered to b e  the point at which d i s p lacement is  zero on an 
average . 
RA serves to measure the d i s pers ion of the path with regard to i t s  center . 

RELATIVE MOVEMENT 

CURVE OF CHANGE IN RELATIVE ROTATIONS 



The equation of the regress ion l ine 1s  

'1' = bx + 'I' 0 
The coefficient b defines the kinematic activity of  the intervertebral 
disc  ; 

E • ( 1 curve the res idual variance over an inter-
n - 1 

val ,  measures the regularity of the s t rains sus tained by a d i s c  during a 
complete movement . 

RELATIVE PATH OF I . C . R . 
There is  a relationship between the pos 1 t 1ons of  the relat ive 

I . C . R. and the s tresses sustained by an interverterbral disc . 

In heal thy sub j ec t s  any path o f  the relat ive I . C . R. 1 s  always 
progres s ive and concentrated within a zone . In order to take these facts 
into account we have replaced the path by a circle of  disparity of  s tresses . 
The center of  the circle is  IRM. 

barycenter of the relat ive I . C . R. , the 
radius i s  the average distanceoetween two succ e s s ive I . C . R. on the 
traj ectory . 2 2 

"' . (x .  - X •  1 )  + ( y 
• -

y 
• 1 ) � 1  1 1- 1 1-RR = 

n - 1 
� measures the d ispar i ty between the different s tresses sustained by a d i s c .  

ABSOLUTE TOTAL MOVEMENT 

One can draw : 
- the curve of  change in average kinematic activity in terms of  the p o s i
tions o f  the vertebrae in the lumbar column , 
- the curve of  regularity in func tioning a l ong the column, 
- the path of scattering circles which serves as a model for the mechanics 
of  the j o ints of  the who l e  column . 

RELATIVE TOTAL MOVEMENT 

One can draw : 
� -the curve of change in average activity of  the discs  in terms o f  the 
pos i tion of each d is c , 
- the curve of  regularity in functioning of  the disc  in terms of i t s  posi
t ion along the column, 
- the path of  c ircles of  di spar i ty of  s t res ses . Some circles can be divided 
into two , in order to make the dyssymetry of  funct ioning caused by s tres ses , 
become apparent (as  in scolios i s ) . 

MECHANICAL STUDY OF DISCONTINUITIES 
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MECHANICAL STUDY OF DISCONTINUITIES 

LOCAL STUDY 
For a given pos i tion, the curve of change o f  absolute rotat ion 

for a given vertebra i s  assumed to have a d iscont inu1 ty . This  discontinuity 
is mos t  frequent l y  accompanied by a d iscontinuity in the path of the 
ab so lute I . C . R. for the corresponding pos itioo.  In some cases this  discon
tinuity can be observed in the change of relat ive rotation of the vertebra 
in que s tion with respect to the adjacent one s .  

As we do not know anything about the mo t ion o f  the sub j ect 
between two success ive stes of X-Rays , we assumed that : 

- the mot ion i s  continuous between the i-lth and the i th X-Rays , between 
the ith aod the i + l th X-Ray ; 
- the kinematical discontinuties are produced at  the t ime o f  the i th X-Rays 
therefore impact forces are act ing at this leve l .  

changed 
t .  1 to i. -

THe rotational momentum I .w · - l  o f  a given vertebra may be 
to I wl+l  by the action of imput s i.ve torque M ex and M 1. from 
t . 1 1. + 

J i+l 
M dt + ex i-1 J i+l 

i-1 
M. dt = 

1. 
w i+l 

Denoting : 

M , M. the impuls ives torques about the center of mas s  o f  external forces 
(mu��ulaf forces ) and internal forces due to discs respectively . 

IG the mas s  moment o f  inertia about the center of mas s ,  
w . 1 , w . 1 the average angular velocity before and after the d i scontinuity i.- i+ respecti.vely ; 

w i + l  
e i+l  

dt  

e i w i-1 = 

e i - 9  i-1 
dt 

As suming that . the duration dt is the same between two success ive X-Rays . 

Denot ing by /::. e m 
w 

This yields  

Ji� l 

i-1 

the 

i+l 

average 
M 

1. - --

1::.t 

M dt + ex 

increment over 
t:.t. 1. 

1::.t 

1 i+l 

j i-1 

+ . a ' 

M . dt 1. 

an interval : M 
M /::. t. 

W ,  i-1 
= = i.- 1  f::.t 

( f::. t. -Öt. ) 1. i-1 
= \; 

= a /::. m 
i-1 + a 
f::.t 

t 

When the curve o f  change in absolute ang le deviates sharply from the 
regre s s ion l ine , for a given p o s i tion , l::.t. no langer equal s  zero . This  would 
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sugge s t  an impact for thi s  position. The impul s e  of  the impact torque is a 
finite quanti ty ,  but we have no way of  knowing if  the impact i s  due to an 
external or an internal torque . 

The momentum counterpart o f  the previous equation uses the mas s  
of  the vertebra : ( i+ l

Fexdt + l i+l
Findt = M [vi+l (G) - Vi- 1 (G) J ( 4 )  l i- 1 i-1 

Denoting by G the center of  mass ; F , F . are respect ive l y  the external 
and internal forces acting upon the 6ädy f�om t .  1 to t . 1 ; V . (G) ,  i- i+ i- 1 V . + l  (G) the average velocity of  the center of  mas s  before and affer the 
dtscontinuity respectively.  

Vi- 1 (G) = 
G .  l G . i- 1 

tit Vi+l (G) 

us ing the properties of the I . C . R. : 

G .  1 G . i- 1 
llt 

Z X 

Equation ( 4 )  becomes 

Ji+l 

i- 1  
F d t  + ex 

68 i-1 
tit 

I .  lG . 1 i- i-

G . G . l 1 i+ 
ll t 

Gi + l . i s  alway
d

s �ear to Gi- l ; ti8itl ' 68 · _1 being f ini te quant i t ies  i t  is  
possible to  efine an average angu ar veiocity and wri t e  in vector 
notation : 

Ji+l
F dt + Ji+l

F . dt = M w Zx I .  1 I .  l i-l ex i-l in -m i- i+ 

m 

The kinematical discontinuity takes · the form of  a sudden 
change in the path of ab solute I . C . R . for a given pos it ion. This corresponds 
with ei ther external or internal forces , it is impos s ible to say which . 

In relative movement , the s ame vertebra i s  subj ect to the 
same forces (external and internal forces which become constraint forces ) .  
The impact analysis s tates that a phenomenon can be analyzed both in 
absolute axis (movement with respect to the sacrum) as we l l  as in relat ive 
axi s  (with respect to the previous vertebra ) . 

Let us assume we have a shock. We can s tate · .i+ l rl (iJ! i+ l lliJ!i-1  J M dt + . M1dt = IG -- - - ]  i- lex i- 1 ll t ll t 
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6i)! i + l  
'6i)! i-l 

denoting the change in relat ive rotation. 

If the curve of change in relative angl e  deviates from the 
regression l ine and if the variation in relative movement is the same as in 
absolute movement we can state that the phenomenon is  a shock.  

TOTAL STUDY 

The conditions under which the X-Rays were taken , did not 
permit us to f o l l ow the diffusion of the dis turbance in time . On the other 
hand we had the means to understand the way in which a disturbance was 
dis tributed along the column at a given time . 

If  for a given position we observe a disturbance in the 
change of relative rotation acting on the vertebra, we can wr ite : 

IK 
( M Ki - 68 Ki-l

) 
6. t  

Denoting b y  P
K the sum of the impul se of imact torque ( external and cons

traint forces ) ac t ing on the vertebra. 

For the adj acent vertebrae we can state 

1
K+l

( 
6 t  

M K+l i , M K+l i-1 ) 
' 

1
K-l 

= - ( 
6 t 

M K-1 i ' 

Assuming that the mass moments of inertia IK-l ' I
K_+ l  � 1K are eq�al , the 

comparison o f  the change 68 K . 68 K . _1 with tbose or the adJ acent 
vertebrae allows us to compare ' Ehe way i� which impulse PK can be distri
buted along the column for a given pos i tion. 

The analysis of the distribut ion of disturbances by the 
who le column for each position gives too great an amount o f  data for 
pract ical purposes . 

We have defined a method for determining the average way 
in which a column d i stributes a disturbance during the whol e  movement of 
lateral inf lexion. 

We have calculated the res idual variance over an interval 
to quantify the harmonious character of the movement of a vertebra with 
respect to the sacrum and to the adjacent vertebra. 

2 2 

= 
E ( e i , K  -e miK) 

= E (iji iK!jlmiK) 
In the case of shock : VA=VR n n 

If we assume that there is an average s tate of impact forces 
during the whole movement of a vertebra , this average state can be 
quanti fied by the change of variance for the given vertebra. 

/· �-!. 
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The curve of change in absolute variances with respect to 
their pos i tion along the column is  an i l lus tration of the way in which the 
impulses are distributed on average along the column during a whole movement 
of lateral inflexion . 

RESULTS 

Two series of tests were carried out (healthy subj ects 
bending lateral ly with both a continuous and a discontinuous movement) 
The aim of these tes ts was : 

- to def ine the cri teria of normal ity for columns sub j ected to cont inuous 
movements , 
- to s tudy the way in which a healthy subj ect d i s tributes impul ses which 
ressemb l e  lateral shocks as far as possible . 

Af ter tests tne continuous movement of a healthy column can 
be defined as having the following characteristics : 

ABSOLUTE MOVEMENT 

A l inear curve of kinematic activity , each vertebra plays an equal part 
in the mob i l i ty of the who le column. The movements are harmonious , the 
variances are s l ight and dis tributed uniformly along the column. The 
scattering circles are speci f i ed ,  they are centered along the axis of the 
co lumn , their rad i i  vary progressivel y .  

RELATIVE MOVEMENT 

The discs have a comparable kinemat ical activi ty, the variance are s l i ght , 
the scattering circles are centered on the zone of the discs along the 
axis of the vertebra, their radi i are smal l .  

The behaviour of a healthy column sub j ec.ted to a disconti
nuous l ateral movement can be described as fol lows 

ABSOLUTE. MOVEMENT 

The curve of change of kinema t i cal activity is l inear . The gradient o f  the 
l ine of change of a discont inuous movement is nearly the same as for a 
continuous movement . 

As a result of the discontinuity provoked during the movement , there are 
irregularities in the curve of change of rotation for each vertebra and 
hence considerab l e  variances are caused . 

A standard subj ect dis tributes a shock uniformly along the 
who le column , spreading the variances over all  the discs.  

The scattering circles have pract ically the same position with 
respect to the axis of the column during the previous test and the rad i i  
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are cons iderably large r .  Normal i ty can be recognized by the fact that the 
rad i i  of scattering c ircles of an individual vary progressively along the 
length of the column. 

RELATIVE MOVEMENT 

All the discs o f  a standard sub j ect act in a manner s imilar to the previous 
tes t (cont inuous movement) . 

The impulses are d i s t r ibuted regu larly along the length of the column. 
There is no sudden change in the radi i  of the progres s iveness circles . 

Some c l inically healthy subj ects may show evidence of scoliosis 
They are ab le to sustain cons iderable forces during discontinuous movement 
but these forces are not evenly dis tributed along the whole column . Some 
discs are under grea t stres s .  The scattering circles al low us to throw 
l i ght on some dis turbing as symetries . 

CONCLUSION 

The techniques presented in this paper are also used f or 
cl inical purposes in the view to be ing a diagnostic aid.  However i t  is 
important to s tate that c l inically healthy subj ects without any radiolo
gical anomalies can have a lumbar column whose dynamica behaviour is such 
that they are much more l ikely to have low-back pain than subj ects who 
are dynamica1ly norma l .  
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