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Abstract

Angular coupling is intrinsic biological property othe lumbar spine whose effect on
the question of the lumbar spine’s stability/instility has been very difficult to study.
This work proposed and applied a new theory thatlépendent on the equation of the
lumbar spine in six degrees-of-freedom to study #féect of angular coupling on the
stability of lumbar spine and, consequently, on loback pain. We derived the
equation of the lumbar spine in six degrees-of-foken and applied it to study the
effects 0f2°,4° and 8°lateral bending, axial twist and both lateral bendj and axial
twist on thel0°extension of a hypothetical lumbar spine. The resubf the work
show that angular coupling from lateral bending afp to8° has no significant effect
on the lumbar spine. The axial twist shows no sificént changes a2° and4° but
visibly affects the lumbar spine &°. The combined effect of lateral bending and
axial twist shows insignificant differences from ¢h effect of axial twist alone,
suggesting that the contribution of axial twist tthe combined effect is greater.
Additionally, the work reveals the possibility afrjue transfer from the upper joints
of the lumbar spine to the lower joints (Lsand Ls/S ;).We concluded that angular
coupling from axial twist of up tB°can cause instability of the lumbar spine and
increase the risk of injury to the lumbar spine. @as for further research using this
technique have been suggested.
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1.0 Introduction

The structural complexity of the lumbar spine maytbe reason for the slow pace of the elucidatitimecdevelopmental
processes of non-specific low back pain (NSLBPatiSics from around the world reveal that low baekn is a common
problem among people that exerts costs both ind@fnmedical and socio-economic burdens. The mgjofithese cases of
low back pain are referred to as non-specific loackb pain (NSLBP) [1-5]. Mechanical factors are ofteonsidered

primarycauses.

Tounderstand the aetiology, biomechanical modelliag been extensively employed in the study ofatpgimading and

stability, with the results still unsatisfactoryo Hate, all biomechanical models can be broadlysdied as anequilibrium
theory or stability theory. The requirement thdii@amechanical analysis is considered completeas ltbth an equilibrium
analysis to estimate tissue loads and a stabitilyais to estimate structural tolerances are eduout[6]. Finite element
techniques are the dominant study techniques inlitheture. However, there are areas that thesknigues are still

considered inappropriate. Coupling, for instanseam intrinsic biological property contributing tee complexity of the

lumbar spine and is difficult to study using theiti element techniques[7-8]. Many studies haven e on coupling[9-
16], but most of these studies have focused orblestang whether or not coupling exist, the direnti and if it is an

indicator of low back pain[9,17,18]. Studies thegls to know whether coupling could lead to low bpak (LBP) are scarce
or not undertaken.One critical question that stémands answer is how to study coupling effects wahelther it affects

stability and, consequently, causes law back pairot
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The objective of this work was to apply a new tlyetar study the effect of angular coupling on thabdity of the lumbar
spine and its consequence on low back pain.Oumryhdevelopment is based on the structural mechasfidke lumbar
spine. We first developed the equation of lumbamesin three degrees-of-freedom and used it toroéte and investigate
the center of mass in the sagittal plane and thetimn in the inter-vertebral disc [19-21]. In orde have a complete
analysis and better understand of the dynamickeo€énter of mass, we moved on to develop the iequat six-degrees-of-
freedom[22]. The hypothesis, therefore, include:

1. If the displacement is symmetrical over therentumbar spine, then the lumbar spine is lesdylike sustain injury.
However, if the displacement is asymmetrical, ttrenlumbar spine is more likely to sustain injury.

2. If angular coupling distorts the trajectory b&tlumbar spine during a given task, then, the lmdpine is considered
unstable under such coupling condition[23-25].

2.0 Material and Method

Definitions

Coupling:In order that we articulate the work and it findsng the right perspective, we categorised the lesumotion into
natural and artificial coupling phenomenon. Theuratcoupling phenomenon is a “reflex act’- it isither predetermined
nor deliberate. This encapsulates, best, the defindf coupled motion by Paris and Loubert [28]islan intrinsic property,
induced by the motion segments structures, doescutr in sagittal planeand the mostly studied.r&he force induction.
On the other hand, artificial coupling phenomen®m i“‘non-reflex act™-it is predetermined and deléie. It encapsulates,
best, the definition of coupled motion as descriigyd White and Panjabi [27]. It is not intrinsic, thomduced by
motionsegment structures and there is no forcecinolu rather, separate mobilization forces act #mmeously to achieve
the desired motion. It is mostly experienced idedits. For instance, a footballer that jumps tacha ball with his side head
may need to flex or extend his back and side-flesotate to achieve his aim. It occurs in all thenes.

Perturbation: The perturbation in this work shall be the couplangles during an extension task [6].

Equation Derivation

(. Lumbar Spine Orientation: Using the calculus of variations, Mafuyai et al8]Zhowed that the static equation of
lumbar spine is

l S
y = Esin (T) (D
wherey is the measure of lordosis, given in cm/tasithe length (circumference) of the lumbar spimeasured in cm; and
s, also measured in cm, is the distance along thee@f the lumbar spine.

To change all measurements into linear dimensiaesmultiply equation (1) by 1lrad and set ﬁ =3.183 x 1071,
which is a dimensionless constant called the Mafagastant. Hence, equation (1) becomes

Y = lo sin (?) @)
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Figure 1:Geometrical presentation of Lumbar spine in Space
Now,consider a lumbar spine oriented in space,as/iishin Figure 1A and B. Id is the distance of any rigid point or

vertebra from thé axis of the reference franXYZ then, the equation will become
s

d = losin (T) 3)

Y/em

Figure 2:Vector representation of Lumbar spine
Now, considering Figure 2, latbe the anglisubtended by Swith the verticakp; the angle subtended by any rigid point
lumbar vertebra Lwith the vertical, and9; the angle subtended by any rigid point on lumbatebea L, with the vector U.
Then,
w=9+ ¢;(4)
Taking an elemends anddU, we have
4]
s (5)
~ dU= dscos9; (6)
Integrating equation (5) we have
U= scosv; 7

cosV; =
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But,
Y =Ucosw (8)
Substituting equation (4) and (7) into (8) and difgimg, we have
1
Y=s (coszwcoswi + EsinZ(usin(pi) C)
The shortest curve joining any two pts is a straight line according calculus of variations. Mafuy et al. [19] assumed
the relationship between the distasmleng the curve of the lumbar spine and the clY formed by it to be given b
s=puY (10)
whereu is a constant of proportionality for a static lumbpine
Comparing equation (9) and (10), we see
1 s
n= 2 1 . K = 7 (11)
cos“wcos@; + Estwsm(pi

Substituting equation (20) into (3) we h
d = losin ( ) (12)

Now, from Flgure 1B, we obtain

\/m lo sin ( ) (13)

(1. Motion of Rigid Body Let Rbe the initial position of a point on a rigid botlyspacerthe final position, anD the
displacement vector (Figure 3A). Then, the equatiomotion of a point on a rigid body is given as:

wherer;; is a rotation tensor, defined as

R11 Ry, Ris cos (y) 0 —sin (y) cos(¥) sin(¥) O
Ra1 Raz Raz| = [ 0 l [ cos (9) sin (e)l [—Sln () cos(¥) O (15)
R31 Rs; Rs sin (y) 0 cos (V) —sin (6) cos (6) 0 1

andy,6 and? are a set of Euler angles [29]defined as the clamgexial rotation, lateral rotation and flex-extension
rotation, respectively (Figure 3B), with a rotati@onvention that clockwise rotations are negatinel anticlockwise
rotations are positive.

Figure 3A:Rotation of a Vertebra relative to anot| Figure 3B:The coordinate system for relative motion at

showing the displacement of a point on a rigid L4/L5 Joint
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Writing equation (14) in components, substitutingito equatior(13) and choosing a point on the rigid body thahcides
with the origin of the coordinates for simplicigguation (13) simplifies in

J(xo — Dy)* + (2o — D,,)? = locos(6) sin( Mﬁ(y y)> (16)

where
x— D,
xO - on —_ cos (l}l) (17)
_z— D, 18
Zo — Zo cos (,y) ( )
B= (19)

cos(¥) co s(y) — sin (¥)sin (y)sin ()
Lettingxo — Dy, = (dg — Dg,)sina, zo — Dy, = (dg — Dg,)cosa andx = tan™" (= D

os vy V€ can write equation (16)

dy = locos(0) sin (M) + Dg, (20)

Whered,, is a measure of lordosis in terms of linear disptaent at neutral postul is the length of the lumbar spio is
Mafuyai's dimensionless constant givens = 3.183 x 10~! andu is Mafuyai's ratio, defined as the ratio ofa dista
along the curve of the lumbar spine to the chorthéd by it

u, for a dynamic lumbar spine, is given by

”=Y+Dy(21)
Dy=Y—% (22)

Convention: in extension), is negative and it is positive in flexic

3.0 Application

We considerea hypothetical lumbar spine of lend = 20cm, with the chordf formed by the lumbar spine 18cm. We
determined, foy = 0,5,10,15 and 20cm, the values d, — D4 using equations (1922) for neutral posture (i.¥ =y =
6 = 0°) andl0°-extension (i.e¥ = 10°) with 2°,4° and 8° coupling in lateral bending and axial twist for ioas
combinations. The graphs were plotted and anal

4.0 Results

8
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Figure 4A:Comparison of the plots of Neutral posture and 10 °of extension
without coupling
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Figure 4B: Comparison of the plots of 10°of extension without coupling and 10° of
extension with axial twistcoupling of2°, 4°and8°

25

\ —t— 10° Extension with 8°
= ia 7=
\ Coupling

== = —@— 10° Lxtension with 4%
I ateral hending

LouUping
10° Exlension wilh 27

16 %1 Laterai bending

Coupling

—=—10° Extension without
Coupling

[l

-5 0 5 10

Figure 4C: Comparison of the plots of 10 °of extension without coupling and
10°0of extension with lateral bendingcoupling of2°, 4°and8°.
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Figure 4D: Comparison of the plots of 10 °of extension without coupling and
10° of extension with both axial twist and lateral bendingcoupling of2° , 4°and8°
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Figure 4E: Comparison of the plots of Neutral posture, 10° of extension
without coupling and 10 °of extension with axial twist, lateral bending and
axial twist and lateral bending coupling of8°

The equation of the lumbar spine in six deg-of-freedom (Equation 20)contains the three translatiaoordinate:
x, yandz and the three rotational coordingy,8and¥. With the addition of equation (12) to (19), vérta displacement ce
be determined.
The comparison of the graph of the lumbar spineeatral posture to the graph of the lumbar spinkC® extension (Figure
4A) shows that there is asymmetric disiement of points on the lumbar spine from their redysosition. This asymmetr

displacement is more pronounced witha&ial twist coupling during thd°extension (Figure 4B) thar® lateral bending
coupling during the 1Vextension (Figure 4C).The corned effects of the coupling of both axial twist datkral bending

during 10 extension is not significantly different from thifeets of the axial twist alone (Figure 4D and E)gesting tha
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the changes are largely the contribution of axidggtt The effects of coupling at lower angles d&2d £ for both axial twist
and lateral bending during a %@xtension do not show significant differences frb@ extension without coupling (Figure
4B and C).

5.0 Discussion

Accounting for subject variability is one of thabilities of optimization approach but an assethef biological approach
[30]. The beauty of the analytic theory is that@#n account for subject variability as well as othmlogical intrinsic
properties such as angular coupling that otheraggbres could not account for. Equation (20) costaurch variables as the
length of the lumbar spine ang (Mafuyai ratio), which is defined as the ratiolenhgth of the lumbar spine to the chord
formed by it. Additionally, for the same task, thariables,y, z,y,0 and¥ in equation (20) can differ between individuals
due to physiological differences, anatomical défezes and differences in the style of performirtgsk. For instance, the
task of bending and picking up a pen from the flogra tall and short person will require variatianstheir angular
parameters. This can definitely lead to differeniceading of their spinal segments and accounttie variability in the
risk of injury by different individuals for a givetask. Estimation of this variability experimenyalis a difficult task.
Equation (20) promises to be a useful tool for gssimation, since the kinematics of each of ttggrents of the lumbar
spine with respect to the six coordinates can bivetk and consequently, the loading informatioriized. Furthermore, the
analytic theory can be a more convenient meansutty ghe role played by the lumbar spine posturthéndevelopmental
processes of low back pain [31]. For instance, ghmnthe angular variablgsg and¥ in equation (20) will lead to different
posture of the lumbar spine and the factors tHatathe capacity of the erector spanae, for exantplresist moments and
exert forces[32,33] could be inferred.

Considering the origin of the coordinate systeng(fé 1A), and with respect to Figure 4A, the veidebat the upper end
(L1, L, etcy of the lumbar spine are displaced more from theginal position than the vertebrae at the lowed €5 and
L4). This can be so in real lumbar spine since timgaeaof motion of the lumbar vertebrae increasemftg to Ls[34,35].
Applied torque can easily result in translationadtion as well when the range of motion is exceedds situation could
lead to transfer of torque to the lower part of lin@bar spine since this is where there is moratiatal “freedom”. This
transfer of torque explains why this part of thenhar spine is more susceptible to injury. This ifigdcorroborated the
findings of Joanna et al., [36]which shows thagsdrdistribution in the lumbar spine increases deard from L to Ls This
concept of torque transfer further explains why Imagnitude external load could still result in banjury[37].The 8
degrees axial twist coupling further increasesct@nces of injury from both translational displaeets at the upper part of
the lumbar spine, once the range of motion is ed@deand compressional and disc creeping at therlpart of the lumbar
spine as a result of the increasing torque at pladtit. The translational displacement that may ltekam axial twist
coupling at the end range of motion will resulthie increase of neutral zone which implies segnhémgtability [24].

The unequal distribution of torque and forces asyllfrom “unpreserved” shape of the lumbar spirfeew undertaking a
task (extension) implies the instability of the lian spine during the task according to our hypastiEise idea of taking the
advantage of coupled motion in manual therapy @iitetion) should be given a second though if bkidst at large angle
is involved. Because this can aggravate situatiaredhe vertebrae have reached the neutral zoneothimn at the primary
axis.

6.0  Conclusion

This work proposes a new theory for lumbar spinalyais, and the results show that with simply measie data such as
angular displacement, other parameters of the lusjpae can be analysed. The work shows that &t dngyles, axial twist
results in instability of the lumbar spine when sidering coupling as a perturbation and increaesisk of injury. We

conclude that coupling from axial twist can easigform the lumbar spine, and this may be the readgnthe minor act of
bending to pick up a pen from the floor can resulow back injuries[37].

Further Research

Using this technique and results, further work bardone to study the effect of the variability odvements of the lumbar
spine within and between subjects[8] and its liakaw back pain. This may explain why some vertebmad subjects are
more prone to injuries under the same task thaersiiBi7]. Additionally, the unresolved questionglad instantaneous axial
center of rotation[38] and center of mass of threldar spine can be looked into analytically usirgelquation of the lumbar
spine.
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