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Abstract

The intention of this paper is to introduce some of the issues surrounding the role of muscles to ensure spine stability for
discussion—it is not intended to provide an exhaustive review and integration of the relevant literature. The collection of works
synthesized here point to the notion that stability results from highly coordinated muscle activation patterns involving many muscles,
and that the recruitment patterns must continually change, depending on the task. This has implications on both the prevention of
instability and clinical interventions with patients susceptible to sustaining unstable events.
 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The spine is inherently unstable since, in vitro, the
osteo-ligamentous lumbar spine buckles under com-
pressive loading of only 90 N[8]. A critical role of the
musculature is to stiffen the spine in all potential modes
(and at each node) of instability (three rotational and
three translational nodes at each intervertebral joint). But
given the wide range of individuals and physical
demands, questions remain as to what is the optimal bal-
ance between stability, motion facilitation (mobility) and
moment generation—if stability is achieved through
muscular cocontraction, how much is necessary and how
is it best achieved? The intention of this paper is to intro-
duce some of the issues for discussion purposes sur-
rounding the role of muscles to ensure spine stability.
The collection of works synthesized here point to the
notion that stability results from highly coordinated mus-
cle activation patterns involving many muscles, and that
the recruitment patterns must continually change,
depending on the task. This has implications on both the
prevention of instability and clinical interventions with
patients susceptible to sustaining unstable events.
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‘Stability’ is a very popular term when discussing the
low back—but it may be widely misunderstood, and
inappropriately used. First, all sorts of tissue damage
result in joint laxity which in turn can lead to instability.
For example, strained or failed ligaments cause joint lax-
ity and unstable motion under load. Endplate fractures
with loss of disc height are another example of tissue
damage allowing unstable joint behaviour. Clearly, joint
instability is a consequence of tissue damage (this is
nicely summarized by Oxland et al.[28]). A fundamental
tenet is that lost mechanical integrity in any load bearing
tissue will result in stiffness losses and an increased risk
of unstable behaviour. Second, we have seen in a com-
petitive lifting task where instability was observed in
vivo, that injury resulted. Specifically, as a national class
power lifter lifted the barbell from the floor, a single
motion segment in his lumbar spine experienced excess-
ive rotation as seen on videoflouroscopy[3]. The rotation
at the single joint was beyond the normal range of
motion while all other joints remained still, and stable.
So, instability can both cause, and be the result of,
injury. Finally, overlaying the tissue-based aspects of
stability are the motor control aspects since coordinated
contraction stiffens the joints ultimately determining
joint stability. Both normal and abnormal motor patterns
have been documented in a wide variety of tasks and are
linked with back disorders (reviewed in[26,32,34,16a]).
The terms ‘motor patterns’ and ‘motion patterns’ are
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used throughout this manuscript. Motor patterns refer to
the way in which muscles are activated, usually in a spe-
cific pattern to accomplish a controlled task—for
example sequences of muscle onset are characteristic as
is the amplitude of various muscles during a task.
Motion patterns refer to the kinematic description of the
body segments. For example, when rising from a chair
a similar motion pattern can be achieved with different
motor patterns, one characterized by dominant knee
extensor torque and another characterized by dominant
hip extensor torque. Two motor patterns achieved a simi-
lar motion pattern but with quite different consequences
in terms of joint loading and joint stability.

In the clinical world, stability is often discussed—
however the meaning of the words ‘spine stability’ , ‘core
stability’ and ‘stabilization exercise’ depends on the
background of the individual: to the biomechanist they
pertain to a mechanical structure that can become
unstable when a ‘critical point’ is reached; a surgeon
may view abnormal joint motion patterns as unstable but
correctable by changing the anatomy; the manual medi-
cine practitioner may interpret patterns of muscle coordi-
nation and posture as indicative of instability (or perhaps
‘ imbalance) and attempt to alter one, or a few, muscle
activation profiles. In reality, anatomical or geometric
anomalies (or ‘ imperfections’ ) are indicative of the
potential for instability but stability itself is an instan-
taneous phenomenon. Several groups have made contri-
butions to the stability issue but only a very few have
attempted to actually quantify stability. Attempts to
enhance stability and prevent instability are compro-
mised without an understanding of the influencing fac-
tors (a more detailed discussion is found in McGill [26]).

2. On stability: the quantitative foundation

The following demonstration of structural stability
illustrates key issues. Suppose a fishing rod is placed
upright and vertical, with the butt on the ground. If the
rod were to have a small load placed in its tip, perhaps
a few newtons, it would soon bend and buckle. Take the
same rod, and attach guy wires at different levels along
its length and attach their other ends to the ground in
a circular pattern. (for example [25]). Now of critical
importance—tighten each guy wire to the same tension.
Repeat the exercise, loading the tip of the rod and one
will observe that the rod can now sustain huge compress-
ive forces successfully. Next, reduce the tension in just
one of the wires. The rod will now buckle at a reduced
load, and the node or locus of the buckle could have
been predicted. Now, we will repeat the exercise on a
human lumbar spine. Typically, an osteoligamentous
lumbar spine, from a cadaver, will buckle under approxi-
mately 90 N (about 20 lb) of compressive load (first
noted by Lucas and Bresler [20]). This is all that an

unbutressed spine can withstand! The first role of the
muscles is to form the guy wires to prevent buckling.
This analogy demonstrates the critical role of the
muscles to first ensure sufficient stability of the spine so
that it is prepared to withstand loading, and sustain pos-
tures and movement. Also demonstrated with this
example is the role of the motor control system to ensure
that the tensions in the cables are proportional so as to
not create a nodal point where buckling will occur.
Revisiting the buckling injury that we observed flouros-
copically in the power lifter, we would hypothesize that
it was caused by a motor control error where possibly
one muscle reduced its activation, or from the previous
analogy—lost its stiffness. The synchrony of balanced
stiffness produced by the motor control system is absol-
utely critical. With this background the issues of how
stability is quantified and modulated can be addressed.

During the 1980s, Professor Anders Bergmark of
Sweden, very elegantly formalized stability in a spine
model with joint stiffness and 40 muscles [1]. In this
classic work he was able to formalize mathematically
the concepts of the minimum potential energy, stiffness,
stability and instability using the elastic potential energy
approach. The approach was limited to analysis of ‘ local
stability’ since the many anatomical components con-
tribute force and stiffness in synchrony to create a sur-
face of potential energy with many local minima. These
minima are found from examination of the second
derivative of the energy surface. In this particular
approach, spine stability is quantified by forming a
matrix where the total ‘stiffness energy’ for each degree
of freedom of joint motion is subtracted from the applied
work. A major issue for the future is to unravel the
biomechanical implications of how the matrix is solved
to render a ‘stability index’ . The matrix can be solved
via triangulation to produce a single number or ‘average’
impression of lumbar stability, or it can be diagonalized
to create 18 eigenvalues each representing a lumbar level
(six levels) and degree of rotational freedom (three
degrees—flexion/extension, lateral bend and twist) (note
that in this example of stability analysis the translational
degrees of freedom are ignored). Eigenvalues less than
zero indicate potential for instability. The eigenvector
associated with the lowest eigenvalue (one is associated
with each eigenvalue) predicts the mode or shape of the
buckled spine thereby locating the instability. The sensi-
tivity analysis may reveal the possible contributors
allowing unstable behaviour, or for clinical relevance—
what muscular pattern would have prevented the insta-
bility? Much more work is required in the future on post-
buckling behaviour to unravel the principles of spine
stability.

Several groups have begun the challenging task of
investigating critical elements of the motor control
needed to maintain stability or survive unstable events.
For example, Gardner-Morse et al. [9], and Gardner-
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Morse and Stokes [10] have initiated interesting investi-
gations by predicting patterns of spine deformation due
to impaired muscular intersegmental control leading to
the asking - which muscular pattern would have pre-
vented the instability? They utilized another approach to
determine structural stability by searching for the critical
muscle stiffness or proportionality constant ‘q’ that
would ensure a stable spine. Crisco and Panjabi [8]
began investigations into the contributions of the various
passive tissues. Our own most recent work has attempted
to evaluate the relative contributions of each muscle
group to influence stability (Cholewicki and VanVliet
[7], where a muscle knockout procedure was used; and
Kavcic et al. [18], which employed a convolution of the
activity (EMG) of each muscle with a sinusoid oscillat-
ing from 0 to 100% amplitude). For example the average
response from 10 normal subjects performing a variety
of ‘stabilization exercises’ revealed that many muscles
are important and that their relative contributions are
variable depending upon other constraints such as the
dominant moment required to sustain a posture or create
a movement (see Fig. 1). Moreover, the relative contri-
butions of each muscle continually changes throughout
a task, such that discussion of the ‘most important stabil-
izing muscle’ is restricted to a transient instant in time.

Activating a group of muscle synergists and antagon-
ists in the optimal way now becomes a critical issue.
In clinical terms, the full complement of the stabilizing

Fig. 1. In an attempt to understand the role of each muscle pair on spine stability, the increase in the stability index is shown as a function of
setting each muscle pair activation in turn to 100%MVC. Note that the relative order of muscles that increase stability changes across exercises.
As well, in flexion tasks, the pars lumborum (in this example) plays a larger stabilizing role over the rectus abdominis. In contrast, during the
extension tasks the opposite holds true suggesting a task dependent role reversal between moment generation and stability. The exercises were:
Abcurl—curl-up on the stable floor, Ball—sitting on a gym ball, Fpn—leg/arm—four point kneeling while extending one leg and the opposite arm.

musculature must work harmoniously to both ensure
stability, generation of the required moment, and desired
joint movement. But only one muscle with inappropriate
activation amplitude may produce instability (if passive
stiffness is not sufficient), or at least unstable behaviour
could result from inappropriate activation at lower
applied loads. Quantification of stability in vivo is
further complicated by several phenomena which have
a critical influence on column stability—for example
‘ thixotropy’ . It is well known that passive tissue com-
pliance is a function of the number and type of preceding
loadings—as is muscle stiffness (and is therefore thixo-
tropic—since it depends on previous movements and
activation). For example, Lakie [19] reporting earlier
work, showed in the wrist that the history of previous
movement (previous stretch, concentric contraction,
eccentric contraction) modulates muscle stiffness—and
this modulation is not accompanied by any change in
EMG amplitude. These issues, together with many more,
must be sorted out to better quantify spine stability and
interpret the laboratory and clinical implications.

3. Sufficient stability

How much stability is necessary? Obviously insuf-
ficient stiffness renders the joint unstable but too much
stiffness and co-activation imposes massive load penal-
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ties on the joints and prevents motion. ‘Sufficient stab-
ility’ is a concept that involves the determination of how
much muscular stiffness is necessary for stability,
together with a modest amount of extra stability to form
a margin of safety. Granata and Marras [13] have shown
simultaneous co-activation of many muscle groups
around the spine produce stiffness and that the co-acti-
vation cannot be explained in terms of moment gener-
ation. Interestingly enough, given the rapid increase in
joint stiffness with modest muscle force, large muscular
forces are rarely required to ensure sufficient stability.

Cholewicki’s work [4,5] has demonstrated that suf-
ficient stability of the lumbar spine is achieved, in an
undeviated spine (neutral posture), in most people with
modest levels of co-activation of the paraspinal and
abdominal wall muscles. This means that people, from
patients to athletes, must be able to maintain sufficient
stability in all activities - with low, but continuous, mus-
cle activation. Thus, maintaining a stability ‘margin of
safety’ when performing tasks, particularly the tasks of
daily living, is not compromised by insufficient strength
but probably insufficient endurance, and probably insuf-
ficient control. The mechanistic pathway of those studies
showing the efficacy of endurance training for the
muscles that stabilize the spine is beginning to be under-
stood. Having strong abdominals does not necessarily
provide the prophylactic effect that had been hoped for -
but several works suggest that endurable muscles reduce
the risk of future back troubles (for example [2,21]).
Finally, the Queensland group (e.g. [32]) together with
several others (e.g. [27]) have noted the disturbances in
the motor control system following injury. These dis-
turbances compromise the ability to maintain sufficient
stability. In summary, stability comes from stiffness,
passive stiffness is lost with tissue damage, and active
stiffness throughout the range of motion may be compro-
mised by disturbed motor patterns following injury.

4. Stability myths, facts and clinical implications

From the explanation of spine stability above, several
issues can be clarified to enhance clinical decisions.

4.1. How much muscle activation is needed to ensure
sufficient stability?

The amount of muscle activation needed to ensure suf-
ficient stability depends on the task. Generally for most
tasks of daily living, very modest levels of abdominal
wall co-contraction is sufficient. Again, depending on
the task, co-contraction with the extensors (including
quadratus lumborum, and latissimus dorsi) and the
abdominals (rectus abdominis, the obliques and trans-
verse abdominis) will ensure stability [18]. But if a joint
has lost passive stiffness due to damage, more co-con-

traction is needed to make up the deficiency. Crisco and
Panjabi [8] simulated injuries in osteoligamentous spine
which produced a decreased buckling load.

4.2. Is any single muscle most important?

Several clinical groups have suggested focussing on
one or two muscles to enhance stability. This would be
similar to emphasizing a single guy wire in the fishing
rod example. It may help or it may be detrimental for
achieving the balance in stiffness needed to ensure stab-
ility throughout the changing task demands. In parti-
cular, there has been much emphasis on multifidus and
transverse abdominis by clinical groups. This may be at
the expense of achieving stability in the optimal way,
given that muscles also impose a compressive load to
the spine when contracting. Grenier and McGill [15]
have shown that muscles enhance stability of the column
not only by acting as ‘guywires’ but also by contributing
compression, which acts to stiffen in all degrees of free-
dom [11,17,32a].

4.3. What are stabilization exercises?

‘Stability exercises’ and a ‘stable core’ are often dis-
cussed in exercise forums. What are stabilization exer-
cises? The fact is that any exercise can be a stabilization
exercise—but it depends on the way in which it is per-
formed (examples are provided in [26]). Ensuring suf-
ficient joint stiffness is achieved by creating specific
motor patterns. To adapt a phrase popular in motor con-
trol circles, ‘practice does not make perfect—it makes
permanent’ . Ideally, good stabilization exercises that are
performed properly produce patterns that are practiced
while other demands are satisfied simultaneously. Any
exercise that grooves motor patterns that ensure a stable
spine, through repetition, constitutes a ‘stabilization’
exercise [25]. But then some stabilization exercises are
better than others—again it depends on the objectives.
For example, the resultant load on the spine is rarely
considered—one key to improving bad backs is to select
stabilization exercises that impose the lowest load on the
damaged spine. The stability index versus compressive
load are ranked over several such exercises are provided
in Fig. 2 as an example to give guidance for clinical
decisions on which exercise would provide the most
appropriate challenge for a specific individual.

4.4. Can those who are poor stabilizers be identified?

From a qualitative perspective, Hodges et al. [16] have
observed aberrant motor patterns in low back pain
patients which would compromise the ability of the
affected person to stabilize efficiently. From a quantitat-
ive perspective, we have tried to find ways to identify
those who compromise their lumbar stability from spe-
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Fig. 2. Stability versus L4-L5 compression for eight different stabilization exercises. All exercises were performed with the abdominal wall active
and were as follows: Ball—sitting on a gym ball, Chair—sitting on a chair, Abcurl—curl-up on the floor, Fpn—leg—four point kneeling while
extending one leg at the hip, Bridge—back bridge on the floor, SideBridge—side bridge with the elbow and feet on the floor, Bridge—leg—back
bridge but extending the knee and holding one leg against gravity, Fpn—arm/leg—four point kneeling while extending one leg and the opposite
arm. Exercises are rank ordered based on increasing lumbar spine stability.

cific motor control errors using modeling analysis. Such
inappropriate muscle sequencing has been observed in
men who are challenged by holding a load in the hands
while breathing 10% CO2 to elevate breathing. This is
an interesting task because on one hand the muscles must
co-contract to ensure sufficient spine stability, but on the
other, challenged breathing is often characterized by
rythmic/contraction/relaxation of the abdominal wall
[24]. Thus, the motor system is presented with a con-
flict—should the torso muscles remain active isometri-
cally to maintain spine stability or will they rhythmically
relax and contract to assist with active expiration (but
sacrifice spine stability). Those with ‘fi t’ motor systems
(i.e., have the ability to meet any task challenge but not
risk losing sufficient stability) appear to meet the simul-
taneous breathing and spine stability challenge with less
variance of stability during the task permitting an overall
lower level of stability [14]. ‘Less fit’ motor systems in
this task result in a high degree of variability in stability
sometimes forcing greater co-activation (consequently
compression is also higher) to keep stability high (see
Fig. 3) or could even result in temporary losses in stiff-
ness [24]. All of these deficient motor control mech-
anisms may heighten biomechanical susceptibility to
injury or re-injury [4].

4.5. Stability is a dynamic objective

Achieving stability is not just a matter of activating a
few targeted muscles be they multifidus or any other.

Fig. 3. Stability index together with ventilation during challenged
breathing (top panel) and when breathing ambient air (bottom panel).
In this subject with a history of low back troubles, stability increases
suddenly (at 25 s) in response to an increase in muscle activation, but
this at the cost of increased compression. Note that oscillation of stab-
ility ceases at this point, whereas this occurs throughout the ambient
air trial. Ventilation (air flow) units have been scaled to superimpose
stability. Stability units are Nm/rad. Ventilation is coupled to stability
when breathing ambient air (bottom panel).
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Achieving sufficient stability is a moving target, which
continually changes as a function of the three-dimen-
sional torques needed to support postures, and the neces-
sary stiffness needed in anticipation of enduring unex-
pected loads, or to prepare for the need to move quickly,
or to ensure sufficient stiffness in any degree of freedom
of the joint which may be compromised from injury.
Motor control fitness is essential to achieving the stab-
ility target under all possible conditions for performance
and injury avoidance.

Consider sudden and/or unexpected loading on the
lumbar spine that may occur for example when a worker
slips or trips while handling heavy materials or if the
handled object shifts unexpectedly. A very high level of
trunk muscle co-contraction would have been necessary
prior to such loading to prevent spine buckling and
injury. Likely to occur is a motor control response with
appropriate muscle inhibition and activation immediately
following such a perturbation [6]. This rapid response
of various muscles must still conform to a coordinated
recruitment pattern discussed earlier both in their timing
and their force magnitude. Otherwise, the incorrect
response will further compound the effects of suddenly
applied load on the spine and may lead to self-injury.

Motor control response to sudden spine loading relies
on proprioceptive feedback from a variety of mechano-
receptors including muscle spindles, Golgi tendon
organs, joint receptors, cutaneous receptors, and other
sensory organs. What if sensory feedback is inherently
poor or compromised by prior injury? Certainly impaired
motor control could lead to spine instability especially
under sudden loading conditions. It is well documented
that patients suffering from low back pain have dimin-
ished lumbar position sense [12,29,33], poor postural
control [22,31], and longer trunk muscle reaction latenc-
ies [23,30]. However, presently it is not known whether
this impairment in motor control is a predisposing risk
factor (cause) or a result of low back injuries and dam-
age to tissues containing sensory organs (effect). In
either case, the intervention aimed at restoring adequate
motor control may be beneficial in preventing and rehab-
ilitating low back injuries as well as in halting the pro-
gression from an acute injury to a chronic low back
problem.

5. Looking forward

There is no single muscle that is the best stabilizer
of the spine—the most important muscle is a transient
definition that depends on the task. Further, virtually all
muscles work together to create the ‘balance’ in stiffness
needed to ensure sufficient stability in all degrees of
freedom (or to maintain the appropriate level of potential
energy of the spine). With the evidence supporting the
importance of muscle endurance (not strength) and

‘healthy’ motor patterns to assure stability, both basic
and applied work must continue. Specifically, applied
work is needed to: (1) understand the role of various
components of the anatomy to stability—and the ideal
ways to enhance their contribution; (2) understand what
magnitudes of muscle activation are required to achieve
sufficient stability; (3) examine post-buckling behaviour,
the associated eigenvectors and the cause of unstable
events; (4) identify the best methods to re-educate faulty
motor control systems to both achieve sufficient stability
and to reduce the risk of inappropriate motor patterns
occurring in the future. Basic work is needed to (5)
understand the influence of thixotropy on muscle stiff-
ness; (6) determine the biomechanical implications of
the several options available to calculate a ‘stability
index’ ; (7) develop dynamic models of spine stability
capable of simulating sudden loading events. Much
remains to be done.
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