
 Turk Neurosurg 27(4):631-635, 2017 | 631

Corresponding author: Fatih Ersay DENIZ 
E-mail: ersaymd@yahoo.com

Original Investigation

DOI: 10.5137/1019-5149.JTN.16614-15.2

Received: 03.12.2015 / Accepted: 25.01.2016

Published Online: 08.08.2016

Fatih Ersay DENIZ1, Phillip M. REYES2, Bruno C.R. LAZARO2, Felix C. DOMINGUEZ2, Anna G.U.S. NEWCOMB2, 
Volker K.H. SONNTAG3, Neil R. CRAWFORD2

1Gaziosmanpasa University, Faculty of Medicine, Department of Neurosurgery, Tokat, Turkey
2St. Joseph’s Hospital and Medical Center, Barrow Neurological Institute, Spinal Biomechanics Laboratory, Phoenix, Arizona, USA
3St. Joseph’s Hospital and Medical Center, Barrow Neurological Institute, Division of Neurological Surgery, Phoenix, Arizona, USA

Contribution of Neural Elements to Thoracic Stability

ABSTRACT

are probable reasons for why their contributions have been 
ignored when ROM is studied. Published reports of biomec-
hanical studies related to neural elements are mostly limited 
to monoaxial tensile tests and histological studies (1,9,11). 
Although knowledge of the strengths and stiffness of indivi-
dual elements is useful, the amount that the neural structures 
contribute to stability depends on the degree of interaction 
with adjacent connective tissues during different motions. The 
objective of this study was to evaluate the effects of thora-
cic spinal canal elements, especially the neural structures, 
on ROM. These findings should help us to better understand 

█    INTRODUCTION

Studies of spinal biomechanics typically focus on the 
contributions to range of motion (ROM) of the ligaments, 
articulations, vertebral discs, and, to a limited degree, 

muscles. However, the primary contents of the spinal canal, 
dura, arachnoid, pia, spinal cord, nerve roots, ligaments, and 
vessels are usually not considered in biomechanical analyses. 
These structures also experience strain during movement and 
should therefore contribute to some limitations in ROM. The 
small contributions that these components make on ROM and 
the difficulty in isolating these tissues during a flexibility test 

AIm: Studies of spinal biomechanics typically do not focus on the contributions to range of motion (ROM) of the primary components 
of the spinal canal, dura, arachnoid, pia, spinal cord, nerve roots, ligaments, and vessels. We sought to determine the stability 
offered by these soft tissues in vitro.   
mATERIAl and mEThODS: Human cadaveric segments were tested intact, after osteoligamentous destabilization, and after 
transection of T8-9 spinal canal components. Specimens were induced into flexion, extension, axial rotation, and lateral bending 
using non-constraining, non-destructive pure moment while tracking motion response stereophotogrammetrically. The range of 
motion (ROM) was compared in each condition after adjusting for soft tissue creep.    
RESUlTS: After spinal canal element transection, ROM increased in all directions (mean 4.7%). This increase was most pronounced 
during lateral bending (p=0.055). The cumulative ROM from all directions of loading showed a statistically significant mean increase 
of 3.3% (p=0.040).   
CONClUSION: Sectioning of canal elements was found to cause a measurable increase in ROM. Although nonviable tissues were 
tested, living tissues are also likely to contribute to spinal stability.        
KEywORDS: Destabilization, Range of motion, Spinal canal elements, Spine biomechanics

ABBREVIATIONS: lZ: Lax zone (zone of ligamentous/soft tissue laxity), Pll: Posterior longitudinal ligament, ROm: Range of 
motion, SZ: Stiff zone (zone of ligamentous/soft tissue stretching)
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basic spinal biomechanical responses, which may be useful 
in interpreting biomechanical findings and developing more 
refined computer models of the spine.

█    mATERIAl and mEThODS
Specimen Preparation

Seven human cadaveric thoracic spines (T6-T11) with 3 cm 
of ribs attached were studied. IRB approval was not sought 
as it is not required for cadaveric studies using anonymized 
donor tissues. The mean age at the time of death was 47 
years (range, 36–68 years). Unembalmed frozen specimens 
were obtained and thawed in a bath of normal saline at 30°C. 
Residual muscle tissue was carefully stripped, preserving 
ligaments, discs, and joint capsules.

Visual and radiographic inspection and examination of history 
indicated that no specimen had pathological entities in the 
region being studied. Before testing, the rostral and caudal 
vertebrae were potted in metal fixtures using polymethyl 
methacrylate for the application of loads (15). The specimens 
were wrapped in saline-soaked gauze during testing to 
prevent dehydration.

Biomechanical Testing

A system of pulleys and cables were used with a standard 
servohydraulic test system (MTS Systems Corp., Eden 
Prairie, MN) to apply nondestructive, nonconstraining pure-
moment loads (4). Loads were applied around the appropriate 
anatomical axes to induce flexion, extension, right axial 
rotation, left axial rotation, right lateral bending, and left lateral 
bending (Figure 1). The specimens were preconditioned three 
times before data were collected in each loading mode. 
Preconditioning entailed application and holding a 7.5-Nm 
load for 60 seconds. Each specimen was then allowed to 
recoil to a natural resting position and rest for 60 seconds. 
Loads were applied in 1 .25-Nm increments to a maximum of 
7 .5 Nm during data collection, and each increment was held 
for 45 seconds. 

Motion of each specimen was tracked using the Optotrak 
3020 (Northern Digital, Inc., Waterloo, Ontario, Canada). 
This system allows for stereophotogrammetric measures of 
three -dimensional displacement of infrared-emitting markers 
which are rigidly attached in a noncollinear arrangement 
to three stainless steel surgical guidewires inserted into 
each vertebra. Custom software aligned the local Cartesian 
coordinate systems at T7-T8, T8-T9, and T9-T10 with the 
vertebral anatomy by using a digitizing probe and converting 
the marker coordinates on T7, T8, T9, and T10 to angles 
around the anatomical axis of each motion segment relative 
to its caudal vertebra (5,7).

Each specimen was tested in the following conditions: 1) intact, 
2) after osteoligamentous destabilization, and 3) after canal 
component sectioning. The specimens were kept wrapped in 
saline-soaked gauze to prevent dehydration during testing. If 
a specimen required a second day of testing, the specimen 
was stored in a cold room until testing resumed to mitigate 
degradation from prolonged exposure to room temperatures.

Surgical Procedures

The osteoligamentous destabilization procedure at T8-9 
consisted of the following surgical procedures: a right-
sided transpedicular discectomy, division of the anterior 
longitudinal ligament, transection of the anterior aspect of 
the disc with a scalpel from foramen to foramen, sectioning 
of the posterior portion of the disc with a curette to allow 
for preservation of the posterior longitudinal ligament (PLL), 
bilateral total facetectomy, and sectioning of the interspinous 
and supraspinous ligaments (Figure 2). Canal component 
sectioning consisted of perpendicular sharp transection of the 
spinal cord at the T8-9 level using a scalpel, scissors, and a 
curette. After all tests were conduced, complete dissection of 
each specimen was performed to verify that the components 
had been properly sectioned.

Data and Statistical Analysis

From the raw data, three parameters were generated from 
the quasistatic load-deformation data: angular ROM, lax zone 
(LZ, zone of ligamentous/soft tissue laxity), and stiff zone (SZ, 
zone of ligamentous/soft tissue stretching). The ROM can be 
divided into LZ and SZ, which thus are components of ROM. 
The LZ represents the low- stiffness portion of the typically 
biphasic load-deformation curve, while SZ represents the high-
stiffness portion (6). The LZ is similar to Panjabi’s neutral zone, 

Figure 1: A representative specimen during biomechanics testing, 
optical markers for tracking motion are visible. 
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which is defined as the zone in which there is only frictional 
joint resistance (12). LZ is more more reproducible and refers 
to the zone in which there is minimal ligamentous resistance 
(6). The location at which LZ crossed to SZ was calculated 
by extrapolating the load-deformation slope at data points 

corresponding to 3.75 Nm, 5.0 Nm, 6.25 Nm, and 7.5 Nm to 
zero load using the method of least squares in Microsoft Excel. 
Larger values of LZ, SZ, or ROM indicate greater instability. 
The angular ROM during flexion, extension, axial rotation, 
and lateral bending was the maximum angular displacement 
under the maximum applied load. ROM (including LZ and SZ) 
was expressed in degrees. Before statistical analysis, ROM 
values (including LZ and SZ) were normalized to account for 
the natural degradation of specimens from repeated testing. 
Normalization was done by adjusting the ROM at the index 
level (T8-9) based on variations in ROM at the adjacent levels. 
The mean ROM increase at T7-8 and T9-10 in each direction 
of loading was used to create a scaling factor F:

F = (ROMT7–8, intact + ROMT9–10, intact)/(ROMT7–8, resected + ROMT9–10, resected)

This scaling factor was multiplied by the ROM (or LZ) at 
the corresponding index-level. Thus, the increase in motion 
related to natural degradation was controlled so that the 
normalized increases in motion at the index level represented 
only the effect of the transections. Repeated- measures 
analysis of variance followed by Holm-Sidak tests were used 
to determine whether motion parameters differed significantly 
following transection. Probability values less than 0.05 were 
considered significant.

█    RESUlTS
After the neural elements were transected, the mean 
normalized ROM at the index level increased by 1.6% during 
flexion-extension (p=0.310), 8.1% during lateral bending          
(p=0.055), and 4.4% during axial rotation (p=0.171) (Figure 
3, Table I). Analysis of cumulative normalized ROM (the 
combined normalized ROM from all 4 directions of loading) 
showed a mean increase in ROM of 1.08±0.96 degrees, 
corresponding to 3.3% (p=0.040). There was an increase in 
the mean normalized LZ after neural element transection by 
0.2% during flexion-extension (p=0.887), 8.1% during lateral 

Figure 3: Mean changes in normalized 
ROM, LZ, and SZ (degrees) at the index 
level (T8-9) in different directions of loading, 
after transection of the neural elements. 
Cumulative motion refers to all directions 
of loading combined (Flexion-Extension + 
Lateral Bending + Axial Rotation). A negative 
value indicates a decrease. Error bars show 
standard deviation. (Used with permission 
from Barrow Neurological Institute, Phoenix, 
Arizona, USA).

Figure 2: Photograph of surgical procedure. 
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0.26 MPa for the spinal cord itself, 35.2 MPa for the anterior 
longitudinal ligament, 35.7 MPa for the PLL, and 35.7 MPa 
for the dural attachments, including the Hoffmann’s ligaments 
(9). Therefore, and because the position of the spinal cord is 
posterior to the axis of rotation, it would be expected that 
the spinal cord contributes less to restricting motion during 
extension than during flexion. Such behavior was indeed 
observed.

After the thoracic spinal canal components were sectioned, 
ROM was affected in all directions of movement; however, the 
increases were small. These small increases are not surprising 
considering the well-known main restrictors of motion (i.e., 
ligaments, discs, and articulations). However, knowing that the 
neural elements contribute slightly to ROM and determining 
the extent of this contribution is important for academic work 
and research.

This study has some limitations. Primarily, the tissues studies 
were not living, and therefore probably contribute less to 
stability than they would in-vivo because of deflation. In the 
same way that bending a deflated balloon is easier than 
bending an inflated balloon, the living spinal cord should have 
greater resistance to bending than cadaveric tissue. In a living 
body, muscles and pressure from the intact tissues within 
the torso would also contribute to ROM differently than in a 
cadaveric specimen (2,3,8,17,20).

█    CONClUSION
This study demonstrates that the deformation capacity of the 
spinal canal contents in an in vitro model has a slight effect 
on ROM during nondestructive flexibility testing. This small 
effect was most pronounced during lateral bending. These 
data may be useful in creating a more complete model of the 
biomechanical response of the spine to external loads.
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bending (p=0.108), and 5.3% during axial rotation (p=0.056). 
The mean cumulative normalized LZ increased by 0.68±1.21 
degrees, corresponding to 3.0% (p=0.229). After, neural 
element transection, the mean normalized SZ decreased by 
6.0% during flexion-extension (p=0.090), increased by 6.9% 
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█    DISCUSSION
Although in biomechanical analyses the spinal canal elements 
are not traditionally considered to be contributors in ROM, 
the spinal canal elements are part of a dynamic mechanical 
system that should be recognized (16). This study is the first 
to examine the contribution of spinal canal components to the 
stability of the thoracic spine.

The central region of the anterior dural sac adheres to the 
deep layer of the PLL at its midline. It has been suggested 
that these areas where the dural sac adheres to the PLL are 
due to anterior dural ligaments (Hoffmann’s ligaments). These 
ligaments have been observed to change direction along the 
spine, from caudocranial (dura to PLL) at upper thoracic levels 
to transverse at the level of T8-9 to craniocaudal at lower 
thoracic and lumbar levels, often with multiple ligaments being 
present at a single level. The limitation to movement that these 
ligaments provide may be an important factor in protecting the 
spinal cord and spinal nerves from trauma during movement, 
particularly during extension of the vertebral column (19).

The spinal dura is composed of collagen and elastic fibers 
and is primarily a protective membrane for the spinal cord 
(10,14,18,20). Collagen fibers of the dura are oriented mainly 
longitudinally and have higher tissue resistance, stronger 
tensile strength, and greater stiffness in the longitudinal 
direction than in the transverse direction (13,14,20). The elastin 
content of spinal dura has been determined in cadavers (11), 
and was found to be approximately 2 times higher in the 
dorsal aspect compared to the ventral aspect (13.8% vs. 
7.1% of the total dry weight, respectively). In comparison, 
the same investigators report an elastin content of 7.3% of 
the total dry weight of the PLL. The elastic modulus of the 
dura mater has been reported to be 5 MPa, compared to 

Table I: Mean Percent Increases in Normalized ROM, LZ, and SZ at the Index Level (T8-9) in Different Directions of Loading, Following 
Transaction of the Neural Elements*

Direction of motion ROm lZ SZ

Flexion-Extension +1.6% (p=0.310) +0.2% (p=0.887) -6.0% (p=0.090)

Lateral Bending +8.1% (p=0.055) +8.1% (p=0.108) +6.9% (p=0.111)

Axial Rotation +4.4% (p=0.171) +5.3% (p=0.056) +2.1% (p=0.655)

Cumulative +3.3% (p=0.040) +3.0% (p=0.229) -1.1% (p=0.060)
LZ: Lax zone, ROM: Range of motion, SZ: stiff zone.
*P values indicate outcome of repeated measures analysis of variance (RM-ANOVA)/Holm-Sidak tests relative to intact. Cumulative motion refers 
to all directions of loading combined (Flexion-Extension + Lateral Bending + Axial Rotation). A negative value indicates a decrease.
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