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Spinal biomechanics is still known just fragmentary since the only description by angle-torque characteristics without simultaneous
recording of migration of the instantaneous helical axis (IHA) is not sufficient. Time-dependent flexion/extension following a cyclic
laterally directed torque was measured at all six degrees of freedom by a highly precise custom-made 6D apparatus. In order to enhance
the localizing resolution of IHA migration as the function of the flexional/extensional angle, small ranges of motion (ROM) were used at
several degrees of pre-extension.

4 L3/L4, 3 L4/L5 and 2 T2/T3 human segments were investigated. In extensional motion, wide dorsal IHA-migrations were measured in
lumbar segments and correlated with the distinct asymmetric shapes of the characteristics in extensional motion. The respective increase
of differential stiffness could mainly be traced back to the enlarging geometrical moment of inertia of the segments by the dorsally mi-

grating IHA. Both thoracic segments showed a predominant IHA-migration in cranial/caudal direction.
A simple model makes it evident that the opposite curvature morphology of lumbar and thoracic joint facets conditions the different

directions of IHA migration.
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1. Introduction

Rotational angle—torque characteristics of human
spinal segments show distinctive nonlinearity. As
shown below in flexion/extension, the characteristics
of L3/L4- and L4/L5-segments resemble “diode
characteristics” known from electronics. The differ-
ential stiffness of the segments rapidly increases in
extensional motion [1], [2]. This eye-catching asym-
metric nonlinearity does not seem to be caused by
the material of the intervertebral disc, since nonline-
arity of material hardly depends on the direction of

flexional/extensional torque. This idea is supported
by the well-known experience that segments with
removed vertebral joints (VJ) show practically sym-
metric S-shaped characteristics [3], [4]. Therefore it
seemed likely that the guidance by the VJ would
affect the asymmetry of the flexional/extensional
characteristics, since for geometrical reasons the
joint facets come into contact under an extensional
torque and uncouple in flexion. The differential stift-
ness of the segment increases, when in extension the
joint guidance makes the instantaneous exten-
sional/flexional rotational axis to migrate dorsally
[4], [5]. This obvious mechanism can be supported
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by the following simple considerations: a segment
consists of two rigid bodies jointed by an elastic
layer, the material of which may show Hookian be-
haviour (figure 1).

Fig. 1. Illustration of Steiner theorem: (a) two rigid bodies A and B
are connected with an elastic layer. Extensional torque increment
dT produces rotational increment do around axis C,

(b) both bodies are additionally constrained by a hinge joint (HJ):
to rotate body B around HJ by da torque the increment d7 .,
must be enhanced since body B is additionally displaced
by increment ds

In the case (a), an extensional/flexional torque ap-
plied to the upper body B rotates it around the rota-
tional axis C. The device would show a linear charac-
teristic corresponding to the extensional/flexional
stiffness Dy, of the layer. Case (b): when, however,
both bodies are additionally connected by a hinge
joint (HJ), its constraint transfers the position of the
rotational axis into the centre of the hinge. Thereby
the geometric moment of inertia of the layer becomes
enhanced: the extensional stiffness/flexional stiftness D
of the layer must increase according to the theorem of
Steiner [6], [7]:

D=D(a)=D,_, +a’-D,
or (D)
AD(a)"* = (D(@) = Dy,)"* = Dy* -a.

D(a) = instantaneous stiffness, D, = minimal
flexional/extensional stiffness, Dy = normal stiffness
of the intervertebral disc, a = distance between posi-
tion of the rotational axis in minimal stiffness (D)
and in actual stiffness D(a).

Hypotheses: a) the degree of dorsal IHA migra-
tion depends on the shape and alignment of the joint
facets; b) is it that the IHA position migrates dor-
sally, the instantaneous stiffness of the segment
would nearly increase according to the Steiner for-
mula.

2. Material and method

Material: 4 1L3/L4, 3 L4/L5, 2 Th2/Th3 human
segments (age: 59.8 £ 16.6 years) were stabilized by
a solution which did not alter the hardness and shape
of the osseous and articular structures [8]. In this way,
it was possible to ensure that the joints remained
much harder than the intervertebral disc and the liga-
ments so that the predominance of the joints in guid-
ing the segment was not affected by the preservation
technique [9]. Abnormalities were excluded using
X-ray images and CT scans.

Measuring apparatus: it has been described by
MANSOUR et al. in detail [10]. Briefly: the position
of the upper vertebra was monitored in relation to the
lower vertebra. The 6 degrees of freedom tracking
device consists of six inductive linear displacement
sensors (1310 Mahr type, Gottingen, Germany),
which have a resolution of 0.01-2.4 um depending
on gain. Their mounts were rigidly attached to the
lower vertebra. The tips of the sensors were in con-
tact with three glass plates, which were rigidly at-
tached to the upper vertebra and form a cube. The
sensors were arranged in a 3-2-1 configuration so
that the positions of their tips define the momentary
position of the cube, hence that of the moved coordi-
nate system.

For the L4/L5 and Th2/Th3 segments an axially
directed force F, was applied adjusting its force line
through the center of resistance so that the upper ver-
tebra was neither laterally tilted nor flexed or ex-
tended (central position of F)). In the L3/L4 segments,
however, F ran in central position through the center
of the spinal channel. When the position of the upper
vertebra became stationary, the resulting position of
the moved coordinate system was saved as the refer-
ence system.

Extensional/flexional angle—torque characteris-
tics: a time-dependent, laterally directed torque 7'(¢)
was applied following a cyclic triangular time func-
tion. After some cycles the transient process of the
resulting angle oscillation «(f) was completed.
Within each cycle a transient process occurred after
each reversal of motion: this faded away with an
onset time y. Therefore, the cycle time . of the
torque—time function had to be sufficiently long (¢, =
1 min >> y) in order that the transient process could
fade away in the first part of the respective half-
characteristic and no longer could influence the sub-
sequent larger part [11]. Then, the differential stiff-
ness dT,/da, read from this part of the characteristic,
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was not influenced by the transient process and rep-
resented the actual instantaneous stiffness of the
segment as the function of the flexion/extension an-
gle (figure 2).
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Fig. 2. Characteristics of segment L4/L5A. Torque amplitude:
10 Nm. Minimum stiffness at flexion angle ¢, i, = +0.6 deg.
Parameter of force line of preload F, corresponding to figure 3;
A: central position ((X, y) = (0, 0)),

B: dorsal position ((X, y) = (40 mm, 0))

Measurement of IHA-migration: the spatial reso-
lution of the position of the moved coordinate system
was 0.5 um for the translation of its origin and 0.5
mdeg for the flexion/extension angle «. Thus, the
paths of IHA-migration (centrodes) could be deter-
mined in a close approximation as the function of the
angle « by using small successive angle intervals (Aa
< ROM/400). For each interval a finite helical axis
(FHA) could be calculated without further ado. The
successive calculated FHA-positions conformed to the
IHA-positions in a close approximation and thus rep-
resented the respective centrode since the intervals
were almost differentially small. Then the centrode
was related to anatomical structures. The differential
stiffness along the flexional angle—torque characteris-
tics of the build-up state was related to the corre-
sponding IHA-positions, both functions of the flex-
ional angle c.

Range tracking: Since the angle intervals Ax used
for FHA determinations depend on range of motion
(Aa < ROM/400) the set of FHA positions conform to
the centrode of IHA-migration all the more because
the ROM is set smaller. Therefore, the fixed coordi-
nate system was stepwise tracked by displacements of
F, along the sagittal direction.

3. Reaults

First of all it should be mentioned that for the
lumbar segments the direction of I[HA was always

nearly parallel to the applied torque vector fy inde-

pendent of the flexional/extensional angle ¢ (maximal
angle differences < 10°). Additionally the screw pitch
was low so that the segments carried out almost rota-
tional or at most small helical movements like a tech-
nical screw with a low thread pitch.

Figure 2* shows two «a(Ty) characteristics of
L4/L5A segment: under the preload F, =200 N through
the center of resistance (A) and under F, = 200 N when
its line was shifted dorsally by 40 mm (B). This force
displacement was equivalent to the exerting of addi-
tional static extensional torque of 8 Nm, by which the
small range of motion was tracked into the region of
extended segment. Consequently, the characteristics
remained asymmetric, but differential stiffness in-
creased considerably.

Figure 3 shows the corresponding centrodes of
L4/L5A. IHA migrations were found to be small in
flexion and extended in extension. Under pre-
extension the centrode was dorsally shifted. The cen-
trodes ran almost parallel to the x-axis. The position of
the IHA was described by the a-axis whose origin was
put in the IHA-position which corresponded to mini-
mum differential stiffness of the characteristic at
Ominfio = 10.6 deg. Each position of the IHA in both
centrodes was described by its a-value and related to
the differential stiffness by means of the parameter of
the centrodes, the respective extensional/flexional
angle o.

Figures 4 and 5 present respective measurements
for L3/L4A segment. The transient process was again
considerable when in reversal of motion (Rg) the ini-
tial stiffness was small. The considerable asymmetry
of the characteristics again corresponded to wide dor-
sal migrations of the IHA, also in the pre-extended
segment. The centrodes for positions A or B of F, fit

* At the reversal point (Rg) from the most flexed to exten-
sional motion the characteristic A indicated a pronounced transient
process causing the hysteresis. For the characteristic B, however,
the transient process was shorter and therefore the hysteresis
smaller. Since the enhancement of stiffness with constant viscosity
of the material shortens the time constant of a transient process,
this finding mirrors the fact that the instantaneous stiffness of the
segment is larger in the case B than in the case A. In both cases,
the high segment stiffness at the reversal point R, shortened the
transient process so that here the hysteresis was practically absent:
in this way, the characteristics presented asymmetric shapes of
hysteresis, altogether.
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Fig. 3. CT-reconstruction of L4/L5A segment in the zx plane
and intersections of IHA in flexion/extension.
Parameter: angle of flexion. A: preload F, =200 N through
the center of resistance (central position of F,, x = 0).

B: dorsal position of F,, =—40 mm. Wide IHA centrodes
over more than 20 mm parallel to the intervertebral disc
in flexing/extending motion produced by time-dependent
torque T,. Parameter along the centrodes is the respective
extensional/flexional angle as plotted in figure 2
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Fig. 4. Characteristic of segment L3/L4A corresponding to
IHA migration in figure 5. In extensional mation,
the minimum differential stiffness appeared at flexion
Ominfro = 0.61 deg. Parameter of force line of preload F,
corresponding to figure 5; A: position ((x, y) = (0, 0)),
B: dorsal position ((X, y) = (40 mm, 0))
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Fig. 5. CT-reconstruction of L3/L4A segment
in the z—x plane and intersections of IHA in flexion/extension.
Parameter: angle of extension/flexion. In central position,
F, runs through the center of the spinal channel, in dorsal position
through dorsal region of the processus spinosus.

Both centrodes (A, B) perfectly fit into one another

2 fHmm | I o2 | |
F. = 200N F, = 200N
s A |- 1 1 14 B
iod—— —ely 10 ol
- uppervertebra - 54 I 1 upper vertebra
||| "‘Ji e
| disc . disc
T T [ 1 1 e e |
EaNET £
IS 25 PR ok oLl N cab e
Y15 1|.5 Jops
) byt L
+0,5° — F a1 k5
—0° 1 ¥ i ~ge
. log [ [ [ 1 111 [dotflosel | | ]
. ij x/mm Pl L F 4 x/mm
T30 - 24.20.18.12-8 -4 0 4 B 12 16 20 -30 .24.20-16-12-8 -4 0 4 B 12 18 20

Fig. 6. Centrodes in flexion/extension for the thoracic segment
Th2/Th3A. A: central position of the preload F, =200 N, B: dorsal
position of F,. Amplitude of oscillating torque: 4 Nm

Segments Th2/Th3A and L4/L5A originated from
the same spine but showed completely differing IHA-
migrations. In the two thoracic segments the IHA
migrated more in caudal/cranial direction (figure 6)
also for the case that the both joints were brought into
function by dorsal shifting of the preload F,. Under
dorsal preload the centrode (B) was dightly dorsally
displaced by about 3 mm. In the angular interval from
—1.0° up to +0.5° the centrodes showed amost paral-
lel shapes.

4. Discussion and conclusions

By range tracking the considerable dorsa migra-
tion of the IHA was prolonged in al three L4/L5 and
in three L3/L4 segments. All these segments had
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comparable properties: a) ventral/dorsally aligned cen-
trodes under central and dorsally shifted preloads,
b) asymmetric characteristics, hence c¢) rapidly in-
creasing the differential stiffness in extensional
movement. Here the IHA-migration could be related
to the non-linearity of the characteristics (figure 7).
The data validated the findings of WACHOWSKI et al. [3]
with further L3/L.4 and L4/L5 segments whose ranges
of measurements were not shifted to the regions of
higher extension of the segments by static pre-
extension. In one L3/L4A segment, the IHA was
found to be practically stationary like it is in L1/L2
segments, in which the joint facets are almost sagittally
aligned, so that the joints cannot guide exten-
sional/flexional motions [12].
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Fig. 7. Correlation of IHA-position @ with instantaneous
differential stiffness D(a) of the segment. The relationship
between D(a) and IHA-position a followed the Steiner theorem
in the first approximation. Only one (L3/L4D) of the segments
did not show dorsal migration of the [HA

Nevertheless, by means of this dorsal IHA-motion,
L4/L5 and L3/L4 segments exhibit a powerful mecha-
nism to limit extensional motion by rapid increase of
the geometric moment of inertia.

The centrodes of both Th2/Th3 segments took
more or less caudal or cranial courses. Though the
application of the Steiner theorem was not appropriate
for geometrical reasons, the migration of the IHA
surely made contributions to the more or less symmet-
ric nonlinearity of the respective characteristics.

At first glance these different patterns of THA-
migration in lumbar or thoracic segments seem to be
surprising since in extension the articulating surfaces
of joints were in contact taking over the dominant
guidance in both cases. It is, however, well-known that
the curvature morphology of the articulating surfaces is
oppositely shaped (figure 8): the upper and the lower
facets of the lumbar/thoracic segments show, respec-
tively, convex/concave and concave/convex contours

in sagittal cuts [12]. These qualitative anatomical
findings suggest two simple models which reveal the
different kinematics of the two types of segments for
extension. Figure 8 illustrates this schematically. In
both cases, the motion of the upper vertebra is guided
by a dimeric link chain R [13], [14]: the upper verte-
bra can simultaneously rotate around the axis Cj, (de-
fined by both facets of the lower vertebra) and around
the axis Cy, (defined by both facets of the upper ver-
tebra). In any case, C, lies distal to Cy, and the line
Ci,Cyp meets the contact C of the articulating surfaces.
Due to the application of dT. (extension producing
torque increment) the upper vertebra with the upper
joint facets rotates around the instantaneous helical
axis (IHA) by the increment da. According to the
laws of kinematics [15] IHA has to intersect the line
Ci,Cyp- The incremental rotation consists of the two
incremental rotations around the morphologically
given axes Cy, and Cp:

da=da, + do,.
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Fig. 8. Models of the joint guidance in lumbar
and thoracic segments. Details in the text

The increment de, describes the pivoting of the
line C,,Cy, around Cy,, which is fixed in the reference.
The position of IHA is determined by the ratio:

daup — Mo (3)
da,,

up
with 7, — the distance between IHA and C,, and r, —
the distance between IHA and C,,.

Lumbar segments: for neutral segment position
IHA was found to be ventrally positioned in respect of
the axes Cj, and C,,. Therefore the distances r;, and r,
had the same but the incremental rotations dea, and



8 H. NAGERL et al.

day, of the opposite signs. Since ri, > ry,, the incre-
ment |dat,| > |dayo|. Therefore the main part of exten-
sion complied with rotation around the axis of the
moved articulating surface. The caudal displacement
of IHA produced by the extensional rotation around
Ci, remained small (figures 8 and also 3, 5).

Thoracic segments: since the curvatures of the ar-
ticulating surfaces are small [12], the axes C,, and G,
are ventrally positioned in relation to IHA. IHA was
found for neutral flexion/extension (« = 0) in the dor-
sal part of the lower vertebra segment nearby the in-
tervertebral disc of Th3/Th4. Since r, < ry, (figure 8),
the main part extensional rotation was now given by
the rotation day, around Cj,. The wide caudal migra-
tion of the IHA indicated that the radii of curvature of
the joint facets are large.

Altogether both hypotheses could be confirmed.
1. The IHA-migration largely depends on the curva-
ture morphology. 2. Dorsal IHA-migration produces
enhancement of segment stiffness.

5. Conclusions

1. The definition and resolution of IHA-migration
could be increased by tracking the range of measure-
ments.

2. IHA-migration depends on the spinal level ex-
amined, but is consistent within the same level in dif-
ferent specimens.

3. IHA-migration in spinal segments is determined
by the curvature morphology and by the alignment of
joint facets.

4. Dorsal migration of the IHA stiffens lumbar
segments mainly by continuous increase of the geo-
metric moment of inertia.
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