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ABSTRACT
Aims and Objectives: The human spine degenerates with age. Intervertebral disc degeneration occurs in the cervical spine. The 
objective of this study is to determine the effects of degenerative disc diseases on the range of motion (ROM) of the human cervical spinal 
column using a validated finite‑element model.

Materials and Methods: The validated intact and healthy C2–T1 finite‑element model simulated the cortical shell, cancellous core, posterior 
elements of the vertebrae, and spinal ligaments (longitudinal, capsular, spinous and ligamentum flava, and nucleus and annulus of the discs). 
Three different stages of the disc disease, that is, mild, moderate, and severe, were simulated at the C5–C6, C6–C7, and C5–C6–C7 
discs, respectively, and they were termed as upper single level, lower single level, and bi‑level (BL) models, respectively. The material 
properties and geometry of the disc(s) were altered to simulate the different stages of degeneration. The external mechanical loading 
was applied in the sagittal mode, via flexion–extension motions and the magnitude was 2.0 Nm for each mode. They were applied to each 
of the healthy and disc degeneration models, and for each of the three severities of degeneration. The ROM at adjacent and index levels 
was extracted and normalized with respect to the healthy (baseline) spine.

Results: A nonuniform distribution in the ROM was found for different disc degeneration states, segmental levels, and flexion–extension 
loading modes. The specific results for each and level are reported in the results section of the paper.

Conclusion: Closer follow‑up times may be necessary in symptomatic patients with progressive disease, especially with BL involvements.
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INTRODUCTION

The human spine shows signs of degeneration/disease over 
time. Degenerative disc disease (DDD) is attributed to the 
supporting head mass and motions that occur in the adult 
cervical spinal column. While human cadaver experimental 
models have been used to evaluate their role on the 
biomechanics, numerical modeling tools are gaining more 
importance, especially finite‑element models, because of 
their parametrization abilities and ability to simulate different 
severities of disc degeneration on the same model.[1] The 
objective of the present study is to determine the effects 
of DDD on the index and adjacent segment range of 
motions (ROMs) of the human cervical spine using a validated 
finite‑element model.

Effects of different severities of disc degeneration on the 
range of motion of cervical spine
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MATERIALS AND METHODS

Finite‑element model
The human cervical spine (C2–T1) finite‑element model included 
the hard‑ and soft‑tissue components of the osteo‑ligamentous 
column and the surrounding musculature. The column simulated 
the subaxial vertebrae including the dens of the axis and posterior 
complexes: pedicles, laminae, and spinous processes. The 
anterior longitudinal ligament, posterior longitudinal ligament, 
capsular ligaments of the facet articulations, ligamentum flavum, 
and inter‑ and supraspinous ligaments connected the vertebrae 
at their respective anatomical locations. The intervertebral 
discs simulated their annulus and nucleus components: the 
latter component was asymmetrically placed inside the disc 
volume, paralleling human anatomy.[2,3] The cortical shell and 
trabecular core of the vertebral bodies were simulated using 
shell and hexahedral solid elements, and both had isotropic 
material properties.[4‑7] The endplates and cartilage were 
simulated by shell elements with linear elastic properties.[8] The 
annulus ground substance and its fibers, oriented at 45–60°, 
were simulated by hexahedral solid and membrane elements, 
with foam and orthotropic properties, and the nucleus was 
simulated by hexahedral solid elements with viscoelastic 
material properties.[8‑12] The spinal ligaments were simulated 
using quadrilateral membrane elements with no resistance 
in compression and nonlinear rate‑dependent stress–strain 
relationships derived from force–displacement relationships 
of the human cervical spine ligaments.[13,14] Figure 1 shows the 
finite‑element model of the cervical spine used in the study. 
Table 1 provides the details of the model.

Disease states
The intact spinal column model was modified to accommodate 
different DDD states, namely mild, moderate, and severe. 

They were simulated at the C5–C6, C6–C7, and C5–C6–C7 
vertebral levels, termed as upper single level (USL), lower 
single level (LSL), and bi‑level (BL) models, respectively. To 
simulate the mild level of disc disease, the elastic modulus 
of the nucleus pulposus was assumed to be twice the 
elastic modulus of the annulus ground substance used in 
the healthy cervical spinal column, while the properties of 
the other components remained the same as in the healthy 
spine model.[15] To simulate the moderate disc disease, in 
addition to the above change, the elastic modulus of the 
annulus ground substance was assigned two times the value 
of the modulus of the annulus ground substance used in the 
healthy spine model. In addition, the annulus fiber volume 
was reduced by 25% from the value used in the healthy 
spine model.[15] To simulate the severely diseased disc, in 
addition to these changes, the intervertebral disc height 
was reduced to 85%, of the data used in the healthy cervical 
spinal model. This approach was also used in the previously 
cited study. Further rationale for the selection is given in the 
discussion section.

Loading
The healthy cervical spinal column model was subjected to 
loads in the sagittal plane: flexion and extension moments of 
2 Nm each. They were applied at the cephalad end, and the 
caudal‑most level was fixed in all degrees of freedom. The 
resulting overall and segmental ROMs were obtained. The 
flexion and extension moments that produced the overall 
rotation angles to those of the healthy cervical spinal column 
were applied to all the diseased spine models. The ROMs 
were extracted at all subaxial levels for each case, namely, 
three disease states (mild, moderate, and severe) and three 
levels  (USL, LSL, and BL). The ROM data for the multiple 

Figure 1: Finite‑element model with the details of components. See text for details
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models were normalized with respect to the healthy model, 
that is, no intervertebral disc disease. The results of the 
normalized changes in the ROMs at the superior and inferior 
adjacent spinal levels for all cases are as follows: for the USL 
model, they were at the C4–C5 and C6–C7 levels; for the 
LSL model, they were at the C5–C6 and C7–T1 levels; and 
for the BL model, they were at the C4–C5 and C7–T1 levels. 
The normalization was done using the following equation:

d h

h

ROM ROMNROM
ROM
−

=

where the subscripts d and h refer to the disease and healthy 
spine states, respectively, N refers to the normalized value, 
and ROM refers to the ROM at the superior or inferior 
adjacent levels. To minimize repetition, caudal and inferior 
and cephalad and superior are used interchangeably in this 
manuscript.

RESULTS

Normalized range of motion from diseased discs at the 
superior level
Figure 2 shows the normalized ROM in flexion at the superior 
spinal level for the three diseased states and levels. For the 
mildly diseased disc(s) for the USL, LSL, and BL spines, the 
ROM increased from 3.2% to 3.5%; for the moderately diseased 
disc(s), it increased from 7.8% to 13.9%; and for the severely 
diseased disc(s), it increased from 9.9% to 33.0%.

Figure  3 shows the normalized ROM in extension at the 
superior spinal level for the three diseased states and levels. 
For the mildly diseased disc(s) for the USL, LSL, and BL spines, 
the ROM increased from 0.4% to 5.8%; for the moderately 
diseased disc(s), it increased from 3.6% to 6.7%; and for the 
severely diseased disc(s), it increased from 12.9% to 17.3%.

Normalized range of motion from diseased discs at the 
inferior level
Figure 2 shows the normalized ROM in flexion at the inferior 
spinal level for the three diseased states and levels. For the 
mildly diseased disc(s) for the USL, LSL, and BL spines, the 
ROM increased from 4.2% to 7.8%; for the moderately diseased 
disc(s), it increased from 10.0% to 16.8%; and for the severely 
diseased disc(s), it increased from 25.8% to 36.4%.

Figure 3 shows the normalized ROM at the inferior spinal 
level in extension for the three diseased states and levels. 
For the mildly diseased disc(s) for the USL, LSL, and BL 
spines, the ROM increased from 2.8% to 9.6%; for the 
moderately diseased disc(s), it increased from 5.3% to 
12.9%; and for the severely diseased disc(s), it increased 
from 15.7% to 21.8%.

Normalized range of motion from diseased discs at the 
index level
The index level(s) corresponds to the diseased disc level(s): 
one segment for the USL and LSL and two segments for the 
BL spines. Figure 2 shows the normalized ROM in flexion for 
the three diseased states and levels. For the mildly diseased 
disc(s) for the USL, LSL, and BL spines, the ROM decreased 
from 7.4% to 10.4%; for the moderately diseased disc(s), it 
decreased from 22.6% to 27.1%; and for the severely diseased 
disc (s), it decreased from 51.1% to 56.8%. The decrease in 
motion for the BL spines was averaged for the two levels. For 
the BL spine, the decrease was 1.1–2.2 times at the cephalad 
index level.

Figure 3 shows the normalized ROM in extension for the three 
diseased states and levels. For the mildly diseased disc(s) for 
the USL, LSL, and BL spines, the ROM decreased from 3.7% 
to 8.4%; for the moderately diseased disc(s), it decreased 
from 14.4% to 16.2%; and for the severely diseased disc(s), 

Figure 2: Normalized change in range of motion at the superior (left three 
sets of three bars), index  (middle three sets of three bars), and inferior 
(three left sets of three bars) levels under flexion and for different disc 
degeneration severities

Figure  3:  Normalized change in range of motion at the superior (left 
three sets of three bars), index (middle three sets of three bars), and inferior 
(three left sets of three bars) levels under extension and for different disc 
degeneration severities
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it decreased from 29.7% to 41.2%. The decrease in motion 
for the BL spines was averaged for the two levels. For the 
BL spine, the decrease was 1.02–1.3 times at the cephalad 
index level.

DISCUSSION

Disease states
The objective of this study was to determine the effects of 
different stages or states of DDD on the ROMs of the cervical 
spine. Disc disease is a multifactorial entity that develops 
after the full maturation of the cervical spine and is more 
common with advancing age. Intervertebral discs undergo 
progressive structural changes in the form of desiccation 
of the nucleus pulposus and disintegration of the annulus 
fibrosus, resulting in decreased disc height and osteophyte 
formation.[1] Radiographic examinations of patients with 
degenerated spines have shown osteophytes in the presence 
of reduced disc height.[16,17] These different states of the disc 
disease affect the biomechanical responses such as the ROM 
and may lead to spondylosis and neck pain.[18] The mild stage 
of the disease was simulated by the alteration of the material 
properties to represent in vivo dehydration process of the 
nucleus pulposus.[19] The moderate stage was simulated by 
the alteration of the fiber content and material properties of 
the annulus fibrosus, representing the disintegrated nature 
of the annulus.[15] The severe stage of the disc disease was 
simulated by decreasing the disc depth, representing the 
more advanced stage of degeneration.[20] This initial approach 
of selecting the three grades of disease process represented 
the progressive stages of the disease in the human cervical 
spinal column and were based on the literature.

Choice of spinal levels
The spinal levels considered for the simulations of the 
disease were at the C5–C6, C6–C7, and C5–C7 levels. The 
most common level for the appearance of the disease 
and surgical intervention is at the C5–C6 level.[21] This is 

followed by its caudal segment. The inclusion of both levels 
represented more severe and/or two levels of disease that are 
also common clinically.[3,21,22] These considerations, parallel 
the prevalence of the disease in the human spine. The ROM 
was chosen as the metric to describe the biomechanics of 
the spine which also parallels  the clinical assessment as 
physicians often use this parameter to gauge spinal stability, 
progression of the disease, and effects on spine functionality 
from routine radiographs.

Rationale for the choice of material properties
DDD is classified into mild, moderate, and severe categories.[22] 
The process is sequential/progressive. Mild DDD is characterized 
by loss of elasticity, termed as nuclear degeneration; moderate 
DDD is characterized by annulus degradation in addition to 
nucleus desiccation, termed as annual weakening; and severe 
DDD is characterized by reduction in the disc height and 
sometimes accompanied by osteophytes.[23‑25] As these are 
progressive, mild DDD was simulated by doubling the elastic 
modulus used in the normal spine, accounting for the loss of 
elasticity. Because the nucleus is the only component to deviate 
in the mild degeneration category, all the other components’ 
material properties were maintained in the same state as the 
normal model. For moderate DDD, while specific magnitudes 
are yet to reach consensus in the spine community, as a first 
step, the ground substance modulus was doubled, and the 
fiber volume was decreased by one‑quarter from the normal 
spine, along with the new elastic modulus for the nucleus. 
These represented annulus degradation. For severe DDD, the 
disc height was reduced to 85% of its normal height along with 
the above changes in the annulus and nucleus properties. The 
values chosen for the material properties for DDD were based 
on clinical studies and used in another finite modeling study.[15] 
To introduce the exact material properties of DDD states in 
the modeling process, additional studies should be conducted. 
Biomechanical tests can be conducted using human cadaver 
discs. A plausible design of experiment would be to analyze the 
biomechanical output as a function of factors such as age, sex, 

Table 1: Details of the finite element model used in the study

Component Element type Constitutive model Parameters
Cortical bone Quadrilateral shell Isotropic linear elastic E=16.8 GPa, µ=0.3
Trabecular bone Hexahedral solid Isotropic linear elastic E=0.4 GPa, µ=0.3
Endplate Quadrilateral shell Isotropic linear elastic E=5.6 GPa, µ=0.3
Facet cartilage Quadrilateral shell Isotropic linear elastic E=0.01 GPa, µ=0.3
Annulus ground substance Hexahedral solid Hill foam n=2, C1=0.000115 GPa

C2=0.002101 GPa
C3=−0.000893 MPa

b1=4, b2=−1, b1=−2
Annulus fibrosus Quadrilateral membrane Orthotropic nonlinear elastic Fiber angle (45°–60°)
Nucleus Hexahedral solid Fluid K=1720 MPa
Ligaments Quadrilateral membrane Nonlinear properties Stress-strain curves
µ - Poisson’s ratio
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and disc grade, and examine their interrelationships with the 
material properties. From the relationship(s), a better estimate 
of the magnitudes of the material properties can be used 
in patient‑specific finite‑element models to assist in clinical 
decisions. For geometrical changes, however, for example, 
the disc height for the severe category can be obtained from 
patient‑specific spinal images: X‑rays, computed tomography, 
or magnetic resonance imaging, and directly included in 
patient‑specific models. These are considered as future studies.

Loading
Sagittal plane loading was applied in this study, although 
loading on the human spine is complex and three dimensional. 
The center of gravity of the human head lies anterior to the 
longitudinal axis of the cervical spine, and the sagittal plane 
of loading is the primary mode in the human head‑and‑neck 
system. Recent clinical studies use the sagittal alignment as a 
measure of patient outcomes.[26] Lateral bending/axial rotation 
is also a mechanical loading mode on the spine. Axial rotation 
is primarily borne by the upper head‑and‑neck junction and 
little motion is transmitted to the C2–T1 column. This is due 
to the unique anatomical features: OC–C2 is devoid of discs, 
while ligaments and facet joints connect to the subaxial spine, 
and the OC–C1 is a cup‑like joint, and C1–C2 is also unique. In 
addition, in the C2–T1 column, axial rotation is coupled with 
lateral bending due to the characteristic joint anatomy.[27,28] 
While the sagittal plane of loading was used to demonstrate 
the effectiveness of the model, other modes should be applied 
to fully analyze patient‑specific models. They can be done by 
introducing different loading scenarios in the other planes.

Adjacent segments
Immediate adjacent levels contiguous to the diseased disc 
level(s) were chosen to evaluate the effects of different stages 
of disc disease on the spinal response. The superior and 
inferior levels were different in the three models: the caudal 
levels were the same in the LSL and BL models, whereas the 
cephalad levels were the same in the USL and BL models. In 
addition, the index levels varied, and the results for the BL 
model were presented as an average of both diseased levels 
to compare with the USL and LSL models. Only these levels 
were considered in this study because any effects due to 
the disc disease first transfer to the immediate superior and 
inferior segments, and this is in line with clinical concerns, 
especially during surgical procedures. In fact, adjacent 
segment disease issues including reoperations are commonly 
reported in literature.[29‑32]

Kinematics
The increase in the spinal mobility (ROM) was <10% at both 
adjacent levels and in both flexion and extension modes. This 
was true for all the three conditions: USL, LSL, and BL. At 

the index level(s) also, the change was <10% in both modes; 
however, the motion consistently decreased due to the 
disease in all conditions. The increase in the spinal mobility 
was consistently greater than those from the mild degree 
of disc disease, and this was true for the three conditions 
and both modes of loading. At the superior adjacent level, 
the greatest magnitude of 14% and at the inferior level, the 
greatest value of 17% were associated with the BL condition 
in flexion. At the index level(s), however, decreases of up 
27% in flexion and 16% in extension were apparent from the 
stress‑analysis outputs. The increases in the spinal mobility, 
as expected, were consistently greater than those from the 
mild and moderate states of the disease, and these were 
true for all the three conditions and both modes of loading. 
Increases were as high as one‑third in both adjacent levels 
in flexion, while they were comparatively lower  (up to 
one‑fifth) in extension, for the BL condition. The increase in 
the magnitudes was lower for the USL and LSL conditions in 
both modes. This is expected as the disease was confined 
to a single level in contrast to the BL spine. The decrease 
in motion at the index levels reached peak magnitudes, 
approximately one‑half in flexion and two‑fifth in extension. 
As severe degeneration may induce or accentuate associated 
morphological changes (spondylosis, radicular or myelopathic 
symptoms), these results emphasize the need for more and/or 
early clinical attention that may include nonconservative 
options in symptomatic patients. It should be noted that the 
clinical progression of the symptomatology is not linear and 
may accelerate as the disease state reaches a critical state, 
culminating in surgical intervention.

Range of motion
ROM evaluations are routinely done using normal and 
flexion–extension X‑rays taken in a clinical setting. The 
magnitude of the ROM depends on the patient’s symptoms 
and factors such as the degree of spine degeneration, and 
any surgical procedures. The exact bending moments acting 
on the in vivo spine are not known; however, in vivo‑measured 
motions can be combined with muscular forces to obtain 
loading estimates. While the present study was not focused 
on these aspects, inverse dynamics methods can be used to 
relate motion with in vivo loading.[33‑39]

It should be noted that flexion–extension loading of 2 Nm 
has been used in human cadaver and modeling studies as a 
measure of physiological loading in the in vivo human. The 
validation of the present intact normal degeneration‑free 
spinal model with segmental and overall ROM data from 
flexion–extension loading of human cadaver spines is an 
indirect validation of in  vivo ROM.[40] Human studies are 
necessary to construct subject‑specific spinal models from 
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images, obtain in vivo ROMs based on the current morphology 
and symptomatology, estimate the loading using inverse 
dynamics, and exercise the finite‑element model for the 
evaluation of intrinsic and extrinsic biomechanical metrics. 
This process serves as a clinical tool for personalized 
medicine. The current article lays a foundation for such 
pursuits.

Clinical perspectives
While the above discussion stems directly from the reported 
results, the unique features of the cervical spine will be of 
value to investigate other issues. For example, patient‑specific 
models are entering the spine field of personalized medicine. 
Development of biomechanical models of the spine that 
depict the specific anatomy of the patient is a necessary 
and an important first step to understand the response 
of the spine under the current state of the disorder, for 
example, spondylosis and disc disease states in patients with 
neck pain.[23,41,42] The present model was developed using 
multiblock technique.[43,44] The differentiation of the vertebrae 
into different blocks allows the user to independently 
control the regional anatomy of the spine, thus achieving the 
patient‑specific spine model using the baseline finite‑element 
model. It should be noted that the baseline model was used 
for the current analysis of ROMs and osteophytes were not 
included. The development of the bony growth was deemed 
to be an advanced stage of the severe disease, and the present 
model can be extended to simulate this disc status. It can be 
done by changing the material properties of the local elements 
of the disc to match the bone growth.
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