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Chapter

The Influence of Sagittal

Plane Spine Alignment

on Neurophysiology and
Sensorimotor Control Measures:
Optimization of Function through
Structural Correction

Paul A. Oakley, Ibvahim M. Moustafa and Deed E. Harrison

Abstract

Increasingly, there is more attention being directed to the role that full spine
sagittal alignment plays in causing or exacerbating a variety of musculoskeletal
disorders. Similarly, spinal displacements, termed subluxation, are thought to cause
dysfunctions in the entire neuromusculoskeletal system that may lead to altered
neurophysiological function, abnormal sensorimotor control, and altered auto-
nomic nervous system function. Abnormalities in neutral upright spine alignment
(sagittal translation or flexion deformities) are known to increase mechanical loads
(stresses and strains) on the central nervous system. These increased mechanical
loads may subtly or overtly impair neurophysiological function as measured with
evoked potentials in terms of latency and amplitudes of potentials. Proprioceptive
afferentation from spine ligaments, muscles and discs are considered a major
component of sensorimotor control. The voluminous mechanoreceptors in spinal
muscles, ligaments, and discs plays an intimate role, providing the necessary
neurophysiological input in a feed forward and feedback system for sensorimotor
control via connections to the vestibular, visual and central nervous systems. Of
particular interest, a network of neurophysiological connections between spine
mechanoreceptors and the sympathetic nervous system has been documented. This
chapter explores the hypothesis and evidence that restoring normal posture and
spine alignment has important influences on neurophysiology, sensorimotor control
and autonomic nervous system functionality. There is limited but high-quality
research identifying that sagittal spine alignment restoration plays an important
role in improving neurophysiology, sensorimotor control, and autonomic nervous
system function. Accordingly, in the current chapter, we review this work in hopes
of stimulating further investigations into structural rehabilitation of the spine and
posture.

Keywords: spinal deformity, sensorimotor control, sagittal plane alignment,

sympathetic skin resistance, dermatomal somatosensory evoked potentials,
spine rehabilitation
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1. Introduction

A normal spine alignment including coronal and sagittal balance is essential for
optimal biomechanical function [1-7]. The spine, which allows for simultaneous
stability and mobility, also has the inherent role of housing and protecting the brain
and spinal cord. The alignment of the spine is critical in the context of allowing
normal function of the central nervous system (CNS); that is, by not impeding its
function by various loading mechanisms (i.e. overstretching the nervous tissues)

[8, 9]. Clinical trials [10-16] and case reports [17-25] have demonstrated that
corrections in patient posture have resulted in relief of neurological symptoms
including for example, cervical spondylotic and discogenic radiculopathy, cervical
spondylotic myelopathy (CSM), lumbosacral discogenic radiculopathy, trigeminal
neuralgia (TN), dystonia, Parkinson’s disease (PD), carpal tunnel syndrome (CTS),
and Tourette’s syndrome (TS). Although the precise mechanisms underlying
improved neurological function in patients having improved postural alignment are
not fully understood, they are thought to lie in the biomechanics of the CNS and in
normalization of load sharing across tissues innervated by mechanoreceptors which
are integral in sensorimotor control through somatosensory potentials.

In 1960, a monograph was published by Alf Breig documenting for the first
time, the most comprehensive illustrative demonstrations of the biomechanics of
the central nervous system (CNS) [8]. This seminal work laid the groundwork for
the comprehensive understanding of how spine movement affects the CNS; that s,
how physiologic deformation of the cord and brainstem simultaneously accompa-
nies normal postural movements of the spine (i.e. ‘neurodynamics’). In 1978, Breig
published a second book expanding on the concepts outlined in 1960, and focused
on ‘adverse mechanical tension’ in the CNS and how this produces common neuro-
logical symptoms and signs [9]. An exciting development by Breig was his invention
of the ‘cervicolordodesis’ surgical procedure that increased the cervical lordosis and
prevented cervical flexion to relieve tension within the cord, brainstem and nerve
roots demonstrating dramatic improvements of neurological disorders including
nerve root compression syndromes, TN, multiple sclerosis (MS) and other neuro-
musculoskeletal conditions [26].

A second prevailing theory on how normalization of spine/posture alignment can
dramatically alter patient pain, disability, function, and neurophysiology is through
cervical spine sensory afferent input (so called afferentation) and its influence on the
motor system termed sensorimotor control. As a result of activation of mechanore-
ceptors contained in the various ligaments, discs, muscles and skin, changes in spine
position-alignment has a major influence on motor control [27]. Intimate connections
exist between afferent input (from the proprioceptive, visual and vestibular systems)
and stable upright postures of the head and neck [28]. The mechanoreceptors in
the cervical spine soft tissues provide necessary neurophysiological input in a feed
forward and feedback system for sensorimotor control via connections to the ves-
tibular, visual and central nervous systems [29]. Furthermore, a complex network of
neurophysiological connections between cervical spine mechanoreceptors and the
sympathetic nervous system exists [30-32]. Though the effects of autonomic system
activity on musculoskeletal function has been extensively studied, there is a paucity of
research demonstrating that the autonomic nervous system is intimately responsive to
changes in the afferent articular input due to spine joint dysfunction [33]. Alterations
in afferent articular input driven by spine joint aberrant movement (altered kinemat-
ics) and subtle or overt tissue damage is generally referred to as ‘dysafferentation’ in
the literature. The assumption that restoring normal posture and cervical spine align-
ment is important for a better afferentation process and improved autonomic nervous
system function has some preliminary evidence in the recent literature [10, 34].
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Today there are non-surgical evidence-based techniques known to improve
posture and spine alignment; in essence to accomplish what Breig was able to
do, only without surgery (e.g. increase cervical lordosis). One of these methods
is Chiropractic BioPhysics® (CBP®) technique which is a full-spine and posture
treatment that utilizes mirror image® (i.e. ‘corrective’) exercises, adjustments and
spinal traction procedures to restore normal spine alignment [35-39]. Due to the
implicit interconnectedness of spine alignment and neurologic function, these
methods are proving to be particularly effective in treating patients with neurologi-
cal and sensorimotor control disorders, where perhaps unknowingly, poor spine
alignment is a causative factor in patients suffering from neurologic ailments in
which their symptoms are exacerbated and/or directly caused by the adverse nerve
tensions placed upon them and by dysafferentation caused by spine and postural
deviations (i.e. adult spinal deformity/subluxation).

This chapter reviews the Harrison normal spinal model [40-47] that is used to
assess a patient’s spine alignment as compared to the normal/ideal position (i.e.
gold standard), how the central nervous system is housed in and biomechanically
functions within the skeletal structure under normal and pathologic conditions,
including mechanisms for neurologic symptom generation under pathologic biome-
chanical tensions, and altered sensorimotor control from dysafferentation driven
by altered load sharing and spine kinematics. Simultaneously, the CBP structural
rehabilitation approach to realigning the spine and postural position in order to
treat patients who present with spinal subluxation that is suspected to be pathogno-
monic for their pain, disability, and generalized neurologic sensorimotor disorders
will be a main theme.

2. The Harrison normal spinal model

Any contemporary discussion about the normal/ideal human spinal configura-
tion is regarding its precise orientation (i.e. precise shape of the different spinal
regions). Although many research groups have attempted to model the shape of the
normal human spine, few have done so as comprehensively and systematically as
the Harrison group [40-47]. In a series of studies, elliptical shape modeling of the
path of the posterior longitudinal ligament was performed on radiograph samples
of asymptomatic subjects. Computer iterations of spine shape modeling was used
to determine a best-fit geometric spinal shape by fitting various ellipses of altered
minor-to-major axis ratios to the digitized posterior vertebral body corners of the
cervical [40-42], thoracic [43, 44], and lumbar spinal regions [45-47] (Figure1).

The Harrison normal spine model (Figure 1) features a circular cervical lordosis,
and portions of an elliptical curve for both the thoracic kyphosis (more curvature
cephalad), and lumbar lordosis (more curvature caudad). Consequently, features
of the normal human spine reveal that the opposite thoracic and lumbar curves
meet together at the thoraco-lumbar junction being essentially straight; the upper,
deeper curve of the upper thoracic spine reflects oppositely at the cervico-thoracic
junction (between T1 and T2) and continues into the cervical lordosis; the lower
lumbar spine increases its lordotic alignment having two-thirds of its curve between
L4-S1 as it meets the forward tilted sacral base. The spine is modeled as vertical in
the front view. The spine alignment is easily quantified by repeatable and reliable
methods from measuring its position from standing X-rays [48-52] (Figure 2).

The Harrison normal spine model has been validated in several ways. Simple
analyses of alignment data of normal asymptomatic populations have been done
[40-47, 53]. Comparison studies between normal samples to symptomatic samples
[40, 41, 53]; as well as between normal samples to theoretical ideal models have
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Figure 1.

The Harrison normal sagittal spine model as the path of the posterior longitudinal ligament. The cervical,
thoracic and lumbar curves are all portions of an elliptical curve having a unique minor-to-major axis ratio.
The cervical curve is civcular meaning the minor and major axes are equal.
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Figure 2.

Harrison posterior tangent method involves lines drawn contiguous with the posterior vertebral body margins.
Intersegmental as well as regional sagittal curves are easily quantified having a standard ervor of measurement
within about 2° (Courtesy CBP seminars).

been done [40, 41, 43-46]. The statistical differentiation of asymptomatic subjects
from symptomatic pain group patients based on alignment data have been per-
formed [42, 47]. The demonstration of paralleled spine alignment improvements
with reduction in pain and disability, versus no change in untreated control groups
in pre-post clinical trials have been performed [54-59]. The demonstration in
randomized clinical trials that only patient groups achieving lordosis improvement
(lumbar or cervical) and hyper-kyphosis (thoracic) reduction achieve long-term
improvements in various outcome measures versus comparative treatment control
groups not getting spine alignment improvement who experience regression in
multiple outcome measures at follow-up have also been done [10-16, 60-64].
Chiropractors practicing Chiropractic BioPhysics® (CBP®) structural rehabili-
tation techniques have used this spine model as the goal of care for over 20 years;
and more recently physical therapists and other manual medicine rehabilitation
specialists have adopted components of this system as well. It is noted that this
model serves as the baseline for patient comparison; specific patient comparisons,
however, must include patient-specific considerations related to thoracic inlet
parameters [65] as well as pelvic morphology [66] as these may dictate a structural
modification to the model for a given patient. There are software programs (i.e.
PostureRay Inc., Trinity FL, USA) that aid in the ability for practitioners to assess
spine alignment quickly in daily practice (Figure 3). It must also be mentioned
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Figure 3.

Three patients demonstrating dramatically different spine alignment patterns. Left: Excessive lumbar
hyperlordosis, L4 anterolisthesis, and excessive anterior sagittal balance in a mid-aged female with disabling
low back pain; Middle: Excessive thovacolumbar kyphosis and early degenevative changes in a mid-aged male;
Right: Excessive thoracic hyperkyphosis in a young male with Scheuermann’s disease. Red line is contiguous with
posterior vertebral body mavgins; green line represents Harrison normal spinal model (Courtesy PAO).

that proper assessment of the spine includes the whole spine, that is, the cervical,
thoracic and lumbar regions and femur heads. This is because spine balance and
compensation mechanisms involve the whole spine; thus, regional X-rays to the
‘problem area’ can mislead treatment and not account for distal spinopelvic com-
pensations that need to be considered prior to initiating a trial of spine care by these
methods.

3. Biomechanics of the central nervous system

The brainstem (mesencephalon, pons, medulla oblongata), cranial nerves V-XII,
spinal cord, cauda equina, and nerve roots may collectively be referred to as the
pons-cord tissue tract. The static and dynamic characteristics of the pons-cord tract
constitutes a self-contained compartment of biomechanics [8, 9, 67]. This results
from the way the cord is maintained within the canal by its many attachments:
from above (being continuous with the brainstem), from below (sacral and coccyx
attachment through the cauda equina and filum terminale), as well as throughout
its length (intermittent dural attachments to the posterior longitudinal ligament,
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ventral attachments of the nerve root sleeves exiting the intervertebral foramina, and
bilateral dentate ligament attachments ranging from the upper cervical region down
to the level of L1). Under relatively normal static posture without pathological pro-
cesses, spine dynamics produce normal or ‘physiologic’ tension as transmitted by its
constraining elements, and without neurological compromise (Figure 4) [8, 9, 68].

Only when normal neurodynamic aspects of the so-called pons-cord tract are
understood can neuropathology from adverse tensions be fully understood. As
Breig states “Internal deformation of the tissue cannot be ruled out as a factor in any
disease of the nervous system even in inflammatory and degenerative conditions of
the hindbrain, cord and associated nerves, and in some cases it will be of primary
pathologic significance” [8] (p. 12). A key concept is that under normal circum-
stances, normal movements of the spine involve physiologic unfolding and folding
of the cord and nerve roots. Head flexion causes instantaneous unfolding and
normal elasticity of the neural tissues and head extension causes elastic rebound
and a re-folding of the cord and nerve roots (Figure 4). In this way the CNS can
preserve normal function while accommodating differing spinal positions. Breig
also found that movements of the cord occur at the location of movement as well as
throughout the entire pons-cord tract; cervical motions produce strains (deforma-
tions) caudally down to the cauda equina and movements of the lower spine cause
strains as far up as the cervical cord and brainstem. In fact, deformation of the
brain tissue below the tentorium (which can affect cranial nerves V-XII [8]) within
the cerebellum occurs to accommodate spine movements (particularly maximal
functional positions).

All ventral flexion movements throughout the spine (i.e. cervical, thoracic,
lumbar) cause a lengthening of the spinal canal, and therefore, a transmission
of axial tension onto the cord. Pathological processes, such as disc herniations
and bone spurs, if severe enough, interfere with the pons-cord tract biomechan-
ics [69, 70], where the normal tension transmitted by the pons-cord restraining
elements may then be referred to as “pathological’ tension [71]. Independent but
equally as significant, abnormal spinal postures may create adverse tension within
the neural elements as well. For instance, Stein found that “in a deformed kyphotic
cervical spine, even a ‘normal’ amount of movement in the cervical spine may cause
compression of the spinal cord” [72]. This is because the spinal cord adopts the
length of the bony canal [73].

Figure 4.

Left: Physiologic folding of the cord and nerve roots in normal lordosis. Right: A forwavd flexion in those
with normal lovdosis causes normal unfolding and elasticity of the pons, cord and nerve roots that remain
‘physiologic’ or within tolevable tensions that do not overload the nervous system (Courtesy CBP Seminars).
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Further, as suggested by Harrison et al. [74] static neutral postures or dynami-
cally adopted combinations of postures; that is, rotations and translations of the
head, thorax, or pelvis (Figures 5 and 6) [36], exert larger stresses and strains onto
the pons-cord tissue tract. Thus, it can be deduced that the combination of patho-
logical processes (bone spurs, disc herniations, etc.) and aberrations in posture
(forward head posture, thoracic hyperkyphosis, etc.) may disrupt normal CNS bio-
mechanics, and at levels below that at which either factor acting alone would elicit
neurological symptoms. As it can be presumed when a patient has an accumulation
of forward flexed spine positions, such as severe thoracic hyperkyphosis (THK)
posture for example, the amount of spinal canal lengthening can be great and
supersede the ‘normal’ or physiologic amount of unfolding and elastic deformation
available within the pons-cord system. In this situation, normal physiologic ten-
sions transition to become pathologic tensions causing intermittent over-stretching
and over-straining of the tissues and ultimately, causing or exacerbating neurologic
symptoms.

Figure 5.

If the head, thoracic cage, and pelvis are considered rigid bodies, then the possible rotations in 3-dimensions are
illustrated. Flexion and extension are votations on the x-axis, axial rotation is about the y-axis, and lateral
flexion is rotation about the z-axis (Courtesy CBP Seminars).
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Figure 6.

If the head, thoracic cage, and pelvis are considered rigid bodies, then the possible translations in 3-dimensions
are illustrated. Lateral translations occur along the x-axis, vertical translations occur along the y-axis, and
anterior—posterior translations (protraction-retraction) occurs along the z-axis (Courtesy CBP Seminars).

4. Pathophysiologic mechanisms from adverse CNS tension

Understanding the normal biomechanics of the CNS lays the foundation for
the understanding of postural-induced neurological signs and symptoms. As
discussed, two main events may individually, or in combination, lead to excessive
stresses (longitudinal, torsional, pure bending, shear) and strains (longitudinal
cross-sectional) that are sufficient to produce symptoms. In words, poor postures
(lengthened spinal canal via forward flexed spinal positions) and space occupying
lesions (bone spurs, intervertebral disc prolapse, etc.) combine to produce symp-
tomatology. The greater the spinal canal is flexed, or as discussed, the presence
of combinations of rotations and translations in posture, the greater the forced
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unfolding and elastically stretched pons-cord tract (Figure 7). With the addition of
space occupying lesions, patients having deviations in postural alignment become
much more likely to succumb to various pressure mechanisms, or how the nervous
tissue is compressed upon certain positions and movements.

It is important to realize that those patients with poor spinal posture may
at times be in positions that are tolerable by the pons-cord tract (i.e. not over-
stretched), and at other times perform movements that dynamically lengthen the
spinal canal causing a pivotal transition to over-stress and over-strain the system
(i.e. dynamic stress and strain). Therefore, successful symptomatic relief resulting
from postural correction to a patient suffering from neurological complaints may
be elucidated. Although some spinal pathologies will not change (e.g. bone spurs),
the reduction of forward flexion of the neutral postural position (e.g. increasing
cervical/lumbar hypo-lordosis; reducing thoracic hyper-kyphosis) will change the
resting, and therefore the dynamic tensions throughout the pons-cord tract suf-
ficiently enough to reduce the tensions from surpassing some pathological tension
threshold (maintaining physiologic or normal tensions), and therefore alleviate
neurologic symptomatology [74, 75].

How does adverse mechanical tensions within the CNS produce symptoms?
Ultimately, pathological CNS tensions affect the vascular supply and therefore
the perfusion of the neural tissues or they may affect the actual nerve conduction
ability of the nerve cells (causing hyper or hypo function). Mathematically, perfu-
sion = mean arteriole pressure (MAP) — cord interstitial pressure (CIP) [76]. Thus,
for perfusion to remain adequate, the MAP must remain greater than CIP. However,
as discussed by Harrison et al. [77], an increase in CIP can be caused by at least two
forces, a longitudinal force causing unfolding and elastic elongation of the cord,
and a transverse force usually by the cord being thrust into the posterior margin of
the vertebral body at the anterior portion of the spinal canal. As stated, Stein found
that cervical kyphosis, posture subluxation alone is enough to interfere with cord
conduction [72], but with an accompanying space occupying lesion the likelihood
for a transverse cord/nerve compression pressure mechanism to limit perfusion and
compromise neural function is much greater.

Figure 7.

Left: Cervical kyphosis subluxation in neutral posture results in the unfolding and elastic pre-tension present
prior to flexion. Right: Forward flexion of a kyphotic neck may result in ‘pathologic’ or pons-cord-nerve root
tensions that exceed physiologic limits and results in neurologic symptoms; particularly in the presence of a
space-occupying lesion such as a bone spur or intervertebral disc prolapse (Courtesy CBP Seminars).

10
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5. Postural correction to treat neurologic disorders by reducing
pons-cord tensions

There have been several clinical controlled trials documenting the association
with improved postural parameters (e.g. increasing cervical lordosis, increasing
lumbar lordosis, decreasing thoracic hyperkyphosis) translating into improved
physiological measures including specific tests indicative of neurologic function
[10-16]. These measures include:

* Central somatosensory conduction time N13-N20 (Figure 8);

* Dermatomal somatosensory evoked potentials (DSSEPs) (Figures 9 and 10);

H-reflex;

* Sensorimotor control measures (Figures 11 and 12);

Sympathetic skin resistance response (Figure 13).

Pre treatment

j'\ »

'\/\ /
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Figure 8.

Central conduction time (N13-N20) also known as spinal cord velocity. In the top figure, a representative
example of central conduction time (N13-N20) at three intervals of measurement: baseline, following 10-weeks
of treatment, and 1-year follow-up. This is from the study by Moustafa et al. [13] on symptomatic patients with
cervical spine disc herniation. Follow correction of the cervical lordosis, a 20% change in central conduction
speed is shown in milliseconds (m sec) indicating a faster morve efficient vesponse. In the bottom graph a
representative sample from the study of Moustafa et al. [78] is shown. Here, in asymptomatic participants,
correction of the cervical lordosis and anterior head posture was found to vesult in a 10% faster response in

the central conduction time potential. Comparative and placebo control groups not attaining spine correction
showed no improvement in central conduction time.

3-month follow up

11
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Figure 9.

Dermatomal somatosensory evoked potential (DSSEPs) set up for C6, Cz, and C8 nerve root assessment. In
(A) Sites of recording: (1) active recording electrode at c3, (2) reference electrode at Fz, and (3) grounding
electrode at Fbz. Location of stimulation sites ave indicated above: (B) for C6 dermatome, (C) for C7
dermatome, (D) C8 dermatome. Sites of recording. Courtesy of Moustafa et al. [16].

Here we briefly summarize the particulars of exemplary trials that demonstrate
how improvement in targeted spinal and postural parameters have led to improved
neurophysiological outcomes.

5.1 Central somatosensory conduction time N13-N20

Using standardized clinical procedures for median nerve stimulation at the wrist,
a subjects’ central somatosensory conduction time measurement, N13-N20, can be
determined. Differences in peak latencies between N13 and N20 is measured as central
conduction time or similarly called ‘cervical spinal cord velocity’. In 2016, Moustafa
et al. reported on a randomized controlled trial using a cervical extension traction
orthotic device (Denneroll™; Denneroll Ptdy, limited, Sydney, Australia) in a multi-
modal rehabilitation program for treating patients with discogenic radiculopathy
[13]. Sixty patients were randomized to a treatment and comparison (control) group
where both groups received TENS, thoracic spine manipulation, soft tissue mobiliza-
tion and strengthening exercises. Only the treatment group performed the additional
Denneroll orthotic device to increase cervical lordosis and reduce forward head
posture. After 30 treatment applications over the course of 10-weeks, only the treat-
ment group demonstrated significant improvements in N13-N20 (20% gain in veloc-
ity). Also, at a 1-year follow-up without further intervention, again only the treatment
group demonstrated a statistically improved N13-N20 potential. Importantly, only the
treatment group receiving the Denneroll had statistically improved cervical lordosis
and reduced forward head posture at the 10-week and 1-year follow-up. Figure 8
(top) demonstrates the improvement in the N13-N20 potential in this trial.

12
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Pre-Treatment

Figure 10.

Example of Dermatomal somatosensory evoked potential (DSSEPs) of C6 dermatome at three intervals of
measurement. Courtesy of Moustafa et al. [16]. The Pre-treatment DSSEPs from the RCT by Moustafa et al.
[16] is shown. In the 10-week post treatment (Follow-up), the DSSEPs following cervical curve correction is
shown. Finally, the 3-month (Post) follow-up, DSSEPs are shown wheve correction was stable over time.

In another trial, Moustafa et al. reported on the unique treatment of asymp-
tomatic volunteers who had strictly defined anterior head translation and cervical
hypolordosis [78]. Eighty persons were randomized into a treatment group who
performed cervical extension traction on the Denneroll traction orthotic or a
control group who lied on a rolled hydrocollator towel (placebo control). Both
groups were treated for 30 sessions over 10-weeks and were then re-assessed after
12 further weeks of no further treatment. Central somatosensory conduction
time latency (N13-N20) and amplitudes of spinal (N13), brainstem (P14), parietal
(N20 and P27), and frontal (N30) potentials were measured at baseline (prior to
treatment), 10-weeks and 22-weeks. After the 10-weeks of treatment, the treat-
ment group had significantly better amplitudes of N13, P14, N20, N27 and N30 as
well as central conduction time (10% faster conduction velocity of N13-N20). All
significant differences between groups favouring the treatment group remained
at the 12-week post-treatment follow-up. Lastly, a statistically significant multiple

13
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follow

Figure 11.

Postural stability chavacteristics were evaluated with a Biodex Balance System SD (BBS) (Biodex Medical
Systems, Inc., Shirley, NY). Dynamic balance testing was performed on the unlocked platform to allow

free movement concurvently both in the anterior—posterior (AP) and medial-lateral (ML) divections. The
platform permits variable levels of resistance to movement perturbation ranging from one to eight (1 being
the most vestrictive). BBS measuves the deviation of each axis during dynamic balance assessments. The BBS
software measures an overall stability index (OSI) and is a representative index of balance performance. OSI
is the best indicator of the overall ability of the subject to balance the platform whereby a reduced balance
or stability correlates with large variation or large value of OSI [79] [80]. From the RCT by Moustafa et al.
[10] participants randomized to and achieving cervical spine correction obtained statistically significant
improvements in the OSI compared to a standard cave group (Pre vs. 10-weeks post vs. 1-year follow up).
Courtesy of Moustafa et al. [10, 34].

regression model to predict central conduction time changes, N13-N20, from cor-
rection in cervical lordosis and anterior head translation (AHT) was identified for
the intervention group receiving the Denneroll orthotic at both the 10-week mark
(p < .001) and the 3-month follow-up (p < .001) [78]. Figure 8 (bottom) demon-
strates the improvement in the N13-N20 potential in this trial.

5.2 Dermatomal somatosensory evoked potentials (DSSEPs)

In 2011, Moustafa et al. reported on the results of a pilot trial that showed patients
with cervical spondylotic radiculopathy randomized to a rehabilitation program
including cervical spine stretching exercises, infrared radiation and 3-point bend-
ing cervical extension traction had significantly improved peak-to-peak amplitude
measures of DSSEPs after both 10-weeks of treatment (30 treatment sessions) and ata
12-week follow-up [16]. The comparison (control) group receiving the same treatment
less the neck traction did show an initial improvement in DSSEPs after the 10-week
treatment period, however, this difference disappeared at the 12-week follow-up. Only
the treatment group showed a statistically significant increase in cervical lordosis.
Most importantly, Moustafa et al. identified a linear correlation between initial

14
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A experimental setup
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Figure 12.

In A, an example of the smooth pursuit neck torsion test (SPNT) is shown neutral, right turn, and left turn

of the head indicated by the 45° torso rotated position. Middle and right image: A SPNT test eye velocity is
shown as the uneven high amplitude curves. The ciphers indicate the length of the vertical part of the curve
between two marks, i.e., the saccades. The forward head posture group (FHP group) has larger ervors (~30%)
as compared to a match control group with normal head alignment (10% average error). Courtesy of Moustafa
etal. [34].

DSSEPs and cervical lordosis magnitude for both groups (r = .65; p < 0.0001), whereas
this relationship was only maintained in the study group receiving 2-way traction at
final follow-up (r = .55; p = 0.033). This indicates that cervical spine lordotic cor-
rection linearly correlates to improvements in DSSEPs [16]. Figures 9 and 10 depict
the experimental setup for the DSSEPs of C6, C7, and C8 as well as the changes in C6
DSSEPs in the study group receiving the curve corrective traction.

As reported in the previous section (5.1), the 2016 trial reported by Moustafa
et al. [13] treating patients with discogenic radiculopathy, both groups showed
improvements in latency of DSSEPs at the 10-week post-treatment assessments,
however only the treatment group showed statistically improved amplitude of
DSSEPs. At a 1-year follow-up without intervention, only the treatment group dem-
onstrated statistically improved latency and amplitude of DSSEPs. Also, only the
treatment group had improved cervical lordosis and reduced forward head posture
at the 10-week and 1-year follow-up.

5.3 H-reflex
In a unique randomized trial, Moustafa and colleagues [14] investigated the

hypothesis that improving the cervical lordosis and reducing forward head transla-
tion would improve low back pain, disability, and neurophysiology in a sample of
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Follow-up

Figure 13.

Sympathetic skin resistance response (SSR). For measurement of the SSR, EMG equipment was used [10].
Active surface electrodes were attached on the palmar side, and the references were placed on the dorsum of
the hand. The stimulus was given at the wrist contvalateral to the rvecording side. Measurements were taken
from left and right arms. Latencies were measured from the stimulation artifact to the first deflection from
the baseline. The amplitude is measured from the peak of the first deflection to the peak of the next one (peak
to peak) as shown. Depicted are the vesults for the study group receiving cervical spine corrvection (lordosis
and forward head posture). On the Top: the study group receiving spine corrective extension traction is shown
at pre-study; Middle: after 10 weeks of treatment (30 sessions); and Bottom: at 1-year follow up with no
further treatment. Only the group receiving extension traction obtained sagittal plane cervical corvection and
statistically significant improvement in SSR latency and amplitude. Courtesy of Moustafa et al. [10].

80 (35 female) patients between 40 and 55 years suffering signs and symptoms
from chronic discogenic lumbar radiculopathy (CDLR). Both groups received TENS
therapy and hot packs; additionally, the study group received the Denneroll cervi-
cal traction orthotic. All treatment interventions were applied at a frequency of 3 x
per week for 10 weeks. Both groups were followed for 6 months after their 10-week
re-evaluation. Statistically significant differences between the study groups and the
control group’s postural measures were found favouring improved posture in the
Denneroll group for: lumbar lordotic curve (p = .002), thoracic kyphosis (p = .001),
trunk inclination (p = .01) and imbalance (p = .001), pelvic inclination (p = .005),
and surface rotation (p = 0.01). The two radiographic measures of cervical lordosis
(p = .001) and forward head posture (p = .002), and H reflex amplitude (p = .007)
and H reflex latency (p = .001) were likewise statistically different between the
groups at 10 weeks favoring improvement in the Denneroll study group. Restoring
cervical lordosis and reduction of forward head posture with Denneroll traction
was found to have a positive impact on 3D posture parameters, leg and back pain
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scores, back disability, and H reflex latency and amplitude. Thus, improvement
of sagittal cervical spine posture and alignment benefited the pain, disability, and
postural imbalances in patients with CDLR.

In 2013, Moustafa et al. reported the results of a trial employing lumbar
extension traction to increase the lumbar lordosis in patients suffering from
MRI-verified lumbosacral radiculopathy [15]. Sixty-four patients were ran-
domly allocated to the treatment or comparison (control) group who both
received hot packs and interferential therapy; only the treatment group received
the lumbar extension traction. After 30 treatment sessions over 10-weeks, only
the treatment group showed statistically improved latency and amplitude of the
H-reflex. At the 6-month follow-up, again, only the treatment group showed
statistically improved H-reflex outcomes. Only the treatment group demon-
strated improved lumbar lordosis after the 10-week treatment period and at the
6-month follow-up.

5.4 Sensorimotor control measures
5.4.1 Cervicocephalic kinesthetic sense measured as head repositioning accuracy

Improvement in head repositioning accuracy (HRA) as a result of sagittal plane
spine alignment correction has been assessed in three recent randomized trials
by the Moustafa et al. group; two of these trials assessed cervical lordotic correc-
tion and anterior head translation reduction [10, 79], whereas, one trial assessed
improvement in thoracic hyper-kyphosis [11]. In 2017, Moustafa et al. reported on
the improvement in HRA, a measurement of cervicocephalic kinesthetic sensibility
[79]. Seventy-two patients suffering from cervicogenic dizziness were random-
ized to a treatment or comparison (control) group and received TENS, hot packs,
mobilization, myofascial and suboccipital release, and therapeutic functional
exercises. Only the treatment group also received the Denneroll cervical extension
traction orthotic device. The cervical range of motion (CROM) device was used to
assess cervicocephalic kinesthetic sensibility by measuring the head repositioning
average error (HRA). The participants (blindfolded) started with their head in
the neutral head position (NHP) and were asked to actively move to the midpoint
of their maximum rotation range, which was called the “target position.” After
returning to the NHP, they were then asked to rotate their head to the target posi-
tion. The difference between the target position and the achieved position was
recorded 3 times and averaged. The midpoint position was used rather than the
NHP because it was considered a non-learned position. The CROM device has good
criterion validity ( = 0.89-0.99) and reliability (intra-class correlation coefficient
[ICC] = 0.92-0.96) [80].

After 30 treatment session over 10-weeks, both groups improved on the HRA
test [79]. However, at the 1-year follow-up, the treatment group’s HRA to the
left and right was statistically significantly better than the comparison group.
Again, only the treatment group had a statistically improved cervical lordosis and
improved forward head posture at both the 10-week and 1-year follow-up. In their
more recent [10] randomized trial similar results were identified where improved
HRA resulted from improved cervical lordosis and forward head translation reduc-
tion; herein, the improvement in the HRA was identified to be linearly correlated to
the improvement in both cervical lordosis and reduction in forward head posture.
The linear correlation between improved HRA and improved forward head posture
magnitude is further supported by the results of a cross-sectional case control
investigation which found a linear relationship between worsening HRA and
increased magnitudes of forward head posture [34].
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In 2020, Moustafa et al. reported on the improvements in various senso-
rimotor control measures in patients treated for thoracic hyper-kyphosis [11].
Eighty patients with thoracic hyper-kyphosis were randomized to a treatment or
comparison (control) group. Both groups were treated for 30 treatment sessions
over a 10-week time period with TENS and hot packs, soft tissue mobilization,
thoracic spine manipulation, and functional exercises. Only the treatment group
also performed the Denneroll thoracic traction orthotic designed to reduce the
thoracic curve. At the 10-week post-treatment assessment, no significant differ-
ences were found for left-sided HRA whereas, significant differences favouring
the treatment group were found for the right sided HRA. At the 1-year follow-up
without intervention, sensorimotor control measurement of HRA, bilaterally, was
significantly superior for the intervention group. Also, only the treatment group
experienced a reduction in thoracic hyper-kyphosis at the 10-week assessment
that was maintained at the 1-year follow-up [11].

5.4.2 Biodex balance and stability measurement

Posture stability efficiency is a key measurement or performance variable of
sensorimotor control. In recent randomized trials [10, 11] and case control [34]
investigations by Moustafa and colleagues, postural stability characteristics were
evaluated with a Biodex Balance System SD (BBS) (Biodex Medical Systems, Inc.,
Shirley, NY) (Figure 11). Dynamic balance testing was performed on the unlocked
platform to allow free movement concurrently in both the anterior—posterior
(AP) and medial-lateral (ML) directions. The platform permits variable levels
of resistance to movement perturbation ranging from one to eight (1 being the
most restrictive). BBS measures the deviation of each axis during dynamic bal-
ance assessments. The BBS software measures an overall stability index (OSI) and
is a representative index of balance performance. OSI is the best indicator of the
overall ability of the subject to balance the platform whereby a reduced balance or
stability correlates with large variation or large value of OSI [81, 82]. From the RCT
by Moustafa et al. [10], participants randomized to and achieving correction of
both cervical lordosis and anterior head posture obtained statistically significant
improvements in the OSI compared to a standard care group (pre vs. 10-weeks
post vs. 1-year follow up). Likewise, in the RCT looking at thoracic hyper-kyphosis
reduction, it was found that OSI was statistically improved only in the group
achieving reduction of thoracic kyphosis and that this result was stable at 1-year
follow-up [11].

The fact that posture stability, as measured with OSI, improves due to correc-
tion of the sagittal cervical and thoracic spine alignments seems to make sense; as
previously a linearly correlation between worsening OSI and increased magnitudes
of forward head posture has been found [34].

5.4.3 Smooth pursuit neck torsion test or SPNT

The smooth pursuit neck torsion test (SPNT) is used to quantify alterations
in and improvement in a person’ visual-motor control using electro-oculography
equipment [83]. Figure 12 demostrates the SPNT procedure. First, participants
perform the SPNT with the head and trunk in the neutral, forward facing posture.
Next, while keeping the head facing forward, the torso is placed in a 45° rotation
(about a vertical y-axis) position to each side in a consecutive manner. Participants
typically perform three blinks of their eyes and are instructed to follow the path of
a light source as close as possible with their eyes without movement of their head
or neck. The accuracy of the SPNT is determined as the difference between the

18



The Influence of Sagittal Plane Spine Alignment on Neurophysiology and Sensorimotor Control...
DOI: http://dx.doi.org/10.5772/intechopen.95890

average increase/decrease in the participants NHP vs. the torsioned positions; errors
are termed ‘corrective saccades’ and are reported as a percentage difference from
perfect. In a recent case control cohort sample, Moustafa et al. [34] identified that
the forward head posture group (FHP group) had larger SPNT errors (x30%) as
compared to a matched control group with normal head alignment (10% average
error). In fact, a linear correlation was identified between the magnitude of forward
head posture subluxation and the percent error in SPNT.

Importantly, in the Moustafa et al. RCTs [10, 11], SPNT test eye velocity was
shown to improve in the group receiving spine correction as compared to the com-
parison group not receiving and not achieving spine correction. The average SPNT
errors in both the cervical spine [10] and the thoracic spine [11] correction groups
improved down to bench-mark values for healthy persons (~10%).

5.5 Dysafferentation, altered sensorimotor control and autonomic
nervous system

Sympathetic skin resistance response (SSR) is a measurement of autonomic
nervous system function or dysfunction. For measurement of the SSR, EMG equip-
ment is typically used [10, 34]. Active surface electrodes are attached on the palmar
side, and the references are placed on the dorsum of the hand. A stimulus is given
at the wrist contralateral to the recording side. Measurements should typically be
taken from left and right arms. The SSR is assessed as: (1) a latency measurement
from the stimulation artifact to the first deflection from the baseline; and (2) an
amplitude is measured from the peak of the first deflection to the peak of the next
one (peak to peak). Figure 13 depicts a typical measurement of SSR latency and
amplitude.

In a recent case—control cohort investigation of 160 asymptomatic volunteers,
Moustafa and colleagues [34] investigated the SSR and its relationship to the sever-
ity of forward head posture; a strong linear correlation was identified between the
magnitude of forward head posture and increased amplitude and latency of the
SSR evoked potentials. Thus, increased magnitudes of forward head posture have
a negative impact on the autonomic nervous system in essence leading to a state of
hyperactivity or increased excitability. Only one RCT on the effects of spine cor-
rection on SSR latency and amplitude could be identified. In the study by Moustafa
et al. [10], the group receiving spine corrective extension traction obtained sagittal
plane cervical correction and statistically significant improvement in SSR latency
and amplitude; the results indicated a linear correlation between the amount of
correction of the cervical lordosis and FHP and the concomitant improvement of
the SSR potentials [10].

6. Strengths, applications, and perspectives

The above review of sagittal plane spine alignment and its impact on neurophys-
iology has several strengths. First, there is strong biomechanical evidence indicat-
ing that altered and sustained sagittal plane spine and posture alignment results in
increasing the stresses and strains acting on the pons-cord tract system and that this
impairs directly or indirectly neurophysiology; this evidence has existed since 1960
[8,9, 26, 68, 69, 71-75, 77]. Second, considering the results of the recent random-
ized trials reviewed above, it is clear, that rehabilitation techniques that increase
the cervical lordosis and lumbar lordosis, have a profound and sustained effect of
improving measurements of neurophysiology as measured with DSSEP’s, H-Reflex,
and central conduction times [12-16, 78, 79]. Similarly, reducing the magnitudes
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of thoracic hyper-kyphosis [11] and FHP [12-16, 78, 79] has been found in RCT"s to
result in improved neurophysiological measurements. Finally, clinical management
and improvement of several complex neurological disorders have been documented
in multiple case reports where spine correction was suggested to be the important
variable which improved the patient’s neurophysiological disorder [17-25]. Thus,
considering the facts that biomechanics studies, randomized trials, and case reports
all point to the same finding, clinically and scientifically one would need to con-
cede that improved neurophysiology following correction of the abnormal spine
towards normal values is an evidence-based and logical approach to pursue with
appropriate patients.

Similarly, the known intimate connections between afferent input (from the
proprioceptive, visual and vestibular systems) and stable upright postures of the
head and neck [28] and the fact that there exists a plethora of mechanoreceptors
in the cervical spine soft tissues providing necessary neurophysiological input in
a feed forward and feedback system provides a strong fundamental physiological
basis for the concept that altered spine alignment can have a profound effect on
sensorimotor control via connections to the vestibular, visual and central nervous
systems [29]. Furthermore, and as explicitly stated in the introduction to this
chapter, a complex network of neurophysiological connections between cervical
spine mechanoreceptors and the sympathetic nervous system exists [30-32]. This
information coupled with the findings of both case control investigations [34] and
randomized trials [10, 11, 63, 79] provides strong clinical evidence that restoring
normal sagittal plane posture and cervical spine alignment is important for a better
afferentation process, improved sensorimotor control, and improved autonomic
nervous system function.

Clinically, the astute reader should recognize the need to radiographically assess
the full spine alignment, in particular the sagittal plane, to identify if a patientisa
candidate and in need of true spine correction; that is, structural rehabilitation of
the spine and posture. A comparison of the patient’s spine and posture should be
made against tested normal alignment values such as the Harrison full spine model
and posture displacement models discussed herein. Furthermore, the addition
of fundamental neurophysiological testing and the basic parts of sensorimotor
control measurements should be considered as important assessments during
patient evaluations. Once an indication for corrective care has been identified,
the clinical administration of specific spine mirror image corrective exercises and
extension traction methods should be employed. Previously, we have discussed
the techniques, indications and contraindications, timing of, and applications for
several known spine corrective methods and the clinician should be willing to add
these to their armamentarium for patient care; we refer the reader to this source
[35]. Adding the goal and methods of true spine correction to the clinical outcomes
of patient care should not be foreign, it should not be in disregard to traditional
strength and functional conditioning; it should simply be part of the basic, funda-
mental treatment approach for abnormalities of the human frame in the effort to
improve a variety of spine related and neurophysiological disorders.

7. Conclusion

This chapter has explored the hypothesis and evidence that restoring normal
posture and spine alignment has important influences on neurophysiology, senso-
rimotor control and autonomic nervous system functionality. There is limited but
high-quality research identifying that sagittal spine alignment restoration plays an
important role in improving neurophysiology, sensorimotor control, and autonomic
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nervous system function. Within the limitations of the fact that only a handful of
clinical trials exist on the topics discussed in this chapter, the unique contribution
and importance of this review is that it demonstrates that radiographic determined
re-alignment of the sagittal spine and posture plays a significant role in long-term
management outcomes in people suffering from a variety of musculoskeletal,

and health related disorders. Improved neurophysiological function as measured
via dermatomal somatosensory evoked potentials, spinal cord velocity (N13-N20
potential), sensorimotor control, and sympathetic nervous system activity is
directly influenced by and improved by full spine sagittal alignment in general and,
more specifically, to cervical posture and spine alignment. This review identifies
main issues that warrant further investigations to elucidate primary interactions
and to identify ideal populations that would benefit from structural rehabilitation
of the spine and posture techniques as discussed herein.
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Nomenclature

AP Anterior—posterior

BBS Biodex Balance System SD

CBP Chiropractic BioPhysics®

CDLR Chronic discogenic lumbar radiculopathy
CIP Cord interstitial pressure

CNS Central nervous system

CROM Cervical range of motion

CSM Cervical spondylotic myelopathy

CTS Carpal tunnel syndrome

DSSEPs Dermatomal somatosensory evoked potentials
EMG Electromyography

FHP Forward head posture

HRA Head repositioning accuracy

MAP Mean arteriole pressure

ML Medial-lateral

MRI Magnetic resonance imaging

NHP Neutral head position

N13-N20 Central conduction time

OSI Overall stability index

PD Parkinson’s disease

RCT Randomized controlled trial

SPNT Smooth pursuit neck torsion

SSR Sympathetic skin resistance

TENS Transcutaneous electrical nerve stimulation
THK Thoracic hyper-kyphosis

TN Trigeminal neuralgia

TS Tourette’s syndrome
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