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The Micheli Center for Sports Injury
Prevention

The mission of the Micheli Center for Sports Injury Prevention is at the heart
of the Contemporary Pediatric and Adolescent Sports Medicine series.

The Micheli Center uses the most up-to-date medical and scientific infor-
mation to develop practical strategies that help young athletes reduce their
risk of injury as they prepare for a healthier future. The clinicians, scientists,
activists, and technologists at the Micheli Center advance the field of sports
medicine by revealing current injury patterns and risk factors while develop-
ing new methods, techniques, and technologies for preventing injuries.

The Micheli Center had its official opening in April 2013 and is named
after Lyle J. Micheli, one of the world’s pioneers in pediatric and adolescent
sports medicine. Dr. Micheli is the series editor of Contemporary Pediatric
and Adolescent Sports Medicine.

Consistent with Dr. Micheli’s professional focus over the past 40 years,
The Micheli Center conducts world-class medical and scientific research
focused on the prevention of sports injuries and the effects of exercise on
health and wellness. In addition, the Micheli Center develops innovative
methods of promoting exercise in children.
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The Micheli Center opens its doors to anyone seeking a healthier lifestyle,
including those with medical conditions or illnesses that may have previ-
ously limited their abilities. Fellow clinicians, researchers, and educators are
invited to collaborate and discover new ways to prevent, assess, and treat
sports injuries.

Dr. Lyle J. Micheli, Series Editor

Dr. Lyle J. Micheli is the series editor of Contem-
porary Pediatric and Adolescent Sports Medicine.
Dr. Micheli is regarded as one of the pioneers of
pediatric and adolescent sports medicine, a field he
has been working in since the early 1970s when he
co-founded the USA’s first sports medicine clinic
for young athletes at Boston Children’s Hospital.

Dr. Micheli is now director of the Division of
Sports Medicine at Boston Children’s Hospital,
and Clinical Professor of Orthopaedic Surgery at
Harvard Medical School. He is a past president of the American College of
Sports Medicine and is currently the Secretary General for the International
Federation of Sports Medicine. Dr. Micheli co-chaired the International
Olympic Committee consensus on the health and fitness of young people
through physical activity and sport.

In addition to many other honors, Dr. Micheli has served as Chairperson
of the Massachusetts Governor’s Committee on Physical Fitness and Sports,
on the Board of Directors of the United States Rugby Football Foundation, as
Chairman of the USA Rugby Medical and Risk Management Committee, and
on the advisory board of the Bay State Games. He has been the Attending
Physician for the Boston Ballet since 1977 and is Medical Consultant to the
Boston Ballet School.

Dr. Micheli received his undergraduate degree from Harvard College in
1962 and his medical degree from Harvard Medical School in 1966. As an
undergraduate student, Dr. Micheli was an avid athlete, competing in rugby,
gridiron football, and boxing. Since graduating, Dr. Micheli has played prop
for various Rugby clubs including, the Boston Rugby Football Club, the
Cleveland Blues Rugby Football Club, Washington Rugby Club and Mystic
Valley Rugby Club where he also served as team coach.

Dr. Micheli has authored over 300 scientific articles and reviews related to
sports injuries, particularly in children. His present research activities focus
on the prevention of sports injuries in children. Dr. Micheli has edited and
authored several major books and textbooks.
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Anatomy and Development
of the Young Spine

Brian A. Kelly and Brian Snyder

Anatomic changes during the growth and de-
velopment of the spine put the young athlete at
risk for specific injuries of the axial skeleton. As
such, a basic understanding of embryology and
changes in spine anatomy during growth can
inform the clinician regarding mechanisms of
injury and specific pathological conditions that
affect the structure and function of the spine in
the young athlete. Knowledge of the changing
anatomy of the spine during growth and develop-
ment can also provide the clinician with insight
as to the range of normal variation as well as an
appreciation of the differences between the pedi-
atric and the adult spine and how this can impact
interpreting radiographic images of the spine.
The goal of this chapter is to review the embryo-
logic development of the spine and pertinent
anatomy of the spine in children and adolescents
as it changes during normal growth including
the identification of common anatomic variants.
This anatomic information will serve as the basis
for evaluating the structure and function of the
young athlete’s spine in health and disease.

B. Snyder (D<) - B. A. Kelly

Boston Children’s Hospital, Department of Orthopaedic
Surgery, Boston, Massachusetts, USA

e-mail: Brian.Snyder@childrens.harvard.edu

B. A. Kelly
e-mail: Brian.Kelly@childrens.harvard.edu

Embryology

Orientation of the developing embryo begins
early in gastrulation. The primitive streak begins
to define the longitudinal axis of the embryo on
about day 15 of development; during the third
week of gestation, cells migrating from this area
form the three germinal layers: the endoderm,
mesoderm, and ectoderm (Fig. 1.1) [1]. The neu-
ral tube also forms at this time, beginning as an
infolding of ectodermal tissue that eventually
will form the neural elements of the spinal cord.
Neural tube defects result from incomplete clo-
sure of these in-folding cells. Incomplete closure
at the cranial end leads to disorders such as anen-
cephaly, while incomplete closure at the caudal
end leads to the spectrum of spina bifida. A group
of specialized cells migrate from the cranial por-
tion of the primitive streak and give rise to the
notochord, which lies ventral to the developing
neural tube. The notochord is the precursor of the
vertebral column; it eventually develops into the
nucleus pulposus comprising the intervertebral
discs and the apical and alar ligaments [2, 3].
The mesodermal cells differentiate into the
paraxial, intermediate, and lateral mesoderm
(Fig. 1.2). During the fourth and fifth week of
gestation, 42-44 pairs of somites form from
the paraxial mesoderm on both sides of the no-
tochord. These somites develop in a cranial to
caudal fashion to form the skeletal elements and
musculature of the face, spine, and thorax. Each
somite further differentiates into the sclerotome,
which develops into the spinal elements, and the

L. Micheli et al. (eds.), Spinal Injuries and Conditions in Young Athletes, Contemporary Pediatric and Adolescent 1
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B. A. Kelly and B. Snyder

Embryonic
ectoderm

Primitive groove

endoderm embryonic disc

Fig. 1.1 Gastrulation. The primitive streak appears on the
bilaminar germ disc on approximately day 15. During the
third week, migrating cells from this area become the de-
finitive endoderm and mesoderm

dermatomyotome, which develops into skin and
muscle [1].

During the fourth week of gestation, cells
from the most cranial sclerotomes begin to mi-
grate and envelop the adjacent notochord. These
sclerotomes then divide into a cranial and a cau-
dal half, which will fuse with the adjacent-level
sclerotome to form the provertebrae, completing
a process known as metameric shift (Fig. 1.3).
There are 4 occipital, 8 cervical, 12 thoracic,
5 lumbar, 5 sacral, and 8-10 coccygeal scler-
otomes. These fused segments undergo chondri-
fication during the fifth and sixth weeks of gesta-
tion in response to signals from the surrounding
tissues to derive the bony elements of the spine
[1,2,4,5].

Formation of the spinal elements is a com-
plex, highly regulated process. Any perturbation
(i.e., infection, trauma, mutagenic effect of drugs
or radiation) during the segmentation and refor-
mation of the sclerotomes can result in abnormal
spine anatomy and is frequently associated with
abnormalities of other organs such as the heart
or kidneys forming simultaneously. The spinal
abnormalities consist of either a failure of forma-
tion, which produce hemivertebrae, or a failure of
segmentation, which produce segmental bony fu-
sions between adjacent vertebrae known as bars
[5]. These anomalies can occur in isolation or at
multiple levels in various combinations to pro-
duce a congenital scoliosis.

Developmental Anatomy

Understanding the pattern of progressive ossi-
fication and sequential fusion of synchondroses
during the growth and development of the spine
is required to properly differentiate apparent dis-
continuities in vertebrae imaged radiographically
from true injuries (Fig. 1.4) [6]. Spinal segments
distal to C2 exhibit a similar pattern of ossifica-
tion and fusion. C1 and C2 are unique in their
development and therefore are considered sepa-
rately.

The C1 vertebra, or atlas, develops from the
fourth occipital and first cervical sclerotomes.
Three distinct ossification centers develop: the
anterior arch and two bilateral posterior neural
arches [7]. Twenty percent of children have ossi-
fication of the anterior arch at birth, and 50 % un-
dergo ossification of the anterior arch by 1 year
of age [4]. The paired posterior neural arches fuse
in the midline by 3—4 years of age. The neuro-
central synchondroses, between the anterior and
posterior neural arches, persist longer and fuse
between 6 and 8 years of age [8].

Development of C2, the axis, is considerably
more complex. The multiple ossification cent-
ers can be confusing when interpreting cervical
spine radiographs in children and may be mis-
taken for fractures [9]. C2 develops from the first
and second cervical sclerotomes as five distinct
ossification centers. The odontoid process itself
begins as two separate ossification centers di-
vided vertically. Fusion of these halves usually
occurs by the time of birth, but can persist as
a “dens bicornis.” As with the atlas, the neural
arches fuse posteriorly by 2—3 years of age [4, 8].
Additionally, the tip of the odontoid process, the
os terminale, can appear separately in children
aged 3—6 years until it fuses at approximately 12
years of age [10]. As this ossification center is
located at the insertion of the apical ligament, it
can be mistaken for a type I avulsion fracture of
the dens [11, 12].

The dentocentral, or basilar, synchondrosis
exists between the body of C2 and the base of
the odontoid process. The synchondrosis itself
exists inferior to the level of the articular process
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Fig. 1.2 During the third Neural groove
week of gestation, the
notochord forms and meso- Notochordal
dermal tissue on either side plate infolding
differentiates into paraxial
mesoderm. The paraxial
mesoderm further dif-
ferentiates into somites in
a cranial to caudal fashion,
and 42—44 pairs of somites
will form by the end of the
fifth week
Neural groove Neural fold
Intermediate )
mesoderm Paraxial
mesoderm
h]a;::)?jlerm Embryonic
endoderm

of the atlas and has a “cork in bottle” appear-
ance on anteroposterior (AP) plain radiographs.
Because this synchondrosis fuses later, it can be
confused with a dens fracture. The synchondrosis
is present in 50 % of children 4-5 years old, and
is fused in most children by the age of 6 years [4].
On radiographs, the physeal scar remains visible
as a sclerotic line in children up to age 11.
Cervical vertebrae C3 through C7 can be con-
sidered together as their growth is similar. Remi-
niscent of the atlas, these vertebrae begin as three
separate ossification centers. The neural arches
fuse posteriorly between 2 and 3 years of age.
The neurocentral synchondroses fuse between
3 and 6 years of age [8]. The subaxial vertebrae
also exhibit secondary ossification centers at ei-
ther the tips of the transverse processes or the tip
of the spinous process that can persist until the
third decade of life and can be mistaken for an
avulsion on imaging studies [11]. The thoracic
and lumbar vertebrae follow much of the same
pattern as the subaxial cervical vertebrae.

Notochord

The sagittal alignment of the spine begins as a
single primary kyphotic curve involving the en-
tire length of the spine [3, 13, 14]. As the fetus
develops and muscle forces act on the growing
spinal column, the secondary lordotic curves of
the cervical and lumbar spinal levels begin to
develop [15]. This process accelerates when the
child begins to load the spine axially during sit-
ting, standing, and walking. These secondary
curves continue to progress throughout child-
hood and adolescence [16, 17].

The spinal canal reaches adult diameters by
the age of 6-8 years [18, 19]. Early in gestation,
during formation of the spinal cord, the neural
elements occupy the entire length of the spinal
column. Differential growth between the neural
and the vertebral elements causes the terminal as-
pect of the cord, the conus medullaris, to migrate
cranially during fetal development. By 2 months
of age, the conus medullaris terminates at ap-
proximately the L1-L2 level. After this point in
time, growth of the spinal cord and the vertebral



B. A. Kelly and B. Snyder

Notochord

Plane of
section B

artery

Condensation of
sclerotome cells

Nerve
_ . Plane of

section D

Spinal nerve

Myotome

Intersegmental

Sclerotome

7

/
@ Intersegmental
arteries
S &
S

Loosely
arranged
cells

AN Densely
packed
mesenchymal
cells

Notochord

Nucleus
pulposus

S
Anulus fibrosus

S

Artery

Body of
vertebra

Fig. 1.3 Metameric shift. Starting in the fourth week of gestation, sclerotomes will divide into a cranial and caudal
portion and recombine with the adjacent sclerotome. This occurs while segmental nerves grow out to innervate the

myotomes

column is relatively symmetric and the conus
medullaris remains at the upper end of the lum-
bar spine [20]. Tethering of the spinal cord during
asymmetric growth between the spinal cord and
the vertebral column can cause neurologic defi-
cits and scoliosis.

The blood supply to the vertebrae arises seg-
mentally from the intercostal arteries or from
nearby arteries in the cervical and lumbar spine.
The thoracolumbar spinal cord is supplied by the
great anterior radicular artery and paired pos-
terior arteries [18]. In 80% of individuals, the
great anterior radicular artery arises from the
left side off an inferior intercostal artery and en-
ters the intervertebral foramina accompanying
one of the ventral roots T9-T12 [21]. To limit
injury to this artery which supplies the inferior
two-thirds of the spinal cord, ligature of vessels
during anterior approaches to the spine should

be avoided close to the foramen. Innervation of
the intervertebral disc arises primarily from the
sinuvertebral nerve, a branch off the dorsal root
ganglion [22, 23]. A normal vertebra is illustrat-
ed in Fig. 1.5.

Cervical Spine

Up to 80 % of pediatric spine injuries involve the
cervical spine, underscoring the importance of
the anatomy of this region [8]. Nearly 87% of
cervical spine injuries that take place in children
under the age of 8 years occur at the C3 level
or above (Fig. 1.6) [2]. This is markedly differ-
ent from the pattern of adult spine injuries, where
fewer injuries occur to the cervical spine and the
majority of cervical spine injuries that do occur,
involve C5 or below. There are several anatomic
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Fig. 1.4 Ossification of cervical vertebrae. Ossification centers and synchondroses of a C1, b C2, and ¢ C3-7. Thoracic
and lumbar vertebrae follow a similar pattern as the subaxial vertebrae. Synchondroses of the cervical spine (arrows)
as seen on d AP plain radiograph, e lateral plain radiograph, and f coronal CT scan

features that account for the differential pattern
of spine injuries affecting children and adults
[12,24].

The cervical spine of children differs anatomi-
cally from adults in several important ways that
contribute to increased motion between spinal
segments. Incomplete ossification of both the
axis and the dens leads to increased physiologic
motion between C1 and C2. At subaxial levels,
the facet joints of the cervical spine are shallower
and more horizontally oriented at birth, leading
to increased translational motion. Early in devel-
opment, the facets are oriented approximately

30° from the horizontal, but by adolescence, the
depth of the facets joint increases and the orienta-
tion of the facet increases to 60—70° in the upper
cervical spine and 55-70° in the lower cervical
spine [25]. Additionally, the uncinate processes,
which serve to limit lateral translation and rota-
tion between adjacent cervical vertebrae, are un-
derdeveloped in children. The uncinate processes
do not form until approximately age 7 [25].

In addition to specific differences in cervi-
cal spine anatomy, children have a proportion-
ally larger head than adults with relatively more
weight being supported by the neck. This is
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Fig. 1.5 Normal vertebra
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paired with smaller and less developed muscu-
lature which makes head control and stabilizing
the neck more difficult for younger children [11].
The increased elasticity of the supporting soft-
tissue structures, particularly the interspinous
ligaments, posterior capsule, and cartilaginous
end plates in the growing child, contributes to
the mechanical instability observed in the upper
cervical spine and increased propensity for injury
to this area [8]. Furthermore, with growth and
development there is a change in the kinematic
motion of the cervical spine as a consequence
of a shift in the instantaneous center of rotation
inferiorly. Early in childhood, the instantaneous

Spinous process

Lamina

Vertebral
arch

Pedicle

Vertebral foramen
Epiphyseal ring
(smooth bone
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anular epiphysis)

Superior vertebral
notch

Pedicle

Vertebral body

Inferior vertebral
notch
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(interarticular
part)

center of rotation for flexion—extension exists at
the C2—C3 level. Changes in the relative size of
the head and the structural properties of the ver-
tebrae, surrounding soft tissues, and musculature
during growth alter the mechanics of the cervical
spine. By the age of 8-10 years, the instantane-
ous center of rotation shifts inferiorly to the C5—
C6 level, where it remains during adulthood [2,
8, 11, 25]. Therefore, the transformation in static
and dynamic mechanical properties of the cervi-
cal spine that transpire during growth explains
the pattern of cervical spine injuries seen in chil-
dren with a higher incidence of upper cervical
spine injuries occurring in children younger than
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Fig. 1.6 Upper cervical spine injury in a 15-month-old child. The patient suffered a fracture of the inferior end-plate
apophysis of C2 in a rollover motor vehicle collision. On coronal CT (a) and sagittal CT (b), note the differences
between normal synchondroses indicated by white arrows and fracture of the end-plate apophysis indicated by black
arrows. Sagittal CT through the facet joints (¢) illustrates the normal shallow architecture of the joints which contrib-
utes to the pattern of upper cervical spine injury in young children. The same injury on T1 (d) and T2 (e) sagittal MRI,
which again demonstrate the fracture, and also the widened disc space (star), hematoma (black arrow), and injury to
ligaments (white arrows). Contrast these images with lateral plain radiograph after halo stabilization (f) and note the
difficulty in interpreting the extent of the injury in a young patient. Many of the concepts discussed later in the chapter

can be seen in these images

8 years and lower cervical spine injuries, resem-
bling adults, in children older than 8 years.

Thoracolumbar Spine

Injuries to the thoracic and lumbar spine are less
common in children than in adults. Similar to
cervical spine injuries, the sagittal contours of

the thoracic and lumbar spine segments change
during growth affecting the degree of thoracic
kyphosis and lumbar lordosis. This shifts the in-
stantaneous center of rotation for these regions of
the spine which alters spine kinematics and influ-
ences the location of thoracic and lumbar spine
injuries in children relative to adults. In children,
the most frequent locations for thoracic spine in-
juries are T6 and T7 and for lumbar spine injuries
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L1 and L2, whereas in adults, thoracic fractures
occur at T7 and T8, and lumbar fractures occur
at the thoracolumbar junction, T12 and L1 [26].

The thoracic spine is unique due to its as-
sociation with the rib cage. The articulations of
the vertebrae with the ribs impart particular ri-
gidity to the thoracic spine. The head of each
rib articulates with the vertebral body anterior
to the pedicles and the neck articulates with the
transverse process. While these joints serve to
increase rigidity and stability of this segment of
the spine, they also serve to limit motion in the
thoracic spine due to the articulation of the ribs
with the sternum anteriorly. Motion of the spine
is permitted through the costal cartilage as well
as through the articulation of the ribs with the
sternum [3]. Conversely, motion of the ribs and
the chest wall can be affected by the anatomy of
the spine. It should, therefore, be emphasized that
spine, chest wall, and lung growth are interrelat-
ed. Anatomic changes to the ribs or to the spine,
whether through injury, congenital abnormality,
or iatrogenic causes, can affect chest wall growth
and function and therefore respiration [27-29].

The anatomic relationship of the spine to the
pelvis has implications to the sagittal balance of
the spine as well as to the development of abnor-
mal conditions that can occur in childhood and
adolescence. The sacrum has a fixed anatomic
relationship to the pelvis, requiring compensa-
tion of the spine in the sagittal plane to maintain
balance and upright posture [30]. When the sa-
crum is angled relatively anteriorly relative to the
pelvis, the lumbar spine must compensate with
increased lordosis to keep the spine balanced and
the trunk upright. Increased lumbar lordosis in-
creases the susceptibility of the young athlete to
spondylolisthesis, which is a relative translation
of one vertebral body relative to another and is
most common at the L5-S1 level [31].

Other anatomic variants can predispose the
young athlete to lower lumbar conditions. Spon-
dylolysis is a defect or abnormality in the region
of the vertebra between the superior and inferior
facet joints known as the pars interarticularis.
This condition is most commonly seen in the
young athlete undergoing repeated hyperexten-

sion of the lumbar spine in activities such as
gymnastics and rowing [32, 33]. Spina bifida
occulta is a common variant in the spectrum of
spinal dysraphism in which there is incomplete
closure of the posterior bony elements of the
spine without herniation of intraspinal contents
[34, 35]. This defect occurs in almost 2% of the
population and is associated with spondylolysis
[36]. Transitional lumbar vertebrae, in which the
lower lumbar segments share features of the sa-
cral spine or associate with the sacrum through
overgrown transverse processes (e.g., Bertolotti’s
disease), are a recognized cause of back pain in
children and may also be associated with spon-
dylolysis. Transitional vertebrae are thought to
be present in 4-8 % of the population [37, 38].

Radiographic Variants in the Pediatric
Spine

Essential to the proper evaluation of the pediat-
ric spine is an understanding of the radiological
anatomy of the growing spine (Table 1.1). When
viewing radiographic images of the pediatric
spine, it is important to consider the child’s age
and stage of spinal development to prevent mis-
interpreting a normal synchondrosis for a frac-
ture. Synchondroses occur in predictable ana-
tomic locations and have smooth, rounded edges
with a sclerotic bone border. Fractures present
radiographically as irregularly shaped lucencies
with non-sclerotic borders in locations atypical
for synchondroses [11].

The atlanto-dens interval (ADI) is measured
on a lateral radiograph of the cervical spine and
represents the distance from the posterior aspect
of the anterior arch of C1 to the anterior aspect
of the dens of C2 (Fig. 1.7). An increase in this
interval might indicate disruption of the liga-
mentous structures supporting the atlantoaxial
joint. In adults, this distance should be less than
2-3 mm, whereas in children up to 8 years of age,
an ADI of up to 5 mm can exist with an intact
transverse ligament [11, 39, 40]. Up to 20% of
children have an ADI of 3—5 mm [41].
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Table 1.1 Summary of normal radiographic variants in the pediatric spine

Finding Children Adults

ADI Up to 4-5 mm <3 mm
Pseudo-Jefferson Displacement of lateral masses of C1 relative to C2<6 mm  No displacement

to age 4-7

Wedging 3 mm, most common in C3 body None

Odontoid epiphysis Open until as late as 6 years, scar can be seen until age 11 Closed
Pseudosubluxation Up to 2-3 mm of anterolisthesis, C2 on C3 most common None

Cervical lordosis Absent in neutral up to age 16 Present
Overhanging anterior arch C1 Up to two-thirds of arch above dens None

ADI atlanto-dens interval

Fig. 1.7 Increased atlanto-dens interval (ADI, arrow).
ADI can be increased in children when compared to
adults, with an upper limit of 5 mm up to age 8; 20% of
children will have an ADI between 3 and 5 mm

When viewing AP odontoid views of C1 and
C2, the relationship of the lateral masses of C1
relative to the dens of C2 is different in children
compared to adults. In children up to the age of
4-7 years, the displacement of the lateral masses
of C1 relative to the articular surface of C2 can
be up to 6 mm (Fig. 1.8) [42, 43]. The apparent
offset of the lateral masses (pseudospread) can

Fig. 1.8 Pseudospread of C1 in a 3-year-old child. On
AP odontoid view, the lateral masses of C1 can be seen
overhanging the articular surface of C2 (arrows). This
overhang can be as much as 6 mm in children

be misinterpreted as a Jefferson fracture of the
atlas caused by axial compression that disrupts
the ring of C1 [44, 45]. In the pediatric patient,
excessive lateral offset does not necessarily rep-
resent a fracture or ligamentous injury (pseudo-
Jefferson), but is due to incomplete ossification
of the dens and lateral masses. Owing to diffi-
culty in obtaining a quality open-mouth view in
children, as well as difficulty in interpreting the
radiograph, it has been recommended not to ob-
tain this projection in children under the age of
5[11, 46].

To facilitate interpreting lateral radiographs
of the cervical spine for subluxation or listhesis
(i.e., anterior or posterior translation of one adja-
cent vertebral body relative to the other), the spi-
nolaminar line is formed by connecting the ante-
rior portion of consecutive spinous processes to
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Fig. 1.9 Pseudosubluxation. Appearance of pseudosubluxation (arrows) on lateral radiograph in both a neutral and
b flexion. A normal physiologic listhesis can be seen in the c-spine of children, with C2—3 the most common location.
This is typically less than 2—-3 mm. Further, note the disproportionate increase in distance with flexion between the C1
and C2 spinous processes. ¢ The spinolaminar line (Swischuk’s line) can be used to differentiate pseudosubluxation

from true injury

Fig.1.10 Wedging of C3 (arrow). A common finding on
lateral plain radiographs

create a smooth, unbroken line that passes within
1.5 mm of the spinous process of C2 [47, 48]. A
value greater than this is supra-physiologic; it im-
plies listhesis or subluxation. A spinolaminar line
distance less than 1.5 mm distinguishes “pseu-
dosubluxation” from true instability patterns in
children [11, 39, 49, 50]. Pseudosubluxation is
most common at the C2—C3 level followed by the
C3—C4 level and can appear as a relative listhe-
sis of up to 2-3 mm between adjacent vertebral
bodies (Fig. 1.9) [39]. Pseudosubluxation results
from a number of factors, including incomplete
ossification of the vertebral bodies, physiologic
laxity of ligamentous structures, and facet joint
morphology and orientation.

Before the spine becomes completely ossified,
the vertebral bodies can appear to be abnormal
in shape when imaged using plain radiography.
This is most pronounced at C3 where the anterior
portion of the body appears to be wedge-shaped
on lateral radiographs and is often confused with
a wedge compression fracture (Fig. 1.10). Up to a
3 mm difference between the anterior and posteri-
or heights of the vertebral body can be considered
physiologic [11]. As ossification of the vertebral
body progresses, the vertebrae will take on their
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Fig.1.11 Overriding arch of C1 on lateral radiograph of an
18-month-old child (arrow). Up to two-thirds of the arch
of C1 can project above the dens in children. Further, note
the large head relative to the spine in this younger child

normal rectangular appearance. Complete ossifi-
cation occurs in a majority of children by 7 years
of age, but some mild residual wedging can per-
sist into adolescence [51].

In the adult, the anterior arch of C1 projects an-
terior to the odontoid process of C2 when imaged
in the lateral projection on plain radiographs. As
a consequence of incomplete ossification, this
relationship can appear abnormal in a child: be-
cause the tip of the dens tends to ossify later than
the anterior arch of Cl1, the arch appears to sit
superior to and override the dens (Fig. 1.11) [49].
Up to 20% of normal children aged 1-7 years
may have up to two-thirds of the anterior arch of
C1 project superior to the dens [2, 11].

Cervical spine lordosis normally develops
over time. Thus, in children up to age 16, absence
of cervical spine lordosis imaged radiographi-
cally in the lateral projection with the neck in
neutral position may not be indicative of injury
(Fig. 1.12) [52]. As a general rule, the distance
between consecutive spinous processes should
not exceed 1.5 times the interspinous distance

Fig. 1.12 Lack of cervical lordosis in an 8-year-old child

of the level above or below. Measurements that
exceed this distance might indicate a true flex-
ion-type injury. If flexion and extension lateral
radiographs are obtained, it should be noted that
in children the posterior occipitocervical liga-
ments are relatively tighter than the interspinous
ligaments, and the distance between C1 and C2
on the flexion view may increase disproportion-
ally [49].

Evaluation of the soft tissues on plain radio-
graphs can be useful in evaluating the cervical
spine for injury. Swelling, hemorrhage, or in-
flammation can increase the projected width of
the anterior soft-tissue density observed on lat-
eral radiographs and alert the clinician as to the
possibility of an occult injury. In the pediatric
patient, the retropharyngeal soft-tissue density
should be less than 7 mm, and the retrotracheal
space should be less than 14 mm (Fig. 1.13);
however, these values can be falsely increased in
the screaming or crying child [2, 53].
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Fig. 1.13 Normal appearance of prevertebral soft tissues
on lateral radiograph (arrows). Retropharyngeal tissues
should not exceed 7 mm while the retrotracheal tissues
should not exceed 14 mm

Spinal Cord Injury Without
Radiographic Abnormality

A condition unique to the pediatric population is
an entity known as “spinal cord injury without
radiographic abnormality,” or SCIWORA [54].
This is defined as a neurological deficit follow-
ing trauma in the absence of any identifiable
bony or ligamentous injury to the spinal column
observed on imaging studies. This phenomenon
is a consequence of the differential elasticity of
the vertebral column relative to the spinal cord
that normally exists in growing children. The
ligamentous elements of the spine can stretch up
to 5 cm, while the spinal cord can only tolerate
approximately 0.5-1 cm of distraction before
suffering serious injury or rupture. SCIWORA
comprises 18-38% of cervical spine injuries in
children. Magnetic resonance imaging (MRI) is
the best imaging modality to define the location
and extent of spinal cord trauma in SCIWORA-
related injuries [55, 56].

Os Odontoideum

Os odontoideum is a condition that the clinician
should be aware of when evaluating the young
athlete. It appears as a separate ossicle with
smooth cortical margins (Fig. 1.14) [57]. The
os is typically seen above the level of the facets,
and therefore above the level of the dentocentral
synchondrosis. Os odontoideum is often found
incidentally on plain radiographs of the cervical
spine, frequently without a history of anteced-
ent trauma. It is important to recognize this en-
tity both because it does not represent an acute
fracture and because of implications for potential
instability during contact sports [58]. It should
be distinguished from a nonunion of the os ter-
minale, which is not necessarily associated with
spinal instability.

Several theories regarding the etiology of this
entity have been proposed, including congeni-
tal failure of fusion of the odontoid process or
avascular necrosis resulting from trauma. There
is now general agreement that os odontoideum is
likely secondary to a traumatic process, although
a specific incident of cervical spine trauma may
be remote or not identified [59].

Summary

Knowledge of the normal development and
anatomy of the growing spine is essential for the
proper evaluation of the young athlete’s spine.
Children over the age of 8—10 years tend to ex-
perience spine injuries similar to those observed
in adults. However, children under 8 years of
age are at particular risk for injuries to the upper
cervical spine as a result of their relatively larger
head size and changes in the structural proper-
ties of the vertebrae, surrounding soft tissues, and
musculature during growth that alter the static
and dynamic mechanical properties of the spine.
When viewing radiographic images of the pedi-
atric spine, it is important to consider the child’s
age and stage of spinal development to prevent
misinterpreting a normal synchondrosis or unos-
sified portion of the vertebra as a fracture or in-
jury pattern.
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Fig. 1.14 Appearance of os odontoideum in an 18-year-old patient. a Lateral extension plain radiograph (arrow, ante-
rior arch of C1). b Flexion radiograph (arrow, anterior arch of C1). ¢ Open mouth odontoid view. d Sagittal CT scan
(arrow, os odontoideum)
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The Young Athlete’s Spinal

Mechanics

Robert A. Donatelli and Michael S. Thurner

Introduction

The young athlete who engages in exercise and
sport has distinct health benefits. However, the
dangers associated with participation in sports at
a young age are high. Cupisti et al. [1] reported
that 30% of adolescents have experienced some
form of back pain and this is a frequent complaint
among young athletes, especially in girls. The
spine, in the youth athlete, is still in the develop-
mental process of fully maturing into the adult
spine. The immature spinal muscles, ligaments,
tendons, and fascia tissue may lag behind bone
growth [2]. The young athlete’s musculoskeletal
system may be at a disadvantage secondary to
asymmetries and soft tissue developmental defi-
cits. Although the young athlete’s spine is still
developing, the musculoskeletal structures are
required to perform complex spinal movement
patterns that involve bending and twisting at high
speeds during sporting activities. Injuries to the
spine increase significantly from 12 to 17 years of
age as a child undergoes rapid growth and devel-
opment causing physiological changes as the ana-
tomical structures evolve to skeletal maturity [3].
The purpose of this chapter is to present the bio-
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mechanics of the adolescent spine and describe
how the articulations of the axial skeleton provide
stability and movement in the youth athlete. A
focus of emphasis is on development, functional
anatomy, biomechanics, and kinematics as it re-
lates to movements of the spine during sporting
activities. An understanding of the normal ana-
tomical architecture of the spine and its associated
biomechanical properties is important for gaining
an appreciation of pathomechanics and recognize
abnormal movement patterns or postures caused
by trauma, overuse, or developmental abnormali-
ties. In addition, the interaction of the passive, ac-
tive, and neural subsystems, as described by Pan-
jabi, is introduced to conceptually illustrate the
intricate stabilization system of the spine.

Special Considerations in the Young
Athlete’s Spine

Development and Spinal Postures of
the Young Athlete

There are several factors of the spinal develop-
mental process that have an influence on me-
chanics and associated injuries in the young
athlete. Portions of the pediatric spine will not
completely ossify well into adolescence [4]. In
addition, the young spine has greater elasticity
of the disc and surrounding ligaments which al-
lows for greater flexibility. The growing athlete
also demonstrates musculature immaturity re-
sulting in reduced strength. The combination
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of increased flexibility, muscle weakness, and
incomplete ossification may result in altered
mechanics and greater potential for injury [4].
Growth spurts during early puberty can lead to
changes in spinal mechanics in the young ath-
lete’s spine secondary to asymmetries, such as
leg length discrepancies, growth plate trauma,
sprains and strains to the soft tissue structures,
and muscle damage [2]. Young athletes who par-
ticipate in aggressive competitive sports, such
as football and gymnastics, have a greater risk
of developing poor, unnatural spinal postures
which may alter spinal mechanics. In particu-
lar, due to the high impact loading and repetitive
extension-biased movement patterns commonly
associated with gymnastics, excessive lumbar
lordosis and injuries such as spondylolysis and
spondylolisthesis are prevalent. High-speed im-
pact collisions occur frequently as is the nature
of the sport in American rules football increasing
the risk of traumatic spinal and concussion type
injuries. Also note that pediatric and preadoles-
cent athletes are more susceptible to traumatic
spinal injury, especially in the premature cervical
spine in contact sports that expose these young
athletes to excessive high-speed impact forces.
The high-impact sports referred to include, but
not limited to, American rules football and gym-
nastics. Due to the repetitive movements, exces-
sive forces, and heavy tension placed on joints
that occur during competitive sports, 50-85%
of young athletes participating in the vigorous
sports previously noted are at an increased risk
of spinal injury [2, 5]. Sports that require re-
petitive motion predominantly in one direction
subsequently puts the spine at risk of develop-
ing pathological curvatures of the spine, such as
scoliosis [6]. Sward has reported scoliosis in up
to 80% of youth athletes participating in sports
that promote asymmetrical loading to the trunk
and shoulders [6]. The referenced sports that in-
volve overhead throwing athletes include, but not
limited to, tennis, baseball, and javelin.

The curvature of the vertebral column is natu-
rally engineered through development and adap-
tation to the normal forces of gravity as we ma-
ture to upright bipedal locomotion. The human
vertebral column is comprised of four reciprocat-
ing curvatures in the sagittal plane (Fig. 2.1). In
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Fig. 2.1 Normal curvatures of the spine

context from a sagittal view, the cervical spine is
concave posteriorly, the thoracic spine is convex
posteriorly, the lumbar spine is concave posteri-
orly, and the sacrum/coccyx is convex posterior-
ly. In a neutral erect standing posture, the forces
of gravity act to maintain these natural curvatures
[7] (Fig. 2.2). The term “neutral spine” refers to
these natural anatomical curvatures in a healthy
spine. The structural integrity of these spinal cur-
vatures allows for load transmission and disper-
sion of forces due to its ability to “give” slightly
under a load [7].

Orientation of the spine and the ensuing pos-
ture varies with age, gender, and weight of the
subject. A physiologically healthy aligned spine
is an essential component in the function of the
human body [7]. Cil A. et al. [8] observed the
development of sagittal segmental alignment of
the spine in 151 children (72 girls and 79 boys)
between the ages of 3 and 15 years without mus-
culoskeletal abnormalities. Sagittal spinal align-
ment was found to be continuously changing as
the child grows. Cil A. et al. [8] reported that,
as the young athlete’s age increases, there is a
noteworthy change in the total curvature of tho-
racic kyphosis and lumbar lordosis. In addition,
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the above study reported a statistically significant
difference among different age groups, especially
evident at the cervicothoracic, thoracolumbar,
and lumbosacral junctions.

Functional Anatomy and Spinal
Mechanics of the Youth Athlete

The following section reviews functional anato-
my integrated with currently accepted concepts
of biomechanics. This section includes the crani-
ocervical, thoracolumbar, and lumbosacral re-
gions of the vertebral column.

Craniocervical Region
The craniocervical region consists of the atlanto-

occipital, atlanto-axial, and intracervical apophy-
seal joints. The atlanto-occipital joints articulate

from the convex occipital condyles and the re-
ciprocally concave superior articular facets of the
atlas. Movement primarily occurs about a frontal
axis producing motion of flexion and extension
in the sagittal plane [7]. The atlanto-axial joint is
noted for its unique articulation consisting of a
vertically protruding odontoid process from the
axis projecting through an opening formed by
the anterior arch of the atlas and the transverse
ligament. Approximately one-half of cervical ro-
tation occurs at the C1-C2 joint about a nearly
vertical axis [7]. The intracervical apophyseal, or
facet joints from C2 to C7, are aligned between
the horizontal and frontal planes on a 45° slope
[7]. This orientation provides freedom of move-
ment in all three planes of motion allowing for
considerable range of motion characteristic of
the cervical spine. If combined, the craniocervi-
cal region may allow up to 120—130° of flexion/
extension, 65-75° of axial rotation, and 35-40°
of lateral flexion [7, 9]. Evidence of lower cer-
vical spinal coupling patterns exists and is pur-
ported as a simultaneous ipsilateral coupling be-
tween rotation and lateral flexion [10]. A normal,
healthy mature cervical spine naturally exhibits a
lordotic curvature of approximately 30—35° rep-
resentative of its anatomical architecture [7].
Anatomical, biomechanical, and kinematic
changes in the cervical spine facet joints occur
throughout the growing years [11, 12]. The cer-
vical spine ossification centers, commonly re-
ferred to as growth plates, are beginning to fuse,
but are incompletely ossified at the age of 8§—12
years [3]. The complete fusion of the end plates
occurs at 21-25 years of age [3]. The facet joints
establish a mature configuration at 8 years of age,
but an oblique mature adult pattern is not fully
developed until the age of 15 [3]. The facet joint
is formed by two adjacent vertebrae consisting
of the inferior facets of the superior vertebra ar-
ticulating with the superior facets of the inferior
vertebra [7, 13]. The pediatric and preadolescent
cervical spine has a unique anatomy and associ-
ated biomechanics compared to its adult coun-
terpart. The fulcrum of motion in the cervical
spine in the young athlete is at the C2—C3 level,
while in adults it is at the C5-C6 level [11, 12].
Younger children exhibit more anteriorly wedge-



20

R. A. Donatelli and M. S. Thurner

shaped vertebrae, most notably in the upper cer-
vical spine [11, 12]. The orientation of the articu-
lar surfaces of the facet joints is more horizontal
and shallow when compared to the adolescent
and adult cervical facets in the cervical and upper
thoracic regions, which enables a greater degree
of mobility, including spinal coupling to occur
[11, 12, 14]. The joint capsules, ligaments, and
cartilaginous end plates in the pediatric and pre-
adolescent cervical spine are much more elastic
than those of adults secondary to the viscoelas-
tic properties, which further add to the cervical
spine instability in the young athlete [15, 16]. In
essence, the young spine will stretch before it
breaks, thus rendering the immature spine more
predisposed to soft tissue stretching injuries such
as sprains, dislocations, growth plate separation,
which may include Salter—Harris type fractures,
or elongation injury to the spinal cord [17]. A
more cephalic cervical fulcrum, underdeveloped
curvature due to the anterior wedge shape of the
vertebrae, and shallow orientation and horizontal
alignment of the facets, along with ligamentous
laxity characteristic in the premature spine, con-
tribute to high torque and shearing forces acting
on the C1-C2 segments. Furthermore, incom-
plete ossification or calcification of the odontoid
process and the relative size of the torso and cer-
vical spine to the comparatively large head along
with relatively weak and underdeveloped neck
muscles predispose the pediatric cervical spine to
instability and injury [15, 16]. All of the dynamic
maturation changes noted above occur during de-
velopment throughout the pediatric and preado-
lescent years, 3—15 years of age.

Thoracolumbar and Lumbosacral
Regions

The thoracic vertebrae are inherently stable in
nature due to its anatomical relationship to the
encompassing rib cage. The thoracic region con-
sists of 12 vertebrae T1-T12 and the correspond-
ing ribs bilaterally, 24 in all. A hallmark of the
thoracic spine, the structural stability protects
the underlying organs, provides a stable base for
muscles to precisely control the mobility of the

craniocervical region (equilibrium and vision),
and is designed with enough pliability for the
expansion of the chest cavity to allow for breath-
ing. The intrathoracic apophyseal or facet joints
from T1-T12 are aligned predominately in the
frontal plane oriented on a small slope from ver-
tical approximately 15-25° [7]. Variance of the
anatomical architecture within the thoracic verte-
bral column is representative of the transition of
structural characteristics to the adjacent cranial
and caudal regions, cervical and lumbar spine
respectfully. Segmental mobility in this region is
relatively small due to the stability provided by
the attachment sites of the ribs at the costoporeal
and costotransverse joints of the corresponding
vertebrae [7]. However, as a cumulative sum-
mation of segmental motion, the thoracic spine
allows for approximately 50-65° of flexion/
extension, 30-35° of axial rotation, and 25-30°
of lateral flexion [7, 9]. In a neutral, erect stand-
ing posture, a reciprocating curve with respect
to adjacent regions of approximately 40-45° of
kyphosis is naturally exhibited in the mature tho-
racic spine [7].

The articular facets of the lumbar vertebrae
are aligned vertically predominately in the sagit-
tal plane [7]. This orientation advocates substan-
tial sagittal plane flexion and extension about a
frontal axis while allowing only limited rotation
and lateral flexion within the lumbar spine seg-
ments (Fig. 2.3). The five lumbar vertebrae allow
up to 55-70° of flexion/extension while only
10—15° of rotation are inherently available of all
the lumbar segments combined [7, 9]. The lum-
bosacral junction of L5-S1 typically transitions
to a more frontal plane alignment [7]. The sacrum
angles away from the caudal lumbar vertebrae in
an anterior and inferior direction approximately
40° from the horizon [7]. The lumbar spine ex-
hibits a natural lordotic curvature of approxi-
mately 45° before transitioning to a reciprocal
kyphotic curvature of the sacrum and coccyx [7].
It is important to note that the curvature of the
lumbar vertebral column is dynamic in nature
inherently influenced by the integrated move-
ment of the lumbar spine and the pelvis known
as lumbopelvic rhythm. The segments of the
sacrum and coccyx are permanently fused early
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Fig. 2.3 Osteokinematics of the axial skeleton

in life and thus structurally have no ability for
movement to occur between segments. Limited
movement may be possible between the sacrum
and innominate bones, but this represents a trace
amount and controversy exists as to the presence
of movement occurring at all.

In the lower thoracic and lumbar regions of
the spine, the facets gradually become more ver-
tically oriented, which limits the mobility of the
spine in both lateral bending and rotation [18].
However, this decrease in flexibility protects the
intervertebral discs and spinal cord from non-
physiological kinematic and kinetic exposures
that could create pathological conditions and
potentially result in injury [19]. Voutsinas and
MacEwen [20] reported a gradual and relatively
small overall change in the magnitude of the cu-
mulative total of thoracic kyphosis and lumbar
lordosis during growth and development (36.7°
of thoracic kyphosis in children 5-9 years of age

to 38.5° in young adults 15-20 years of age and
52.2° of lumbar lordosis in children 5-9 years of
age to 56.6 in young adults 15-20 years of age).
As the young athlete grows, the spinal curvatures
demonstrate maturation changes until develop-
ment is complete. During growth spurts, different
forces that result from the changes of maturation
to the spinal curves may potentially be destruc-
tive to the bone itself, surrounding musculature
and soft tissue structures.

Cil A. et al. [8] determined that the position
of the sacrum (inclination and translation) and
spatial orientation change during growth. The
pelvis has been described to rotate and translate
about the axis of the hip [21, 22]. The sacral in-
clination angle inherently influences the extent of
hip extension and pelvic rotation (Fig. 2.4). In a
study by Cil A. et al. [8], the sacral inclination
angle measurements revealed that subjects in the
pediatric age group had lower sacral inclination
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angles than adolescents and adults. As the lum-
bar lordosis increases with age, sacral inclination
also increased. The increased sacral inclination
resulted in a more horizontal sacrum in which
the sacropelvis rotates anterior to the hip axis re-
sulting in decreased standing hip extension [8].
Reduction of hip extension in the young athlete
may subsequently promote greater extension in
the lumbar spine during sporting activities such
as the golf swing, tennis serve, and baseball
pitching. The compensatory hyperextension of
the lumbar spine may be a factor in the etiology
related to the high incidence of mechanical low
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back injuries in the young athlete. Due to the
vigorous demands and repetitive nature of the
sport, gymnastics has also been identified as a
sport associated with lumbar extension injuries.
The traumatic forces imposed on the pediatric
spine during the repetitive motions in gymnas-
tics may result in spondylolysis, a stress fracture
of the pars interarticularis of the vertebral arch
usually occurring in the lower lumbar region.
In severe cases, the traumatic stress exceeds the
structural integrity of the vertebral arch resulting
in displacement of a vertebra relative to adja-
cent vertebrae, referred to as spondylolisthesis.
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Mac-Thiong JM. et al. [23] reported that pelvic
tilt and lumbar lordosis are two parameters, inter-
dependent on each other, that increase with age
to avoid inadequate anterior displacement of the
bodies’ center of gravity to maintain an adequate
sagittal balance during growth and development.
In summary, the youth athlete participating in
competitive sports may be subject to excessive
forces or abnormal loading on the musculoskel-
etal system causing changes or adaptations of
spinal and pelvic—sacral posture.

Current Concepts and Biomechanical
Considerations

Study of the anatomical architecture of the zyga-
pophyseal, or facet joints of the vertebral column,
and its relationship to the biomechanical behav-
ioral characteristic predictability have become
the focus of recent attention. The pediatric and
adult spines alike were once thought of as follow-
ing similar predictable biomechanical patterns by
rule of physics law. The facet joints are located
at the junction of each vertebral level from the
cervical to lumbar spine on the posterior lateral
aspect of each motion segment [13]. The orienta-
tion of the apophyseal joints directly influences
the kinematics, or possibly better described as
the directional movement tendencies character-
istic of the distinct, yet integrated regions of the
vertebral column [7, 13]. Current evidence sug-
gests an integrative role of anatomical structural
properties of an array of surrounding tissues and
neuromuscular control mechanisms contributing
to spinal coupling patterns [13, 24-27]. Contra-
ry to previous thought, this concept proposes a
potential of variance at each segment or region,
most notably among individuals and would be
especially evident throughout development as
maturation changes occur. Recent reviews of the
literature highlight the inconsistencies of spinal
coupling behavior questioning the previously ac-
cepted biomechanical “laws” of spinal motion
based upon the concave—convex rule [24-27].
Spinal coupling is defined as a kinematic phe-
nomenon consistent of one motion of rotation
or translation of a vertebral body about or along

an axis associated with another motion about or
along a second axis [7, 24, 25]. Currently, there
is no definitive study that concludes a consist-
ent coupling pattern or the mechanism by which
these coupled motions can be explained. A re-
view of the literature by Legaspi and Edmond
[26] reports that the concept of coupled motion
in the lumbar spine has been studied extensively
with little consensus as to its presence and direc-
tion. Sizer et al. [27] report similar findings in
a review of the literature on coupled motion of
the thoracic spine. Cook et al. [27] report consist-
ent coupling patterns in the lower cervical spine
with variable patterns of the upper cervical spine
coupling in a recent review of the literature. Ref-
erences most commonly cited in the literature on
spinal coupling are based on the previous work
of Lovett and Fryette’s “laws” of spinal motion.
These so-called biomechanical laws of motion
lack sufficient evidence as to their efficacy in
the adult or adolescent spine, as previously dis-
cussed.

Review of the Stabilizing System of the
Spine

Panjabi [28] describes three subsystems as the
foundational premise of the spinal stabilizing
system. The interaction of the passive, active,
and neural subsystems conceptually acts to pro-
vide stability to the spine to meet the demands
of postural changes, static and dynamic loads
placed upon it in an ever-changing environment.
The passive system consists of vertebrae, facet
articulations, intervertebral discs, spinal liga-
ments, joint capsules, and the passive mechanical
properties of the surrounding musculature [28].
The active system includes the musculature and
associated tendons surrounding the vertebral col-
umn [28]. The passive and active system com-
plement one another by providing static stabil-
ity at end range of motion and dynamic stability
during movement, respectively. The neural and
feedback system as described by Panjabi modu-
lates the active, muscular system based on the
internal and external demands placed upon the
body through a complex network of afferent and
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efferent neural feedback and responses, referred
to as neuromuscular control [28, 29]. The effi-
ciency of these systems may be compromised
during growth and development as the soft tissue
and skeletal structures mature at different rates
inadvertently requiring continuous adaptation of
the neuromuscular control system consequently
affecting the integral balance of the integrated
subsystems potentially rendering the youth ath-
lete at a higher risk of injury.

In conclusion, the pediatric spine undergoes
developmental changes as the skeletal system
evolves into the mature spine. An understand-
ing of the functional anatomy, biomechanics, and
kinematics of the mature adult spine is important
for appreciating differences in comparison to the
pediatric immature spine and the potential in-
jury risk in the youth athlete. Current evidence
suggests an integrative role of the anatomical
architecture, structural properties of surround-
ing tissues, and neuromuscular control mecha-
nisms contributing to spinal coupling patterns.
The stabilizing subsystems of the spine continu-
ously attempt to adapt to the changes that occur
throughout the maturation process to counteract
the developmental instability characteristic of the
pediatric spine.
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Acute Thoracic and Lumbar

Injuries

Michael P. Glotzbecker and Daniel J. Hedequist

Introduction

Low back pain is very common in the general
population. Nearly 30% of athletes will experi-
ence low back pain at some point in their career
[1-3], and spine injuries account for 9—-15 % of all
athletic injuries [4]. Acute injuries are often more
prevalent than overuse injuries [5]. Most injuries
to the thoracic and lumbar spine represent mus-
cle strain or contusion and are self-limited [5].
However, it is important to identify more serious
conditions that may require treatment.

A recent review of 4,790 collegiate athletes
participating in 17 varsity sports demonstrated a
back injury rate of 7 per 100 participants [5]. In
a review of injuries found in National Football
League (NFL) players, 7% affected the spine or
axial skeleton; 44.7% of these injuries involved
the cervical spine, with the lumbar spine being
the second most commonly affected (30.9%),
and the thoracic spine/ribs was relatively less in-
volved (3.9%) [6]. Thoracic injuries were more
specifically broken down into muscle injury or
sprain (75.6%), fracture (11.6%), disc injury
(4.7%), other (4.7%), rib (2.3%), and nerve
injury (1.2%) [6]. Lumbar injuries were more
specifically broken down into muscle injury or
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sprain (46 %), disc injury (28 %), other (8.8 %),
contusion (7.9 %), fracture (6.6 %), and nerve in-
jury (2.6%) [6].

Sports that demonstrate increased risk for
back injuries include gymnastics and football,
and a majority (80%) of spinal injuries occur
during practice, rather than during competition
[5]. For football players, thoracic spinal injuries
are most commonly caused by tackling (19.8 %),
blocking (18.6 %), or being tackled (18.6%) [6].
Lumbar spine injuries occur most commonly
during noncontact activity (20.8 %) followed by
blocking (18.6%) [6]. Other sports that have an
increased incidence of low back injury include
wrestling, rowing, rugby, skiing and ski jumping,
hockey, ballet, swimming, diving, weight lifting,
running, baseball, and golf [2—4, 7-9]. Risk fac-
tors for lumbar injury and back pain include prior
back injury, decreased range of motion, improper
technique, abrupt increases in training, and poor
conditioning [3, 10, 11]. Those with previous
back injuries are three times greater to suffer a
back injury than those who did not have previous
injury [10].

While the incidence of injuries to the tho-
racic or lumbar spine may be relatively lower
than other musculoskeletal injuries, the morbid-
ity including time missed from these injuries can
be significant. In a study of NFL players, axial
skeleton injuries resulted in an average of 21.3
practices missed and 4.4 games missed [6]. Other
studies have shown significant lost playing time
at some point in a collegiate football player’s ca-
reer (30%) [12] and 38 % of professional tennis
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players have missed at least one tournament sec-
ondary to low back pain [8].

General Evaluation

The evaluation of a patient with an acute lumbar
or thoracic spinal injury starts with a thorough
history and exam [3]. This includes understand-
ing the mechanism of injury. It is important to
understand duration, location, and severity of
symptoms. Previous back injuries or surgeries
should be documented. The type of sport and
level of sport should be understood, and previ-
ous treatment/evaluation of the back should be
considered.

In the acute on-field injury, the patient should
be assessed for the airway, breathing, and circu-
lation (ABCs). The neck should be immobilized
and the patient placed on a backboard if there
is a suspected spinal injury [4]. Assessment for
weakness and numbness as well as loss of con-
sciousness or altered mental status should be
documented [4].

In the less acute situation, the physical exami-
nation should include an assessment of posture
and gait. Palpation of the spine can identify more
specific areas that may be affected. Palpation of
the ribs can isolate a rib injury. Range of motion of
the spine should be assessed. Any pain with flex-
ion or extension should be documented, as pain
with forward flexion may indicate pain originat-
ing from the disc, while pain with extension may
indicate pain related to the posterior elements of
the vertebrae. A full neurologic exam should be
performed, including strength and sensation test-
ing, as well as testing of lower extremity reflexes.
A straight leg test can assess for sciatic or nerve
root irritation from a herniated disc. Hip range
of motion and a flexion, abduction, external rota-
tion (FABER) maneuver can be performed to rule
out hip/sacroiliac joint pathology masquerading
as lower back pathology. An abdominal exam
should also be performed to rule out any associ-
ated or confounding intra-abdominal injuries.

Imaging in a young athlete with acute onset
back pain often includes anterior—posterior (AP)
and lateral views of the affected area as these ra-

diographs will demonstrate up to 90% of bony
fracture and alignment issues [4]. If ligamentous
injury is suspected, flexion/extension radio-
graphs can be used to identify dynamic instabil-
ity, but a patient must be comfortable enough to
participate. Computed tomography (CT) can be
helpful if an occult fracture is suspected, but is
not routinely required. It is the optimal study to
assess bony morphology of a suspected injury,
but it does expose the patient to ionizing radia-
tion which is of particular concern in the pedi-
atric population. Magnetic resonance imaging
(MRI) is particularly helpful in assessing the
disc, nerve roots and spinal cord, and other soft
tissues. It should be reserved for patients with
neurologic findings, a history highly suspicious
of a disc herniation, or to assess occult injury that
is not identified on plain radiography. Bone scan
can also be utilized to identify an injury as it has a
high sensitivity but identifying a clear diagnosis
may be difficult given the low specificity of the
test. If a fracture is identified, the rest of the spine
should be carefully screened as up to 32 % of pa-
tients may have noncontiguous injuries [13, 14].

Specific Injuries
Muscle Injury/Strain

The majority of low back injuries represent a
muscle injury [2, 5, 6]. It can be caused by direct
trauma (contusion) or when there is excessive
stretch of the muscles (strain). The back pain may
be significant and associated with spasm, but in
general is not as severe as the pain associated
with more significant pathology. The diagnosis of
a muscle strain is generally made in the absence
of other concerning signs or symptoms, and as-
sociated with a normal radiographic examination
(i.e., diagnosis of exclusion). Specifically these
patients will not have “red flags” such as radiat-
ing symptoms to the legs or neurologic findings
on exam. The spine may be tender to palpation,
and in general there is pain with flexion, exten-
sion, and lateral rotation [4, 15]. Further, the back
pain generally is self-limited; the severity is often
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greatest in the first 24—48 h and improves quickly
with a period of rest [3].

Well-known principles of a brief period of
rest, anti-inflammatory medications (nonsteroi-
dal anti-inflammatory drugs, NSAIDs), and
physical therapy modalities such as ice, heat,
massage, and other modalities generally are used
with good effect to reduce the pain and inflam-
mation. As anti-inflammatory medicines are
often used as a first-line approach to treat injuries
of the thoracic and lumbar spine, athletes should
be cautioned about possible gastrointestinal and
renal risks [16]. A physical therapy program can
be initiated once symptoms are improved enough
to allow participation, which includes stretching,
postural training, and core-strengthening exer-
cises [2, 3]. With prolonged rest and/or inactiv-
ity, muscle imbalance leads to further mechanical
disruption, muscle wasting, and persistent pain
[15].

Most recommend return to play (RTP)/activ-
ity as the patient’s symptoms have abated [2, 15,
17]. More specifically, Cooke et al. recommend
that athletes may return to play once they have
obtained full painless range or motion and can
maintain a neutral spine position during sport-
specific exercises, which is associated with re-
turn of muscle strength, endurance, and control
[2, 17]. In general, recovery within approximate-
ly 2 weeks can be expected for a soft tissue in-
jury, with 90 % achieving full resolution within 2
months [4, 15].

Fractures

Presentation

Acute fractures of the lumbar and thoracic spine
are rare injuries and are associated with high-ve-
locity trauma. All patients who sustain an acute
fracture need to be appropriately managed on the
field and during transport by emergency servic-
es to the hospital. The use of logroll techniques
on the field and backboards during transfer can
minimize further injury and help prevent any
neurologic demise which may be seen in highly
unstable fracture patterns.

The majority of fractures present with sig-
nificant pain over the involved area. Initially the
patient should be turned using logroll techniques
and an inspection of the area of injury should be
done followed by palpation of the midline and
paraspinal regions. A thorough palpation should
be done of the entire spine as contiguous frac-
tures may exist. Once inspection and palpation
have been done the patient should be logrolled
and removed from the backboard as prolonged
time spent on the backboard may lead to pres-
sure sores or skin breakdown. Paramount to the
examination is the accurate documentation of the
patient’s neurologic status. This should include
accurate assessment and documentation of motor
strength, sensation, and reflexes including spinal
reflexes such as the bulbocavernosus reflex when
an associated spinal cord injury has occurred.

Frequently, the provider taking care of the
athlete becomes responsible for the care of the
spinal injury. However, the overall status of the
patient must be thoroughly evaluated given the
potential associated injuries of the chest or abdo-
men which may be seen with spine trauma.

Imaging

The mainstay of imaging following an athletic
injury with significant tenderness to the spine
is plain radiographs. Plain radiographs may ac-
curately diagnose fractures in the face of a sus-
pected injury. The use of CT for the evaluation
of bony injuries to the spine is superior to other
imaging techniques and when a fracture is sus-
pected or diagnosed then an accurate documenta-
tion of the injury may be done via CT. CT scans
are associated with a radiation exposure to the
patient and the ordering physician should be spe-
cific about the area to be scanned to improve ac-
curacy and reduce the scope of the anatomic area
exposed. This can be done via a thorough exami-
nation of the back and initial review of the radio-
graphs. The majority of spine fractures can be ad-
equately classified via CT scans and the need for
an additional imaging test such as an MRI is case
dependent. MRI is a superior imaging modality
when evaluating the soft tissues of the spine such
as discs, ligaments, and neural elements. Any
spine fracture associated with a neurologic injury
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needs to be studied with an MRI to look at the
neural elements and any associated compression
that may be present from either disc material or
bony fragments. MRI is also a very good imag-
ing choice if there is potential concern regarding
a disc separation with an endplate fracture or if
there is concern about ligamentous injury.

Treatment

The treatment of spine fractures in athletes varies
according to the specific injury patterns discussed
below. Treatment for certain stable fractures with
minimal associated pain is focused on rehabilita-
tion, and time away from athletic activity may be
as short as 6 weeks. Treatment for more signifi-
cant fractures such as axial compression fractures
or relatively stable burst fractures includes a pe-
riod of bracing for comfort for 6 weeks followed
by intensive core strengthening for 6 weeks and
return to sports not before 3 months. Occasion-
ally surgery is warranted in cases of unstable
injuries or spinal fractures associated with neu-
rologic deficit. Fortunately, these are rarely seen
with sports injuries and the surgical treatment, re-
habilitative recovery, and RTP guidelines are not
within the scope of this textbook.

Return to Play

There are no series in the literature with regard
to RTP guidelines after thoracic and lumbar
spine injuries. As a general rule, RTP guidelines
would be predicated by the fact that athletes must
have reached their pre-injury fitness level, must
be pain free, and must have an injury pattern
which does not place them at an increased risk
for further injury. Athletes with stable compres-
sion fractures, burst fractures associated with no
significant global alignment issues or neurologic
compression, and stable spinous process/trans-
verse process injuries may return to play safely
once rehabilitated. As a general rule, fractures
heal with strength consistent with the pre-injury
level. There are no clear guidelines regarding
RTP after operative fixation and fusion of a spine
fracture. Most series or reviews in the literature
are based on authors’ experience and expertise.
Individual guidelines are based on injury sever-

Fig. 3.1 Lateral radiograph of a patient with a stable
compression fracture depicted by the arrow

ity, extent of operative intervention, and the risks
associated with the sport in question. Once again,
any RTP should be prohibited until the athlete has
rehabilitated to their pre-injury fitness level and
has a painless spinal range of motion in the ab-
sence of any symptoms.

Compression Fractures

Compression fractures are usually caused by an
axial load to the spine. They are characterized by
loss of vertebral body height and usually there
is anterior wedging to a variable degree of the
vertebral body (Fig. 3.1). The mechanism seen
in sports is due to an axial load, many times after
landing or falling from a height during ski jump-
ing or skate boarding, for instance. An isolated
compression fracture is not typically associated
with neurologic deficit. Additionally, it is uncom-
mon to have concomitant internal organ injuries;
however, it would not be unusual to sustain inju-
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Fig.3.2 a CT scan of a patient who sustained a burst frac-
ture at L1 (arrow) during skiing. b MRI scan of the same
patient depicting the fracture and neurologic compression

ries to the feet or ankles (in particular, calcaneus
fractures) during the fall from a height. These
in general are stable spine fractures and can be
treated with a spinal orthosis for 4-6 weeks fol-
lowed by rehabilitation for 6 weeks. Return to
sports may happen as early as 3 months. In the
pre-adolescent patient, compression fractures are
commonly seen and usually will involve two to
three continuous levels of the spine. These are
not associated with an appreciable amount of
vertebral compression and need to be braced only
if significantly painful. Return to sport for these
patients is typically not before 6 weeks.

Burst Fractures

Burst fractures are high-velocity injuries and in-
volve circumferential injury to the spine. There
is associated bony collapse to a varying degree
with retropulsion of bone fragments into the
spinal canal. These can be associated with par-
tial or complete injury to the spinal cord and/or
exiting nerve roots. Burst fractures are usually
seen with motor vehicle sports such as motocross
but can also be seen with sports such as skiing/
snowboarding or hockey. The treatment of burst
fractures is related to the amount of vertebral col-
lapse, the amount of spinal canal compromise,
and the neurologic status of the patient. Well-

(arrow). ¢, d Plain radiographs of the same patient after
instrumented reduction and fusion for the fracture

aligned fractures with no associated neurologic
injury can be treated with a thoracolumbar or-
thotic [18]. Fractures with partial or complete
neurologic deficits are treated with neurologic
decompression and instrumented fusion of the
spine (Fig. 3.2).

Transverse Process/Spinous Process
Fractures

These are stable fractures which cause signifi-
cant pain and many times are due to a direct
blow. Transverse process fractures caused by
direct trauma may also be associated with renal
or splenic injuries and appropriate evaluation
must be done. The fractures are usually readily
identified on plain radiographs and do not re-
quire further imaging if they are isolated injuries
(Fig. 3.3). Treatment is symptomatic and usually
focused on anti-inflammatories, occasional brac-
ing for discomfort, and a rehabilitation program.
RTP is usually at 6 weeks if the patient is back to
full strength and motion.

Apophyseal Ring Fractures

Apophyseal ring injuries are due to injuries with
significant velocity which cause a separation of
the ring apophysis from the vertebral endplate.
They commonly occur at the thoracolumbar
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Fig. 3.3 Plain radiograph of the lumbar spine with ar-
rows depicting fractures of the lumbar transverse pro-
cesses

junction given the transition between the rigid
thoracic spine and more mobile lumbar spine.
These may present with significant pain after
injury or may present with neurologic signs and
symptoms if there is extrusion against the neu-
ral elements. Treatment is focused around activ-
ity modification, bracing, and rehabilitation with
expectation of resolution of symptoms. Patients
with neurologic signs from an endplate injury
may require surgical decompression with remov-
al of the disc and fusion of the involved segment
(Fig. 3.4). Given the size and extent of the injury
and endplate separation, removal of the disc with
fusion is usually required rather than just a sim-
ple discectomy.

Lumbar Disc Herniation

Presentation

A disc herniation is characterized by an injury
to the annular fibrosis which allows the escape
of the gelatinous core (nucleus pulposus). This
material may compress and/or cause chemical
inflammation around the nerve roots, leading
to symptoms [3, 16]. Either an acute injury or
more commonly repetitive injury can weaken
the annular fibers. An axial load on the disc is
associated with increased pressure within the
disc, and escape of the nucleus pulposus is pos-
sible through the weakened annulus [4]. Lum-
bar disc herniation is common among football
players, particularly in offensive and defensive
linemen [2, 19-21]. This is largely due to higher
body mass indexes (BMIs), consistent play in the
squatting and crouching positions, frequent high-
velocity trauma, and intense weight training [21].
However it is encountered in other sports such as
baseball, hockey, basketball, rugby, and rowing
[20, 22-25].

A symptomatic lumbar disc herniation com-
monly presents with back pain that is worsened
by lumbar flexion, sitting intolerance, and asso-
ciated with shooting pain or paresthesias down
the legs. Initially, back pain may be the primary
symptom, as the nerve fibers associated with the
annulus are irritated. Bending forward or perfor-
mance of the Valsalva maneuver, such as cough-
ing or bearing down, is likely to exacerbate the
symptoms [3]. Leg symptoms predominate later,
through direct compressive and inflammatory
mechanisms. Leg symptoms commonly involve
pain (radiculopathy), but numbness and/or weak-
ness that correlate with the compressed nerve root
also may be found. It is important to understand
that neurologic deficits are less common in the
pediatric and adolescent population when com-
pared to adults [3, 26]. An important distinction
with discogenic pain is the presence of symptoms
that radiate beyond the knee to the lower leg;
whereas, with symptoms from other etiologies,
the patient may describe pain that involves thigh
or gluteal region that does not extend below the
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Fig. 3.4 a MRI depict-
ing an endplate fracture
in a 14-year-old boy who
was playing football. The
arrow depicts the acute
herniation of the endplate
into the spinal canal with
neurologic compression.
b, ¢ Plain radiographs after
the patient had undergone
removal of the herniated
endplate with decompres-
sion and anterior fusion
with instrumentation

Fig. 3.5 a Sagittal cuts of
an MRI in a patient with a
herniated disc depicted by
arrow. b Axial view on the
MRI of the same patient
showing nerve compres-
sion (arrow) as a result of
disc herniation

knee, and which may not represent true lumbar
radiculopathy.

A complete neurologic exam of the lower ex-
tremities is warranted. While L4/L5 and L5/S1
represent the majority of disc herniations [4],
careful testing of all nerve roots of the lower
extremities is important. With an L5/S1 hernia-
tion, the most common root affected is S1, which
would present as numbness on the lateral as-
pect of the foot and weakness in foot eversion
(peroneals) and plantar flexion (gastrocnemius/
soleus). The Achilles tendon reflex (S1) will be
diminished or absent. With an L4/L5 herniation,
the disc most frequently affects the L5 nerve
root, which manifests as weakness in great toe
extension (extensor hallucis longus) and numb-
ness over the lateral leg and dorsum of the foot.
In the less common far lateral disc herniation,
the L4 nerve root will be affected at the L4/LS

level and the L5 root will be affected at the L5/S1
level [4]. Special tests include straight leg testing
(Lasegue’s sign) which will exacerbate symp-
toms by pulling tension on the irritated root and
reproduce radicular symptoms (sensitivity 91 %,
specificity 26%). For cross straight leg raising
(pain with flexion of contralateral leg), the sen-
sitivity is 29 % and specificity is 88 % [27]. For
the test to be positive, pain should be reproduced
with flexion before 70 °; dorsiflexion of the foot
should exacerbate symptoms and knee flexion
should relieve symptoms [27]. Hip range of mo-
tion and a FABER maneuver can be performed to
rule out hip/sacroiliac joint pathology masquer-
ading as lower back pathology [28].

Imaging
In older patients with disc degeneration that pre-
cedes the disc herniation, narrowing of the disc
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space may be appreciated on plain radiographs.
However, in the young athlete, a disc herniation
will often not be associated with degenerative
changes, and therefore radiographs are likely to
be normal. With a high index of suspicion (leg
symptoms, pain worse with lumbar flexion, posi-
tive straight leg raise or contralateral straight
leg raise, neurologic finding on exam), MRI
can be used to confirm diagnosis and identify
the anatomy of the disc herniation (Fig. 3.5). It
is paramount that changes on MRI be correlated
to physical exam findings. Cheung et al. demon-
strated that 40 % of individuals under 30 years of
age had lumbar intervertebral disc degeneration
increasing progressively to over 90% by 50-55
years of age [29]. Similarly, Jensen et al. dem-
onstrated that 35% of asymptomatic individuals
between the ages of 20 and 39 have disc degen-
eration evident on MRI evaluation [30].

Treatment/Outcomes
Initial treatment is often conservative, with good
results in up to 90 % of patients [31]. A period of
rest and anti-inflammatory (NSAIDs) medication
is required. In general the natural history is fa-
vorable; with disc resorption, the nerve irritation
abates. Occasionally a corticosteroid dose pack
is useful in reducing the acute inflammation;
however no studies have demonstrated benefit
over placebo [3, 16, 32, 33]. Epidural steroid in-
jections (ESIs) may have a moderate short-term
effect in the management of low back pain with
radiculopathy, although studies have been incon-
clusive based on several systematic reviews of
the literature [34]. In general ESI are used when
radicular symptoms are persistent and/or nonre-
sponsive to initial oral therapy and in general are
considered better for chronic rather than acute
symptoms [3, 16]. Use of lumbar corsets and
braces is not supported by the literature [16, 35].
If symptoms persist despite optimal nonopera-
tive management, operative discectomy may be
indicated. Absolute surgical indications include
cauda equina syndrome, progressive neurologic
deficit, or a profound neurologic deficit [15].
Spinal fusion is indicated for disc herniation if
there are multiple recurrences or coexisting spi-
nal instability [15].

The Spine Patient Outcomes Research Trial
(SPORT), a prospective observational cohort
study of 743 patients, demonstrated significant
improvement in bodily pain and physical func-
tion scales of the Short Form 36 (SF-36) and the
Oswestry Disability Index (ODI) for patients
treated with open discectomy when compared
to those who were treated nonoperatively at 3
months, 1 year, and 2 years [36]. A subsequent
randomized trial did not confirm these find-
ings, although there was a significant amount of
crossover between the two groups, and there wa