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Clinical spinal instability and low back pain
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Abstract

Clinical instability is an important cause of low back pain. Although there is some controversy concerning its definition, it is
most widely believed that the loss of normal pattern of spinal motion causes pain and/or neurologic dysfunction. The stabilizing
system of the spine may be divided into three subsystems: (1) the spinal column; (2) the spinal muscles; and (3) the neural control
unit. A large number of biomechanical studies of the spinal column have provided insight into the role of the various components
of the spinal column in providing spinal stability. The neutral zone was found to be a more sensitive parameter than the range of
motion in documenting the effects of mechanical destabilization of the spine caused by injury and restabilization of the spine by
osteophyle formation, fusion or muscle stabilization. Clinical studies indicate that the application of an external fixator to the painful
segment of the spine can significantly reduce the pain. Results of an in vitro simulation of the study found that it was most probably
the decrease in the neutral zone, which was responsible for pain reduction. A hypothesis relating the neutral zone to pain has been
presented. The spinal muscles provide significant stability to the spine as shown by both in vitro experiments and mathematical
models. Concerning the role of neuromuscular control system, increased body sway has been found in patients with low back pain,
indicating a less efficient muscle control system with decreased ability to provide the needed spinal stability.
 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

Low back pain (LBP) is a common medical problem.
There is a 50–70% chance of a person having LBP pain
during his or her lifetime,[3] with a prevalence of about
18%.[28] In the industrialized societies, LBP is expens-
ive costing an estimated $15 to $50 billion per year in
the USA[2,12,25,44]. Specific causes for most LBP are
not known. Although negative social interaction (for
example, dissatisfaction at work) has been found to
relate to chronic LBP, a significant portion of the prob-
lem is of mechanical origin. It is often referred to as
clinical spinal instability[26].

Clinical spinal instability is controversial and not well
understood. White and Panjabi defined clinical insta-
bility of the spine as the loss of the spine’s ability to
maintain its patterns of displacement under physiologic
loads so there is no initial or additional neurologic defi-
cit, no major deformity, and no incapacitating pain[46].
Appropriately performed clinical studies of patients with
spine pain and documented clinical instability would be
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ideal for testing this hypothesis. However, carrying out
such studies is difficult. Biomechanical studies have pro-
vided some important and useful understanding. Before
we go further, it is helpful to differentiate between mech-
anical instability and clinical instability. The former
defines inability of the spine to carry spinal loads, while
the latter includes the clinical consequences of neuro-
logical deficit and/or pain.

Clinical instability of the spine has been studied in
vivo since 1944 when Knutsson, using functional radio-
graphs, attempted to relate LBP to retro-displacement of
a vertebra during flexion[20]. There have been several
similar studies over the past 50 years, but the results
have been unclear. In association with back or neck pain,
some investigators found increased motion[7,8,11,21],
whereas others found decreased motion[9,19,39,40].
Some reasons for the uncertainties have been the varia-
bility in the voluntary efforts of the subjects to produce
spinal motion, the presence of muscle spasm and pain
during the radiographic examination, lack of appropriate
control subjects matched in age and gender, and the lim-
ited accuracy of in vivo methods for measuring motion.
These problems, although not insurmountable, are diffi-
cult to resolve in a clinical setting.

The first systematic approach to the analysis of mech-
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anical stability of the spine was undertaken by us using
an in vitro biomechanical model of the cervical spine
[31,47]. Fresh cadaveric functional spinal units (two
adjacent vertebrae with interconnecting disk, ligaments,
and facet joints, but devoid of musculature) were loaded
either in flexion or extension, and the anatomic elements
(disk, ligaments, and facet joints) were transected either
from anterior to posterior or from posterior to anterior.
This study resulted in the development of a checklist for
the diagnosis of lumbar spine instability [46].

The lumbar spine checklist uses several elements,
such as biomechanical parameters, neurologic damage
and anticipated loading on the spine (Table 1). A point
value system is used to determine clinical stability or
instability. The anterior elements include the posterior
longitudinal ligament and all anatomic structures
anterior to it (two points). The posterior elements are all
anatomic structures posterior to the posterior longitudi-
nal ligament (two points). Intervertebral translation (two
points) is measured either on flexion-extension or resting
radiographs. Rotation (two points) is measured either on
flexion–extension radiographs or on resting radiographs.
Damage to the cauda equina is given three points, and
anticipated high loading on the spine is given one point.
If the sum of the points is five or more, then the spine
is considered clinically unstable. This systematic
approach to the assessment of clinical instability is an
important tool for the clinician, and a prospective con-
trolled study to validate the predictions of the checklist
would be beneficial.

2. The spinal stabilizing system

It has been conceptualized that the overall mechanical
stability of the spinal column, especially in dynamic con-

Table 1
Checklist for the diagnosis of clinical instability in the lumbar spine. A point value total of 5 or more indicates clinical instability

Element Point value

Anterior elements destroyed or unable to function 2
Posterior elements destroyed or unable to function 2
Radiographic criteria 4

Flexion–extension radiographs
Sagittal plane translation � 4.5 mm or 15% 2

Sagittal plane rotation
15° at L1-2, L2-3, and L3-4 2
20° at L4-5 2
25° at L5-S1 2

Resting radiographs
Sagittal plane displacement � 4.5 mm or 15% 2
Relative sagittal plane angulation �22° 2

Cauda equina damage 3
Dangerous loading anticipated 1

Reproduced with permission from White and Panjabi [46].

ditions and under heavy loads, is provided by the spinal
column and the precisely coordinated surrounding
muscles. As a result, the spinal stabilizing system of the
spine was conceptualized by Panjabi to consist of three
subsystems: spinal column providing intrinsic stability,
spinal muscles, surrounding the spinal column, provid-
ing dynamic stability, and neural control unit evaluating
and determining the requirements for stability and coord-
inating the muscle response (Fig. 1) [32]. Under normal
conditions, the three subsystems work in harmony and
provide the needed mechanical stability. The various
components of the spinal column generate transducer
information about the mechanical status of the spine,
such as position, load and motion of each vertebra, in a
dynamic fashion. The neural control unit computes the
needed stability and generates appropriate muscle pat-
tern, for each instance.

3. The spinal column

Biomechanical studies under controlled laboratory
conditions have provided some insight into the role of
spinal column components (disk, ligaments and facets)
in providing spinal stability. The load–displacement
curve is often used as a measure of physical properties
of the spinal column or any other structure. The curve
may be linear or nonlinear. In manmade structures, such
as a steel spring, the load displacement curve is often
linear, i.e. the ratio of the load applied and the displace-
ment produced is constant. Such a curve can be rep-
resented by a single value, namely the slope of the line,
which represents the stiffness of the structure. In con-
trast, the load displacement curve of the spine is nonlin-
ear. (If it was not, then there will not be a single range
of motion! Instead, the motion will keep increasing with
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Fig. 1. The spinal stabilizing system. It can be thought of as consisting of three subsystems: spinal column; muscles surrounding the spine; and
motor control unit. The spinal column carries the loads and provides information about the position, motion, and loads of the spinal column. This
information is transformed into action by the control unit. The action is provided by the muscles, which must take into consideration the spinal
column, but also the dynamic changes in spinal posture and loads. (Reproduced with permission from Panjabi [51].)

load). A schematic load displacement curve of a spinal
segment for flexion and extension motion is shown in
(Fig. 2A). As seen, it is a nonlinear curve. The spine is
flexible at low loads and stiffens with increasing load.
The slope of the line (stiffness of the spine) varies with
the load. This behavior is not adequately represented by
a single stiffness value. We have suggested that at least
two parameters be used: range of motion (ROM) and
neutral zone (NZ). [34] The NZ is that part of the ROM
within which there is minimal resistance to intervertebral
motion. [33] For the purpose of visualization, the load–
displacement curve can be described by using an anal-
ogy: a ball in a bowl (Fig. 2B). The load–displacement
curve is transformed into a bowl by flipping the exten-
sion part of the curve around the displacement axis. In
this bowl, we place a ball. The ball moves easily within
the NZ (base of the bowl) but requires greater effort to
move it in the outer regions of the ROM (steeper sides
of the bowl). The shape of the bowl indicates the spinal
stability. A deeper bowl, such as a wine glass, is a rep-
resentation of a more stable spine, while a more shallow

Fig. 2. Load–displacement curve. (A) Spine segment subjected to flexion and extension loads exhibits a nonlinear load displacement curve,
indicating a changing relationship between the applied load and the displacements produced. Addition of NZ parameters, representing laxity of the
spine segment around neutral position, to the ROM parameter better describes the nonlinearity of the spinal characteristics. (B) A ball in a bowl
is a graphic analogue of the load–displacement curve.

bowl, such as a soup plate, represents a less stable spine
(Fig. 3). This ball-in-a-bowl analogy will be used later
to explain a new hypothesis of LBP.

Early in vitro experiments using functional spinal
units and axial compressive load showed that an injury
to the disk did not alter its mechanical properties [24].
However, in later studies, the opposite was found to be
true [14,35]. The difference between the studies lies
mainly in the direction of loading used. The compression
load, although clinically significant, is not the only load
seen by the spine during activities of daily living. In the
latter studies, the response of the functional spinal unit,
before and after the disk injuries, was measured under
the action of six moments: flexion, extension, left and
right axial rotations, and left and right lateral bendings.
For each of these loads, three-dimensional intervertebral
motion was measured. Panjabi and associates found sig-
nificant changes in the spinal behavior after both annulus
and nucleus injuries [35] (Fig. 4).

All components of the spinal column: intervertebral
disc, spinal ligaments and facet joints, contribute to spi-
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Fig. 3. Different stabilities. Using the analogy of a ball-in-bowl to
represent the load–displacement curve of the spine (Fig. 2), a deep
champagne glass and a shallow soup plate represent a more and a less
stable spine respectively.

Fig. 4. Effects of disk injury. Three states of the disk were investi-
gated: intact, with annulus injury on left side, and after removal of the
nucleus. Instability tests were conducted using pure moments of
flexion, extension, right lateral bending, left lateral bending, left
rotation, and right rotation. The bar graph shows the main motions for
the intact and two injuries due to each of the six physiologic loads.
Annulus injury with nucleus removal produced greater changes than
the annulus injury alone. The maximum absolute changes were seen
in flexion and left lateral bending. On the percentage changes, it was
the axial rotation that exhibited the greatest effect of the disk injury.
(Reproduced with permission from Panjabi et al. [35].)

nal stability, in varying degree. In a study of lumbar
functional spinal units, the specimen was loaded in either
flexion or extension, while the ligaments were transected
sequentially either from posterior to anterior or anterior
to posterior [42]. The resulting changes in the interver-
tebral motion were measured. Under flexion loading and
posterior to anterior cutting, there were incremental
motion increases with significant residual motion after
the facet joint transection. In extension loading and

anterior to posterior cutting, a significant residual defor-
mation was found after the anterior half of the disk was
cut. The facet joints carry axial and shear loads, and they
help limit the intervertebral axial rotation in the lumbar
spine to about 2° to either side. This small movement is
the result of two factors: the highly congruent joint sur-
faces of the mating inferior and superior facets, and the
intervertebral disc. It has been shown in several experi-
ments, beginning with those of Farfan and associates,
[10] that complete transection of the facets significantly
increases axial rotation. However, the effects of partial
transactions of the facets — a common clinical pro-
cedure, have not been studied extensively. Using fresh
human cadaveric functional spinal units, the effects of
graded facetectomy on the motions of the spine were
studied [1]. Multidirectional flexibility testing was per-
formed when intact and after each of five injuries:

1. transection of supraspinous and intraspinous liga-
ments;

2. left unilateral medial facetectomy;
3. bilateral medial facetectomy;
4. left unilateral total facetectomy; and
5. bilateral total facetectomy.

Changes in the ROM and the statistical significance are
given in Table 2. The major conclusions were that tran-
section of the supraspinous and intraspinous ligaments
did not affect lumbar spine motion. However, unilateral
medial facetectomy increased flexion, total facetectomy
of one side increased axial rotation to the opposite side,
and complete facetectomy increased the axial rotation to
both sides. The extension and lateral bending movements
did not show significant increases by any of the injuries.

It is not difficult to see that the component-cutting
studies of the spinal column, as previously described,
are artificial in the sense that in a real-life situation an
individual spinal component is seldom injured alone. In
a real injury, several anatomic components of the spinal
column are injured, but to varying degrees. The first spi-
nal injuries to be realistically simulated by in vitro
experiments were fractures. Using a variety of lumbar
spine segments, from two-vertebra to five-vertebrae,
compression and burst fractures have been produced in
the laboratories [38,41,48]. In later studies, besides pro-
ducing realistic clinically relevant fractures, multidirec-
tional instabilities were studied to document the severity
of the injury. However, the injuries believed to be com-
monly associated with LBP are incomplete ligament and
disc injuries. In a first study of this kind, using porcine
functional spinal units, the onset and progression of spi-
nal instability, as a result of increasing trauma without
gross fractures, was studied [30]. Based on the same
idea, the multidirectional instability was investigated in
human thoracolumbar specimens. [36] The main findings
of these in vitro ligamentous injury studies were: a sim-
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Table 2
Average ranges of motion (standard deviations) in degrees at 8 Nm for each of the six moment types for the intact and injured functional spinal unita

Moment INT SSL & ISL Left UMF BMF Left ITF BTF
Type Mean (SD) Mean (SD) Mean (SD) Mean (SD0 Mean (SD) Mean (SD)

Flexion 8.22 (2.57) 9.99 (3.58) 11.32 (3.67)∗ 11.86 (3.88)∗ 12.44 (3.62)∗ 13.61 (2.69)∗

Extension 4.00 (1.40) 3.71 (1.54) 4.41 (1.80) 4.56 (2.19) 5.30 (2.28) 5.76 (2.47)
Left axial rotation 3.31 (1.36) 3.34 (1.56) 3.55 (1.04) 3.64 (1.21) 3.74 (1.08) 7.85 (3.04)∗

Right axial rotation 3.68 (1.78) 3.75 (1.87) 3.81 (1.51) 4.07 (1.25) 5.49 (1.68)∗ 7.58 (2.92)∗

Right lateral bending 5.53 (2.01) 6.46 (2.21) 7.13 (2.53) 7.39 (2.73) 7.31 (2.35) 7.66 (2.60)
Left lateral bending 5.78 (2.94) 6.42 (2.74) 6.37 (2.45) 6.65 (2.73) 6.75 (3.07) 7.31 (3.37)

Reproduced with permission from Abumi et al. [1].
a INT=intact; SSL & ISL=transection supraspinous and intraspinous; UMF=unilateral medial facetectomy; BMF=bilateral medial facetectomy;

UTF=unilateral total facetectomy; BTF=bilateral total facetectomy.
∗ p�0.05.

ple trauma, such as axial compression, affects multidi-
rectional instability of the spinal column; and the NZ
increased to a greater extent than the ROM.

In summary, the stabilizing role of the various compo-
nents of the spinal column has been studied by simulat-
ing injuries in the biomechanical laboratories and
determining the effects on the NZ and ROM of the spinal
specimen. The reason for the abundance of this experi-
mental work is not necessarily because of the greater
importance of the spinal column in LBP problems, but
more likely, due to the difficulties in studying the other
two components of the spinal stabilizing system, namely
the spinal muscles and neural control unit.

Fig. 5. A transverse cross-section of the lumbar spine. Note that the total cross-sectional area of the spinal muscles is considerably greater than
that of the spinal column.

4. The spinal muscles

The importance of muscles in stabilizing the spinal
column is quite obvious when a cross-section of the
human body is viewed at the lumbar level (Fig. 5). Not
only is the total area of the cross-sections of the numer-
ous muscles surrounding the spinal column much bigger
than the area of the spinal column, but the muscles have
significantly larger lever arms than those of the interver-
tebral disc and ligaments. The muscles provide mechan-
ical stability to the spinal column. Euler, a Swiss scien-
tist, developed mathematical theories for computing the
load carrying capacity of upright slender columns in
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1744 [45]. This, so called critical load of a column, was
defined as the minimum weight, placed on the top of
the column, which would cause it to buckle (Fig. 6A).
According to this theory, the critical load is directly
related to the stiffness of the column. If the column was
thicker (higher stiffness), the critical load will be higher,
and the column would stand and remain stable (Fig. 6B).
If the column is made thinner (lower stiffness), then the
column will buckle (Fig. 6C). The critical load for the
lumbar spinal column has been determined to be ca 90
N or �20 lbs. [6] This is much smaller than the esti-
mated in vivo spinal loads of 1500 N and above [27].
This difference between the in vitro and in vivo loads
can be explained only on the basis that the muscles act
as guy wires in stiffening the spine and, thus, increasing
its critical load and stability (Fig. 6D).

The stabilizing role of the spinal muscles cannot be
easily studied by EMG measurement of the muscles
alone. The EMG recording from a muscle indicate the
electrical activity of the muscle, but does not provide a
quantitative measure of the muscle force. Further, many
of the spinal muscles, e.g. deep muscles, the so-called
stabilizers, are difficult to reach. Because of these diffi-
culties of measuring muscle forces in vivo, two
approaches have been followed. First, in vitro models
have been designed to simulate the effects of muscle
forces. Second, mathematical models have been
developed to simulate mathematically the spinal column
and surrounding spinal muscles.

In an in vitro study, Panjabi and co-workers used fresh
cadaveric two-vertebrae human lumbar spine specimens
and measured multidirectional flexibilities before and
after several injuries of increasing severity [37]. After
each injury, simulated muscle forces (maximum 60 N)
were applied to the spinous process, directed anteriorly
and inferiorly The main findings under the flexion load-
ing were:

1. the injuries increased the NZ and ROM; and
2. after the most severe injury, 60 N muscle force

Fig. 6. Buckling of a column carrying a load. (A) A column with a
critical load is at the brink of buckling or instability. (B) A stiffer
column is stable. (C) A more flexible column is unstable. (D) The
unstable column can be restabilized by adding guy wires.

reduced the NZ to its near intact value while the ROM
remained significantly larger than the intact.

We hypothesized that this differential behavior of the
NZ and ROM probably indicated that the role of the
muscle forces in stabilizing an injured spinal column
was, first and foremost, to decrease the NZ. This NZ
hypothesis needs to be validated by other in vitro and
in vivo studies.

Cholewicki and McGill developed a comprehensive
mathematical model to estimate the mechanical stability
of the human lumbar spine in vivo, taking into account
the external load on the body and the EMG signals of
various muscles [5]. The model consisted of five rigid
vertebrate, the rib cage, pelvis and 90 muscle fascicles.
Each intervertebral joint had three rotational degrees of
freedom with nonlinear load–displacement character-
istics. Young, healthy subjects were tested while per-
forming a variety of tasks involving trunk flexion, exten-
sion, lateral bending, and twisting. The spinal stability,
produced mostly by the muscles, was in proportion to
the demands placed on the spine. A large external load
recruited many muscles providing greater stability. The
opposite was true for a smaller external load. Therefore,
if the system is challenged by a sudden increase in the
external load, e.g. a miss step or an awkward spinal
movement, then the spine may be at risk for injury while
lightly loaded.

5. The control unit

The etiology of LBP in most patients is not known, as
mentioned earlier. It may be hypothesized that a certain
percentage of these patients may have suboptimal neuro-
muscular control, especially under dynamic conditions.
A few studies have specifically looked at this aspect of
LBP. In one of the first studies of this kind, the sway of
the center of gravity of the body in patients with spinal
canal stenosis was determined [16]. The patients were
challenged to exercise until claudication occurred, and
were tested before and after the claudication. There were
increases in the body sway measurements after the
claudication. In another study, the body sway was com-
pared between middle-aged adults with low back dys-
function and those with no history of LBP [4]. The two
groups were tested by performing eight tasks of increas-
ing difficulty, from the simplest - to stand on both feet
on a stable surface with eyes open, to the most diffi-
cult — to stand on one foot on an unstable surface with
eyes closed (Fig. 7). In performing the most difficult
task, the body sway was significantly greater in the
patients compared to the controls. In a recent study, simi-
lar results were found: the one-foot stance was the most
sensitive test to discriminate LBP patients from the con-
trols; and the LBP patients had poorer balance [22].
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Fig. 7. Body sway and LBP. Two groups of subjects, LBP patients
and control subjects, were studied for their body sway while per-
forming tasks (A–H) of increasing difficulty. The LBP patients had
significantly greater sway compared to the normals at the two most
difficult tasks. (Based on Byl and Sinnott [4].)

Presently, etiology for this type of muscle control dys-
function is not known.

Recall that the spinal stabilizing system functioned by
altering the muscle activation pattern in response to the
ligamentous tissue mechano-receptor signals via the con-
trol unit (Fig. 1) [32]. Recently, several exciting animal
studies have been presented which have attempted to
better understand this important relationship between the
mechano-receptor signals and the paraspinal muscle acti-
vation pattern. In the first study of this type using a por-
cine model, Indahl and co-workers electrically stimu-
lated the lateral annulus at one level and found a
response in the multifidus at multiple levels [17], while
stimulation of the facet joint capsule activated only the
muscles at the stimulated level. The ligament–muscle
relationship was found to be modulated by the facet joint
injection. The muscle response decreased with injection
of both lidocaine [17] and physiological saline [18]. Sol-
omonow and associates furthered the model by using
mechanical stimuli [43,50]. They used a feline model
and stretched the supraspinous ligament, while monitor-
ing the EMG of multifidus. They found a ligament–mus-
cle reflex response. These observations may explain the
muscle spasm seen in patients after a ligamentous injury.
The EMG activity of the muscles (feline multifidus)
decreased due to stretching of the ligament for prolonged
duration as well as by cyclic stretching [13,49, 50].
Based upon these findings, one should avoid long dur-
ation repetitive activities as this may decrease the muscle
stability and, therefore, the spine may become prone
to injury.

6. A hypothesis of pain, motion and stabilization

Based on the definition of clinical spinal instability
presented earlier, the instability hypothesis assumes a
relationship between abnormal intervertebral motion and

LBP. The corollary to this hypothesis is that a decrease
in the intervertebral motion in a patient with LBP may
result in reduced pain. In fact, this is the basis for low
back treatments involving surgical fusion, muscle
strengthening and muscle control training. We conducted
a biomechanical experiment to test this hypothesis [38].

An external fixator for the lumbar spine, with the
intent to stabilize a spinal fracture in a patient using an
external fixator has been developed [23]. This fixation
device was used to produce instantaneous fusion for the
purpose of diagnosis of spinal instability in patients with
LBP [29]. The hypothesis was that the decrease in
motion, caused by the application of the external fixator,
would lead to a decrease in pain and, therefore, it would
help identify the spinal level causing the pain. This idea
was later adapted to the cervical spine by developing a
small external fixator which attached the cervical spine
via K-wires drilled into the lateral masses [15]. When
the level responsible for pain was stabilized by the appli-
cation of the external fixator, the pain was significantly
reduced. We devised an in vitro biomechanical study,
using fresh cadaveric cervical spine specimens, to simu-
late the mechanical aspects of the use of the external
fixator in the clinical situation [38]. The purpose of our
study was to answer several interesting questions. Does
the application of the fixator, via thin K-wires, reduce
the intervertebral motion? Was the motion reduction
direction specific? Which parameter was more affected
by the fixation, the NZ or ROM? Results of the study
showed that the ROM for flexion, extension, lateral
bending, and axial rotation decreased by 40%, 27%, 32%
and 58%, respectively, when the external fixator was
applied (Fig. 8). The NZ decreased to a greater extent:
76%, 76%, 54% and 69%, respectively. Thus, on aver-
age, the ROM decreased by 39.3% while the NZ
decreased by 68.8% following the application of the
external fixator. What does this mean?

Fig. 8. Postural control and LBP. Decreases in normalized ROM and
NZ at a cervical spine segment due to the application of an external
fixator at that level. Note greater decreases in NZ compared to ROM
(Reproduced with permission from Panjabi et al. [52].)
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Fig. 9. Hypothesis to relate motion to pain. A ball-in-a-bowl analog
representing the motion-pain hypothesis. (A) Control spine with NZ
within pain free zone. (B) Painful spine has greater NZ bringing the
pain free zone within it. (C) Stabilized spine has decreased NZ, and
therefore is pain-free.

Using the ‘ball-in-a-bowl’ analogy of the load–dis-
placement curve, the stable (pain free), unstable (painful)
and re-stabilized spine (pain free) can be represented
(Fig. 9). Consider a person without spine pain. He/she
has a normal NZ and ROM. The ball moves freely within
the pain free zone (Fig. 9A). When an injury occurs, a
spinal column component, such as the capsular ligament,
may be injured and there is pain. Abnormal motion may
also occur due to degenerative changes. In either case,
the NZ is increased, and the ball moves freely over a
larger distance, beyond the pain free zone (Fig. 9B). The
spinal stabilizing system reacts to actively decrease the
NZ via activation of the muscles or by adaptive stiffen-
ing of the spinal column over time, e.g. formation of
osteophytes (Fig. 9C). The system may also be stabilized
by surgical fusion, muscle strengthening and re-training
of the neuromuscular control system. In the analogy, the
ball is now anchored, and the spine is again pain-free.
Note that the hypothesis describing the interactions
between the NZ, pain and spinal state (injury and
restabilization) is unproven. These ideas must be tested
and validated by future clinical studies.

References

[1] K. Abumi, M.M. Panjabi, K.M. Kramer, et al. Biomechanical
evaluation of lumbar spine stability after graded facetectomies,
Spine 15 (1990) 1142–1147.

[2] G.B.J. Anderson, M.H. Pope, J.W.E. Frymoyer, Epidemilogy, in:
M.H. Pope, J.W. Frymoyer, G. Andersson (Eds.), Occupational
Low Back Pain, Praeger, New York, 1984, pp. 101–114.

[3] F. Biering-Sorensen, (Low ) back trouble in a general population
of 30-, 40-, 50-, and 60-year-old men and women: Study design,
representativeness and basic results, Dan Med Bull 29 (1982)
289–299.

[4] N.N. Byl, P.L. Sinnott, Variations in balance and body sway in
middle-aged adults: Subjects with healthy backs compared with
subjects with low-back dysfunction, Spine 16 (1991) 325–330.

[5] J. Cholewicki, S.M.M. McGill, echanical stability of the in vivo
lumbar spine: Implications for injury and chronic low back pain,
Clin Biomech 11 (1996) 1–15.

[6] Crisco JJ. The biomechanical stability of the human spine: experi-
mental and theoretical investigations. Dissertation, Yale Univer-
sity, New Haven, CT, 1989.

[7] J. Dvorak, J.A. Antinnes, M. Panjabi, et al. Age and gender
related normal motion of the cervical spine, Spine 17 (suppl. 10)
(1992) S393–S398.

[8] J. Dvorak, M.M. Panjabi, D. Grob, et al. Clinical validation of
functional flexion/extension radiographs of the cervical spine,
Spine 18 (1993) 120–127.

[9] J. Dvorak, M.M. Panjabi, J.E. Novotny, et al. Clinical validation
of functional flexion-extension roentgenograms of the lumbar
spine, Spine 16 (1991) 943–950.

[10] H.F. Farfan, J.W. Cossette, G.H. Robertson, et al. The effects of
torsion on the lumbar intervertebral joints: The role of torsion in
the production of disc degeneration, J Bone Joint Surg 52A
(1970) 468–497.

[11] O. Friberg, Lumbar instability: a dynamic approach by traction-
compression radiography, Spine ;12 12 (1987) 119–129.

[12] J.W. Frymoyer, M.H. Pope, J.H. Clements, et al. Risk factors in
low-back pain: An epidemiological survey, J Bone Joint Surg
65A (1983) 213–218.

[13] U. Gedalia, M. Solomonow, B.H. Zhou, et al. Biomechanics of
increased exposure to lumbar injury caused by cyclic loading.
Part 2. Recovery of reflexive muscular stability with rest, Spine
24 (1999) 2461–2467.

[14] V.K. Goel, S. Goyal, C. Clark, et al. Kinematics of the whole
lumbar spine: effect of discectomy, Spine 10 (1985) 543–554.

[15] D. Grob, J. Dvorak, M.M. Panjabi, et al. External fixator of the
cervical spine: a new diagnostic tool, Unfallchirurg 96 (1993)
416–421.

[16] K. Hanai, K. Ishii, H.S. Nojiri, way of the center of gravity in
patients with spinal canal stenosis, Spine 13 (1988) 1303–1307.

[17] A. Indahl, A. Kaigle, O. Reikeras, S. Holm, Electromyographic
response of the porcine multifidus musculature after nerve stimu-
lation, Spine 20 (1995) 2652–2658.

[18] A. Indahl, A.M. Kaigle, O. Reikeras, et al. Interaction between
the porcine lumbar intervertebral disc, zygapophysial joints, and
paraspinal muscles, Spine 22 (1997) 2834–2840.

[19] G.N. Klein, A.F. Mannion, M.M. Panjabi, J. Dvork, Trapped in
the neutral zone: another symptom of whiplash-associated dis-
orders?, Eur Spine J 10 (2) (2001) 141–148.

[20] F. Knutsson, The instability associated with disk degeneration in
the lumbar spine, Acta Radiol 25 (1944) 593–609.

[21] T.R. Lehmann, R.A. Brand, Instability of the lower lumbar spine,
Orthop Trans 7 (1983) 97.

[22] S. Luoto, H. Aalto, S. Taimela, et al. One-footed and externally
disturbed two-footed postural control in patients with chronic low
back pain and healthy control subjects, Spine 23 (1998) 2081–
2089.

[23] F.E. Magerl, External skeletal fixation of the lower thoracic and
lumbar spine, in: H.K. Uhthoff, E. Stahl (Eds.), Current concepts
of external fixation of fractures, Springer-Verlag, Berlin, 1982,
pp. 353–366.

[24] K.L. Markolf, J.M.T. Morris, he structural components of the
intervertebral disc: a study of their contributions to the ability of
the disc to withstand compressive forces, J Bone Joint Surg 56A
(1974) 675–687.

Globus Medical, Inc. 
Exhibit 1009 - Pg. 8



379M.M. Panjabi / Journal of Electromyography and Kinesiology 13 (2003) 371–379

[25] A. Morris, Identifying workers at risk to back injury is not guess-
work, Occup Health Saf 54 (1985) 16–20.

[26] A.L. Nachemson, Advances in low-back pain, Clin Orthop 200
(1985) 266–278.

[27] A. Nachemson, J.M. Morris, In Vivo measurements of the
intradiscal pressure: discovery, a method for the determination of
pressure in the lower lumbar discs, J Bone Joint Surg 46A (1964)
1077–1092.

[28] S.Z. Nagi, L.E. Riley, L.G. Newby, A social epidemiology of
back pain in a general population, J Chron Dis 26 (1973) 769–
779.
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