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Abstract

A review of the imaging features of normal and degenerative anatomy of the spine on medical imaging studies shows features that hav
been largely overlooked or poorly understood by the imaging community in recent years. The imaging methods reviewed included computec
tomography (CT) with multiplanar reconstructions and magnetic resonance imaging (MRI). A routine part of the MRI examination included
fat-suppressed T2 weighted fast-spin- or turbo-spin-echo acquisitions. As compared to the normal features in asymptomatic volunteers
alterations in the observed CT/MRI morphology and MR signal characteristics were sought in symptomatic individuals.

Findings in symptomatic subjects which departed from the normal anatomic features of the posterior spinal elements in asymptomatic
volunteers included: rupture of the interspinous ligament(s), neoarthrosis of the interspinous space with perispinous cyst formation, posterio
spinal facet (zygapophyseal joint) arthrosis, related central spinal canal, lateral recess (subarticular zone) and neural foramen ®tg00sis, post
element alterations associated with various forms of spondylolisthesis, and perispinal muscle rupture/degeneration.

These findings indicate that the posterior elements are major locations of degenerative spinal and perispinal disease that may accompany
even precede degenerative disc disease. Although not as yet proven as a reliable source of patient signs and symptoms in all individuals, becal
these observations may be seen in patients with radicular, referred and/or local low back pain, they should be considered in the evaluation ¢
the symptomatic patient presenting with a clinical lumbosacral syndrome. Imaging recommendations, in addition to the usual close scrutiny
of these posterior spinal elements and perispinal soft tissues on CT and MRI, include the acquisition of high-resolution multiplanar CT
reconstructions, and fat-suppressed T2 weighted fast-spin- or turbo-spin-echo sequence MRI in at least one plane in every examination of tt
lumbar spine.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction occur in the nondiscal structures of the spinal column and
related tissues, including the posterior spinal facet joints,
Spine related pain and disability are some of the greatestthe spinal ligaments, the underlying bone of the posterior
preoccupations of clinicians and patients. Beyond ‘normal’ bony elements of the spine and the perispinal muscles. This
aging of the elements of the spine, absolute degeneration ofarticle outlines the potentially clinically relevant spinal and
these spinal substructures eventually occurs. This at someperispinal consequences of, and phenomena contributing to,
point entails a superoinferior narrowing and eventual col- acquired degenerative changes of the discal and nondiscal
lapse of the intervertebral disc. Preceding or accompanyingstructures of the intervertebral segments at and immediately
these discal alterations, significant degenerative changes alssuprajacent to the lumbosacral junction (i.e., L5-S1, L4-L5,
L3-L4 levels), and illustrates how these pathoanatomic find-
ings relate to the normal and variant anatomy as well as dys-
*Tel.: +1-631-694-2929x233; fax+1-631-390-7766. function of this region of the spif@4,27,44,51,66,75,79,95,
E-mail addressjrjinkins@aol.com (J.R. Jinkins). 127,135]
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2. Normal and variant anatomy of the lumbosacral
spine

The discal and nondiscal structures of the spine that may
undergo degenerative changes include the intervertebral disc
itself, the posterior spinal facet (e.g., zygapophyseal) joints; 3¢
the spinous processes; the intraspinal ligaments; the spinal
nerves and spinal innervation; and the perispinal (intraspinal) 15—
muscles Figs. 1-3 [39]. Normal gross anatomic variations
in these structures include those of lumbosacral spinal cur-
vature (e.g., straight spine: hypolordosis, exaggerated spinal
curvature: hyperlodorsosig-ig. 5); lateral and rotational
scoliosis); central spinal canal diameter (e.g., developmental
spinal stenosis); vertebral morphology (e.g., normal anterior
wedge shape of L2-L5 vertebral bodies); diskal morphology

Fig. 1. Normal osseous and ligamentous anatomy of the lumbosacral
spine. (A) Midline sagittal section diagram of the lumbosacral spinal
ligaments and related spaces. (B) Coronal section diagram through the
mid-portions of the lower lumbar vertebrae and intervertebral disks with
the anterior tissues removed. Note also the transverse processes and inter-
transverse ligaments. (C) Coronal section diagram through anterior aspect
of interspinous ligament and adjacent spinous processes. (D) Coronal sec-
tion diagram through mid-aspect of interspinous ligament and adjacent
spinous processes. 1, Spinal subarachnoid space; 2, thecal sac; 3, ante-
rior epidural space; 4, posterior longitudinal ligament; 5, retrovertebral  (A)
subligamentous space; 6, median retrothecal fat pad (posterior epidural
space); 7, junction of halves of interspinous ligament with the ligamenta
flava; 8, normal spinous processes of L3 and L4; 9, normally mildly hy-
poplastic spinous process of L5; 10, midline sacral spinous tubercles; 11,
supraspinous ligament; 12, erector spinae muscle tendons and deep fibers
of the lumbosacral fascia; 13, variation in termination of supraspinous
ligament (L3-L5); 14, filum terminale; 15, sacral spinal segments; 16,
lumbar vertebral bodies; 17, nucleus pulposus of the lumbar intervertebral
disk(s); 18, anterior longitudinal ligament; 19, prevertebral subligamen-
tous space; 20, coccyx; 21, right half of interspinous ligament anteriorly;
22, left half of interspinous ligament anteriorly; 23, combined right and
left halves of the interspinous ligament in its middle and posterior extent;
24, fibers of interspinous ligament shown crossing the midline; 25, ante-
rior (ventral) segment of interspinous ligament originating in ligamenta
flava on each side and terminating in inferior margin of the suprajacent
spinous process; 26, middle segment of interspinous ligament originating
in superior margin of subjacent spinous process and terminating in supra-
jacent spinal process; 27, posterior (dorsal) segment of interspinous seg-
ment originating in the superior margin of the subjacent spinous process
and terminating in the supraspinous ligament (at levels where it exists)
or the erector spine muscle tendons (below the level of the supraspinous
ligament); 28, transverse recesses; 29, intertransverse ligaments and in-
tertransversarii muscles; 30, annulus fibrosus of the intervertebral disk(s).
Note theposterocranialorientation of the fibers of the interspinous liga-
ment (B-D). (E) Medical imaging studies: (i) midline sagittal CT recon-
struction; normal posterior wedge configuration of the L5 vertebral body
(white asterisk) and the L5-S1 intervertebral disk (white dot); normal hy-
poplasia of the L5 spinous process (black asterisk: compare with (A)).
(i) Midline T1-weighted MRI showing again the posterior wedge config-
uration of the L4 and L5 (white asterisk) vertebral bodies and the lower
lumbar intervertebral disk(s) (white dot), and the hypoplastic L5 spinous
process (black asterisk: compare with (A)). Note the shape and intensity ©
of the retrothecal fat pad(s) (black dot) and the interspinous ligament(s)
(white circle). Also note the supraspinous ligament (white arrowhead), the
midline inferior extension of the lumbosacral fascia (black arrowhead),

and the junction between the two (black arrow).
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3. Pathologic anatomy of the lumbosacral spine related
to or accompanying collapse of the intervertebral disc

3.1. Vertebral end plate approximation with degenerative
disc space narrowing

Posterior bulging of redundant posterior disc surface with
narrowing of the central spinal canal and inferior recesses

Fig. 2. Normal sagittal appearance of the L4-L5 and L5-S1 neural foramen.
(A) Parasagittal section diagram of the spinal neural foramen. 1, L4-L5
intervertebral disk; 2, L4-L5 posterior facet (i.e., zygapophyseal) joint
space and articular cartilage; 3, inferior articular facet process of L4; 4,
superior articular facet process of L5; 5, inferior recess of the L4-L5
spinal neural foramen; 6, dorsal root ganglion of the L4 spinal nerve
dorsal root; 7, ventral root; 8, radiculomedullary artery at L4-L5; 9,

radiculomedullary vein at L4-L5; 10, L4 pedicle; 11, L5 vertebral body;

12, L5-S1 intervertebral disk; 13, anterior anular fibers of the L4-L5

intervertebral disk; 14, posterior anular fibers of the L4-L5 intervertebral
disk; 15, superior recess of the L4-L5 spinal neural foramen; 16, L5
(e.g., normal anterior wedge shape of L2-L3 through L5-S1 pedicle; 17, S1 vertebral segment; 18, L4 vertebral body; 19, inferior

intervertebral discs); spinous process morphology (e.g., nor-articular process of L5; 20, superior articular process of S1; 21, superior

mal hypoplasia of L5 spinous process)' and posterior spinal articular recess of the L4-L5 posterior spinal facet joint; 22, inferior
' articular recess of the L4-L5 posterior spinal facet joint; 23, superior

facet JOInt_ angu_latlon in the axial _plane (e.g., saglttal or articular recess and meniscoid of the L5-S1 posterior spinal facet; 24, pars
coronal orientation; facet joint tropism or lateral asymme- interarticularis of L5; 25, S2 vertebral segment; 26, intermediate sacral
try of angulation)[2-5,21,28,46,73,98,99,101,105,107,108, crest at S1-S2; 27, intraforaminal fat. A: anterior, P: posterior. (B) Medical

121,122,130,132,133These variations may predispose or imaging studies: (i) lateral parasagittal CT reconstruction showing the

accelerate degenerative changes in predictable ways. |r.pony structure defining the spinal neural foramen (compare with (A)).
(ii) Lateral parasagittal T1-weighted MRI showing the pedicle (white

tum’_the_se degenerative alter_atlons_ may in some C_ases reEircle) of L5, the superior articular process (white asterisk: zygapophysis)
sult in signs and symptoms including low back pain and of L5, the inferior articular process (black asterisk: zygapophysis) of
lower-extremity referred pain, both of which may respond to L5, the pars interarticularis (white dot) of L5; and a portion of the

therapies specific to the under|ying problem. The anatomic neurovascular bundle (arrow) exiting-entering the L4-L5 neural foramen.

foundation for these signs and symptoms is clear and is (iii) Lateral parasagittal T2-weighted fat-suppressed MRI showing normal
fluid within the superior (arrow) and inferior (arrowhead) recesses of the

found within the innervation of these spinal and pe”Spme_‘I L5-S1 posterior spinal facet (zygapophyseal) joint on one side, and the
structures and the central nervous system pathways Servingormal high intensity of the dorsal root ganglia (black asterisks) within
the peripheral nervous systgin,20,67] the neural foramina (compare with (A)).

Fig. 1. Continued.
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Fig. 2. Continued.

of the neural foraminaWith superoinferior degenerative
collapse of the intervertebral disc, the peripheral annulus fi-
brosus becomes redundant and bulges outward. Accompa
nying posterior bulging of the redundant posterior aspect of
the disc surface of the annulus fibrosus is regional narrow-
ing of the inferior recesses of the neural foramiR&( 6A)
[111].

Anterior bulging of redundant ligamenta flava and pos-
terior spinal facet (i.e., zygapophyseal) joint capsule, with ...
narrowing of the central spinal canal and the lateral re-
cesses of the central spinal can&lhen the intervertebral
disc undergoes a degenerative reduction in height, there is af . )

. . . left. 1, Lumbar vertebra; 2, psoas muscle; 3, intertransversarius muscle;
cqnsonant rgdlundancy in the Ilgamenta flava _and pOStenor4, quadratus lumborum muscle; 5, thoracocostalis muscle; 6, longissimus
spinal facet joint capsule that protrudes anteriorly into the muscle; 7, multifidus muscle; 8, interspinalis muscle; 9, external oblique
central spinal and lateral recesses of the central spinal canamuscle; 10, internal oblique muscle; 11, latissimus dorsi muscle.

ig. 3. Axial view of the perispinal muscles in the lumbar region on the
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Radial expansion vertebral remodeling with narrowing of
the central spinal canal, the lateral recesses of the central
spinal canal and the spinal neural foraminaccompanying
degenerative narrowing of suprajacent and subjacent inter-
vertebral discs, the intervening vertebral body may undergo
stress-related remodeling. This remodeling consists of a ra-
dial enlargement of the vertebral body in the horizontal plane
and a height reduction, causing a type of “pancaking” of
the corpus. This results in anteroposterior narrowing of the
central spinal canal, the lateral recesses of the central spinal
canal and the spinal neural foramirdd. 7) [6,7,34,40-42]

3.2. Pediclo-pedicular approximation with superoinferior
narrowing of the spinal neural foramina

With a loss of height in the intervertebral disc, there is
a consonant narrowing of the superoinferior dimension of
the narrowing of the spinal neural foramina (d€g. 6A)
[31,58,87]

3.3. Posterior spinal facet (zygapophyseal) joint

Fig. 4. Innervation of structures of dorsal (posterior) aspect of spinal degenerative craniocaudal partlal subluxation

column. 1, Main trunk of spinal nerve; 2, ventral ramus of spinal nerve;

3, lateral branch of dorsal ramus of spinal nerve; 4, neural fibers to  With collapse of the intervertebral disc, there is a conso-
posterior dorsal ramus of spinal nerve; 5, dorsal ramus of spinal nerve; nant craniocaudal partial subluxation of the posterior spinal
6, dorsal_ nerve root ‘and ganglion; 7, v_entral nerve root; 8, gray ramus fgacet (i.e., zygapophyseal)joir{%,56,57,78,80]'l'his facet
communicans; 9, white ramus communicans; 10, intervertebral disk; 11, o),y ation and the subsequent alterations may be asymmet-
articular cartilage of posterior spinal facet (i.e., zygapophyseal) joint; . . . . . . .
12, neural fibers from main trunk of spinal nerve; 13, neural fibers to ric from side to side. Posterior spmal facet joint effusions
posterior facet joint from ventral ramus of spinal nerve; 14, neural fibers accompany these subluxations (see Figs. J-i and -ii).

to posterior facet joint from dorsal ramus; 15, medial branch of dorsal ~ Posterior spinal facet joint arthrosis and osteophytosis
ramus of spinal nerve; 16, central spinal canal; 17, superior articular facet yyith narrowing of the lateral recesses of the central spinal

process; 18, inferior articular facet process; 19, zygapophyseal joint space . o and the spinal neural foramin&Vhen the posterior
and capsule; 20, spinous process; 21, interspinous ligament; 22, medial

neural branches ramifying within posterior facet joint, the lamina, spinous SPinal f.ace.t joint Undergo_es SUbIUX_at'On secondary to de-
process, interspinous ligament, and supraspinous ligament; 23, branch ofgenerative intervertebral disc narrowing, new stresses on the

dorsal ramus ramifying within posterior perispinous tissues; 24, transverse facet joint result in arthrosis and osteophytosis. This causes
process; 25, lamina; 26, supraspinous ligament; 27, ligamenta flava; 28, fyrther anteroposterior narrowing of the lateral recesses of
median retrothecal fat pad. the central spinal canal and the spinal neural foramina. Pos-

terior spinal facet joint effusions may accompany these al-

) o ] terations at some point during these degenerative disease
and spinal neural foramen, resulting in further narrowing of processes (sefig. 6A and G [38,127)

these regionsHig. 68) [13]. _ o Superior articular facet process and pars interarticularis

_ Posterior bulging of a redundant posterior longitudinal ¢ jision. When the intervertebral disk collapses, the re-
ligament with narrowing of the central spinal cana\ith g ,jting posterior facet joint craniocaudal partial subluxation
degenerative collapse of the intervertebral disc, there is ac5ses a collision of the apex of the superior articular facet

consonant focal redundancy of the posterior longitudinal lig- rocess and the undersurface of the pars interarticularis (see
ament that protrudes posteriorly into the central spinal canal, Fig. 6B) [56,57,78,80,81]

resulting in further anteroposterior narrowing of this region.

Posterior paradiscal vertebral arthrosis and osteophy- e Superoinferior articular facet process and pars interar-
tosis with anteroposterior narrowing of the central spinal ticularis collisional osteophytosis with further narrowing
canal, lateral recesses of the central spinal canal and neural  of the superior recess of the spinal neural foram€nl-
foramina.With degenerative narrowing of the intervertebral lision of the superior articular facet process with the
disc, the periphery of the adjacent vertebral bodies typically  overlying pars interarticularis results in collisional osteo-
develop rim osteophytes that extend into the central spinal phytosis with further narrowing of the superior recess of
canal itself, the lateral recesses of the central spinal canal, the spinal neural foramen (s&é&g. 6B, J-iii).
and the neural foramina. This results in further anteroposte-e Collisional blunt erosion of the apex of the superior ar-
rior narrowing of these region§ig. 60 [47,109,110] ticular facet process with superoinferior narrowing of the
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Fig. 5. Variant anatomy of the lumbosacral spine. (A) Straight or hypolordotic spine. The spinal lordotic curvature in this example overall isaninima

absent in extreme cases, in part because the lower lumbar vertebrae and intervertebral disks are less than normally wedge-shaped (i.eshegtangular

in this example). Note the mildly hyperplastic L5 spinous process (asterisk). (B) Hyperlordotic (i.e., swayback) spine. The spinal lordotie uthiat

example is exaggerated and the sacrum tends to be more horizontal than normal. Note the hypoplastic L5 spinous process (asterisk) and the exaggeratec
wedge shape of the vertebral bodies and intervertebral disks. Compar&igithA. Also note the somewhat horizontally angled sacrum.

spinal neural foramen: collisional excavative erosion of e
the undersurface of the pars interarticularis with further
craniocaudal narrowing of the spinal neural foramen

At the same time erosion of the apex of the colliding
superior articular facet process is taking place, there is
a corresponding excavative erosion of the undersurface
of the suprajacent pars interarticularis. This results in
yet further superoinferior narrowing of the spinal neural
foramen (seé-ig. 6B, J-iv—vi) [56,57,78,80] .
Collisional anterior curved remodeling of the superior
articular facet process with further narrowing of the
superior recess of the spinal neural forameéfith pro-
gression, the superior articular facet process degenerative
collision with the overlying pars interarticularis and pedi-
cle may result in an anterior curved osteophytic remod-
eling of the superior articular facet process (5&g 6C
J-vii—viii). This results in further encroachment on the su- o
perior recess of the spinal neural foramen on one or both
sides[55].

Superior or inferior articular facet process of collisional
fracture with fracture fragment displacement and further
encroachment on the spinal neural forame@steo-
phytic insufficiency fracture-dislocation of the superior
and/or inferior articular process(es) may occur, alterations
which may allow further narrowing of the interverte-
bral disc space and spinal neural foramifdg( 6H, |,
J-Xiv).

Superior articular facet process and pedicular neoarthro-
sis with osteophytosis with further encroachment on the
central spinal canal and spinal neural forameAs the
superior articular facet process continues to erode the
overlying pedicular bone, a neoarthrosis may develop be-
tween the two. This neoarthrosis may communicate with
the adjacent articular space of the posterior spinal facet
joint (Fig. 6D).

Superior articular facet process and pedicular com-
municating neocyst formation with encroachment on
the spinal neural foramen and central spinal canal:
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Subsequently, a neocyst (i.e., not synovium lined) may Posterior spinal facet joint true synovial cyst forma-
form and similarly communicate with the posterior spinal tion (intraspinal or perispinal) with encroachment on
facet joint (seeFig. 6D, J-ix). If the neocyst extends the central spinal canal, the lateral recesses of the cen-
into the central spinal canal and neural foramen, there tral spinal canal, and the spinal neural foramefrue

is consonant encroachment on these areas. In the pastsynovium-lined cysts may also develop, extending from the
reported cases of periarticular ganglion and ligamentum posterior spinal facet joints. These synovial cysts encroach
flavum cysts were probably representative of this entity on the central spinal canal, the lateral recesses of the cen-
[1,8,12,53,64,72,83,84,128,134] tral spinal canal, and the spinal neural foramen in cases

Fig. 6. Alterations in the posterior spinal facet (i.e., zygapophyseal) joints related to intervertebral disk collapse. (A) Posterior or epijuahtfac
subluxation associated with early intervertebral disk collapse. Note the mild L4-L5 intervertebral disk space narrowing (solid arrow), ihéegaopero
narrowing of the spinal neural foramen (open arrows), the superoinferior subluxation of the posterior spinal facet joint (dashed arrows), rgnd the ea
collision and sclerosis of the apex of the superior articular process of L5 and the overlying pars interarticularis of L4 (circled area). Thigt will res
many or all cases in posterior spinal facet joint(s) gapping (asterisk) and effusion (coarse stippling) at some time during this pathologiBprocess.
Collision and blunt erosion of the apices of the superior and inferior articular processes of the posterior spinal facet (i.e., zygapophyseal)riglated

bony spinal structures. With further narrowing of the intervertebral disk (asterisk), there may be blunting of the apex of the superior artiesgaanuio
associated erosion of the anteroinferior aspect of the anteroinferior aspect of the overlying upper pars interarticularis of the suprafzeetgolierte

arrow with shading). Note the early narrowing/erosion of the posterior spinal facet joint articular cartilage. (C) Curved remodeling of stipgdor ar
facet process and neoarthrosis formation between the apex of the superior articular facet process and the suprajacent pars interarticpkaiist The su
articular process may eventually undergo a curved remodeling (asterisk), partially associated with osteophytic overgrowth. At the sameatithegsasneo
(curved arrow) may form between the remodeled superior facet process and the overlaying bone of the undersurface of the suprajacent pedicle and pa
interarticularis. Concomitantly a neoarthrosis (open arrow) may form between the apex of the inferior facet process (dot) and the posteditiseirface
subjacent pars interarticularis. Anterior and posterior spinal facet joint articular cartilage has been eroded (solid arrowhead). (D) Meatdystdfir

of the neoarthrosis between the superior articular facet process and the superjacent pedicle-pars interarticularis. A neocyst (arrowplcwgrseastip

may communicate with the adjacent posterior spinal facet joint may form off of the neoarthrosis between the superior articular facet process and the
inferior surface of the suprajacent pedicle-pars interarticularis. This neocyst may extend into the spinal neural foramen and central spirexebgnal
narrowing these areas, and into the lateral/posterior perispinal soft tissues. Pathologically the cyst typically has a thick wall and a dntalVibentra
Histologically this cyst may not be lined by synovial tissue in which case it is a neocyst or pseudocyst, or may be lined by synovial tissue, thereby
representing a true synovial cyst. (E) Neocyst formation off of the apex of the inferior articular facet process and the subjacent pars ingerérticula
neocyst (arrow: coarse stippling) that may communicate with the adjacent posterior spinal facet joint may form off of the neoarthrosis between the ap
of the inferior articular facet process and the posterior surface of the subjacent pars interarticularis. This neocyst will extend into tleeipseoépin
tissues. The neocyst characteristically has a thick wall and small cavity. As noted above, this cyst may be a neocyst of a true synovial cyst; a histolog
distinction. (F) Erosive pars interarticularis thinning: With collapse of the adjacent intervertebral disks at and suprajacent to the lujmzsacral

(open arrows), erosion of the intervening pars interarticularis (solid arrow) may occur anteriorly and posteriorly: the suprajacent irdelaorfactt

process (dot) erodes posteriorly and the subjacent superior articular facet process (asterisk) erodes anteriorly. This thins and struensathevpeas
interarticularis. (G) Degenerative insufficiency fracture of the pars interarticularis. With further erosion and continued stresses, anaysfrfiictiure

of the pars interarticularis may occur (dashed circle). This may then allow unrestricted degrees of acquired anterolisthesis to result (gqstieyl arro
Collisional articular facet process fracture. With continued stresses placed upon the remodeled and osteophytically overgrown posteriarutginal a
facet processes, the superior (asterisk) or inferior (dot) articular facet process or attached brittle osteophytes may fracture (solid aribws:ray

yet further narrow the spinal neural foramen at this level (open arrows). (I) Articular process fracture fragment distraction/displacemeonttiniiitia ¢
somatic movements, the superior (asterisk) and inferior (dot) articular fracture fragments may go to nonunion and become distracted or aligpthced (c
arrows). The former further narrow the involved spinal neural foramen. The loss of this buttressing effect then allow further degenerativg narrowin
or absolute collapse of the intervertebral disk (open arrows), and consequently further narrowing (i.e., stenosis) of the spinal neural fétwiamen at t
level. (J) Medical imaging studies: (i) parasagittal T1-weighted MRI showing collapse of the L5-S1 disk (asterisk) and superoinferior narthing of
spinal neural foramen (arrow: compare with (A)). (ii) Parasagittal T2-weighted fat-suppressed MRI showing the posterior spinal facet (zgggpophys
joint effusion (arrows: compare with (A)). (iii) Parasagittal CT reconstruction showing the collision of the superior facet process (asthrigig wit
overlying pars interarticularis-pedicle junction (dot), and the minor associated osteophytosis (arrow). (iv) Parasagittal CT reconsbwictgpthetoony
excavation/erosion of the undersurface of the pars interarticularis at the L4 and L5 levels (arrows). (v) Parasagittal CT reconstructionustoawony tr

of the tip of the superior articular facet process of S1 (arrow: compare with (B) and the sharp, pointed termination of the superior articulatr fh®cess a
L4-L5 level above: arrowhead). (vi) Parasagittal T1-weighted MRI showing again the truncation of the tip of the articular facet process (&8#risk) o
(compare with (B)). (vii) Parasagittal CT reconstruction showing curved remodeling of the superior articular facet process (arrow) of L4-L'g (compa
with (C) and the straight, pointed configuration of the level below: arrowhead). (viii) Parasagittal T1-weighted MRI showing another case of curved
remodeling of the superior articular facet process (arrows; compare with (C)). (ix) Parasagittal T2-weighted, fat-suppressed MRI showimgylgn anter
directed periarticular neocyst (arrow: i.e., synovial cyst) extending into the spinal neural foramen (compare with (D)). (x) Parasagittals€iictecon
showing the collision of the tip of the inferior articular facet process of L4 (arrow) with the posterior—superior aspect of the subjacent pars articu

of L5 (asterisk) (compare with (B)). (xi) Parasagittal T1-weighted MRI showing a posterior neocyst (arrow: i.e., synovial cyst) extendinglyposterio
from the inferior aspect of the zygapophyseal joint at L4-L5 (compare with (E)). (xii) Parasagittal T1-weighted fat-suppressed, IV gadolaniaedenh

MRI showing enhancement of the thickened rim of the posterior neocyst (arrow); note the small non-enhancing central area of the cyst (arrowhead,;
compare with (E)). (xiii) Parasagittal T1-weighted MRI showing minor spondylolisthesis of L4 on L5 (arrow) secondary to acquired lysis of the pars
interarticularis (asterisk) of L5; note the separation of the superior (circle) and inferior (dot) articular processes, the gap between ttezigigo (ast
and the complete obliteration (i.e., stenosis: arrowhead) of the superior recess of the L4-L5 neural foramen (compare with (G)). (xiv) P@asagittal
reconstruction showing fatigue fractures of the inferior (arrow to reader’s right) and superior (arrow to reader’s left) articular facet moc8s@ks)

and L4 (circle), respectively (compare with (1)).
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vi)

Fig. 6. Continued.

of cyst extension into these ar¢a6,59,65,76,77,90,112,117, taking place, there is a consonant excavative erosion of the

123] posterior surface of the pars interarticularis (5&g 60
Inferior articular facet process and pars interarticularis [56,57,78,80]

collision posteriorly at the lumbosacral lordosié/hen the

intervertebral disc narrows, the apex of the inferior articular ~ Inferior articular facet process and pars interarticularis

facet process collides with the posterior aspect of the parscommunicating neocyst formatioSubsequently a neocyst

interarticularis of the subjacent vertelf6,57,78,80,106]  (i.e., not synovium lined) may develop as an extension of

This type of collision only occurs at the lumbosacral lordosis the neoarthrosis between the apex of the inferior articular

(seeFig. 6B, J-x). process and the posterior aspect of the pars interarticularis.
This neocyst may communicate with the articular space
o Posteroinferior collisional osteophytosisVith collision of the posterior spinal facet joinE{g. 6E J-xi—xii). If the

of the apex of the inferior articular facet process and the cyst is lined with synovium, this could constitute a true

underlying pars interarticularis, a collisional osteophytosis synovial cyst at this location. The differentiation between

results (se¢-ig. 6B). communicating neocyst and true synovial cyst in all cases
e Posteroinferior collisional blunt erosion of the apex of is a histologic one.

the inferior articular facet proces3awith progressive de-

generative intervertebral disc narrowing, collisional blunt 3 4. Interspinous ligament sprain with or without

erosion of the apex of the inferior articular facet process ligamentous rupture, interspinous neoarthrosis and

occurs. This may allow further superoinferior narrowing neocyst formation and secondary paraspinal muscle

of the neural foramen (sd€g. 60). degeneration
e Collisional excavative erosion of the posterior surface of
the pars interarticularis:At the same time that erosion of Increased intervertebral stresses may induce an inter-

the apex of the colliding inferior articular facet process is spinous ligament spraiff7,100] This may include tears
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(xiv)

Fig. 6. Continueg

(ruptures) of the fibers of the interspinous ligament. With neoarthrosisWith a near or true collision of the vertebral

a progressive loss of intervertebral disc height, there is aspinous processes (i.e., Baastrup’s phenomenon) there is an

consonant loss of the interspinous space and further in-interspinous ligament redundancy of the opposing spinous

creased axial stresses on the interspinous and supraspinoysrocess, osteophytosis, and eventual neoarthrosis forma-

ligaments. tion. The redundancy and hyperplasia of the interspinous
Interspinous ligament redundancy and sprain with hy- ligament may extend into the posterior aspect of the cen-

perplasia, and eventual collisional osteophytosis and tral spinal canal in the midline resulting in replacement
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(i)

Fig. 7. Radial expansion remodeling of vertebral body. (A) Radial expansion remodeling of the vertebral body between suprajacent and subjacent
intervertebral disk collapse associated with central spine canal stenosis. The vertebral body between two adjacent collapsed interver{epeai, disk
single-headed arrows) may undergo radial expansion remodeling circumferentially in the horizontal plane (open, double-headed arrow). At the same
time, there will be a superoinferior narrowing of the vertebral body (open, dashed double-headed arrow) producing a bony flat remqueloakiog

of the vertebra. This results in anteroposterior narrowing of the central spinal canal (solid double-headed arrow) and its lateral recessid. (B) Rad
expansion remodeling of the vertebral body associated with spinal neural foramen stenosis. The radially expanded vertebral body (opendetbuble-hea
arrow) between two collapsed intervertebral disks (open, single-headed arrows) results in anteroposterior narrowing of the spinal neur@lofatamen
arrow) at this level. This stenosis alteration may be asymmetric, side-to-side. (C) Medical imaging studies: (i) midline sagittal T1-weightedvM&I s
degeneration of the L3-L4 and L4-L5 intervertebral disks and associated flattening in the superoinferior dimension, and elongation in theeseateropos
dimension of the intervening L4 vertebral body (middle double-headed arrow); note the relative normal dimensions of the L1 and L5 vertebrae (upper
and lower double-headed arrows, respectively) by comparison (compare with (A)). (ii) Parasagittal T1-weighted MRI showing anteroposteiigy narro

of the L4-L5 spinal neural foramen (arrow) as a consequence of the vertebral body elongation at the L4 level (compare with (B)); some superoinferior
narrowing of the L4-L5 neural foramen is also present as a result of L4-L5 degenerative intervertebral disk collapse (asterisk).

of the retrothecal fat pad and narrowing of the central the remainder interspinous ligament disease may occur be-
spinal canal. Acute, subacute and chronic autotrauma tofore and be more severe than some isosegment disk disease
the interspinous ligament may result in minor intrinsic [9-11,25,26,49,50,62,80,86,113-115,118]

sprain or frank rupture-avulsion of the interspinous liga- Interspinous neoarthrosis and neocyst formation with an-
ment Fig. 8A). These alterations accompany consonant teroposterior narrowing of the central spinal canal in cases
intervertebral disk disease in most cases (75%); however, inof neocyst extension into the central spinal cav@hen a



J.R. Jinkins/ European Journal of Radiology 50 (2004) 134-158 145

Fig. 8. Degenerative alterations in the interspinous ligaments and interspinous Apaterspinous ligament sprain with or without intervertebral disk
degeneration and associated spinal instability with segmental motion-related stresses. Acute, subacute and chronic motion-related deadses may

a type of degenerative ligamentous sprain (i.e., edema, ligamentous fiber tears, frank rupture/avulsion) of the interspinousasgernst/gh@ading
Interspinous ligament redundancy will bulge posteriorly and anteriorly; the latter will replace/displace varying degrees of the segméraehlrédrot

pad(s) (open arrow). These interspinous ligament sprains may be hyperintense on T1- and T2-weighted imaging sequences, presumably as fa result of hig
protein content. Ligamentous degenerative change may occur before, simultaneously with, or following intervertebral disk degeneration(Bjsteris
Spinous process collision associated with progressive interspinous degenerative alteration (i.e., Baastrup’s phenomenon). With pregvessiieain

disk collapse (open arrows), there may be a bony collision of the spinous processes of the adjacent vertebrae (solid curved arrows) at and suprajacent
to the lumbosacral junction. Interspinous ligament redundancy (solid straightsarimgether with bulging of the posterior aspect of the intervertebral

disk (arrowhead) into the central spinal canal will produce some degree of central spinal canal stenosis. Note that the redundant supraseirious ligam
(dashed arrow) will bulge into the perispinous soft tissues (dashed curved arrow). (C) Interspinous neoarthrosis associated with intéskectlapdet

associated stress-related marrow alterations within the spinous process marrow and vertebral bodies. With further collapse of the intisiestedral
increased segmental instability/motion, a neoarthroses (i.e., pseudoarthrosis) may develop between the spinous processes of adjaterelydapbnal

arrow). The thickened interspinous ligament will protrude peripherally/radially in the axial plane (solid arrows). These phenomena willjosgdedisn

individuals with spinous processes that are larger in the superoinferior dimension and in individuals with marked lumbosacral lordosislprelosigpe

“sway back”). Spinous process and vertebral body marrow edema (coarse stippling: type 1 marrow alteration), fatty marrow infiltration (gray shading
type Il marrow alteration) and/or bony sclerosis (black shading: type Ill marrow alteration) may result from these ongoing intervertebrabuserspi
stresses. (D) Neocyst (i.e., pseudocyst) formation extending from an interspinous neoarthrosis. Continued stresses exerted upon treeliggamsrihou

and adjacent spinous processes may eventually result in neocyst formation extending off of the interspinous neoarthrosis. These neocysttipieay be mul
and may extend posteriorly (open arrow), laterally (dashed circle), or anteriorly (solid arrow). The latter may significantly contribute ® aftenosi

the central spinal canal. (E) Medical imaging studies: (i) midline sagittal T1-weighted MRI showing hyperintensity of the interspinous ligaments a
multiple levels (asterisks). (ii) Midline sagittal T2-weighted, fat-suppressed MRI showing isolated hyperintensity of the L5-S1 interspr®arsmv)

indicating degeneration and possible cystic alteration of the interspinous ligament (compare with (A)). (iii) Coronal T1-weighted MRI showing the
rounded appearance of the interspinous ligament (arrow), between the spinous processes of L5-S1 (dots). (iv) Coronal T2-weighted, fatMRppressed
showing again the apparent cystic degeneration of the interspinous ligament situated between the spinous processes of L4 and L5 (dots; compare with
iv). (v) Axial T1-weighted MRI showing multiple rounded paraspinous soft tissue structures (arrows); also note the spinous process of L5 (black dot)
and the redundant-hypertrophic inter-supraspinous ligament(s) (white dot) (compare with (D)). (vi) Axial T2-weighted, fat-suppressed Mg Itlsbowi
hyperintense nature of the paraspinous cysts (arrows; same patient in (E) v—vi). (vii) Sagittal T2-weighted, fat-suppressed MRI showingitveusnters

cysts extending into the posterior aspect of the central spinal canal at L3-L4 and L4-L5 (arrows; compare with (D)). (viii) Midline sagittal Tedweigh

MRI showing multilevel posterior redundancy-hypertrophy of the supraspinous ligament (arrows; compare with (B)).
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Fig. 8. Continued.
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neoarthrosis develops between two colliding spinous pro-
cesses, a communicating neocyst (i.e., pseudocyst) may
evolve Fig. 8B-D, E-i—iv). This neocyst formation may ex-

tend in any radial direction in the axial plane. Extension of
the neocyst into the central spinal canal results in additional

Fig. 9. Continued.

replacement of the retrothecal fat pad and further narrowing
(i.e., stenosis) of the central spinal canfaig( 8E-v—vii).

3.5. Supraspinous ligament redundancy

With degenerative approximation of the spinous pro-
cesses, the intervening supraspinous ligament becomes

Fig. 9. Degenerative retrolisthesis associated with intervertebral disk col- radundant and bulges into the posterior perispinous soft
lapse and degeneration of related spinal structures. (A) DegenerativetiSsues (seEig 8B E-Viii)

retrolisthesis with central spinal canal stenosis. With intervertebral disk
collapse and degeneration of related spinal structures (e.g., intraspinal L. . .
ligaments, degenerative retrolisthesis may occur (dashed arrows). This re-3-6. Segmental degenerative intervertebral instability

sults in stenosis of the central spinal canal (double-headed arrow). (B)

Anteroposterior posterior spinal facet (i.e., zygapophyseal) joint disloca- ~Concomitant with collapse of the intervertebral disc, the
tion. With the retrolisthesis of the suprajacent vertebral body (dashed spine may undergo segmental intervertebral degenerative
arrow), there will be an anteroposterior posterior spinal facet joint dislo- instability [82]. Depending upon the individual case, the

ca_tlon (asterisk) associated v_wth gjomt effusion (cqarse stippling). This suprajacent vertebral body may slip backward (i.e., retrolis-
will narrow the anteroposterior diameter of the spinal neural foramen

(solid arrow). In addition, the apex of the superior articular facet process thesis) forward (i.e., anterolisthesis), lateral (i.e., laterolis-
(dot) may protrude directly into the superior recess of the spinal neural thesis) or rotationally (i.e., rotolisthesis) with relation to the
foramen. (C) Erosion of the apex of the superior articular facet process subjacent one.

and pedicle. With further disk collapse there maybe an excavative erosion

of the apex of the superior articular facet process and suprajacent pedicle3 g 1 . Degenerative spinal retrolisthesis

(shading). (D) Medical imaging studies: (i) midline sagittal T1-weighted

MRI showing partial disk collapse at L5-S1 (dot) associated with very e Anterior and superior displacement of the superior artic-
minor degenerative retrolisthesis of L5 (arrow) on S1 (asterisk; compare  ylar facet process with narrowing of the anteroposterior
with (A)). (ii) Parasagittal CT reconstruction showing anteroposterior pos- and superoinferior dimensions of the spinal neural fora-

terior spinal facet joint space “gapping” (arrow) resulting from relative . . . .
anterior displacement of the superior facet process of S1 (dot) into the men In degenerative retrolisthesigig. 9A, D-i), the

spinal neural foramen causing anteroposterior narrowing of the foramen ~ SUperior articular facet process is displaced anteriorly.
(asterisk; compare with (B)). (iii) Parasagittal T1-weighted MRI showing With associated narrowing of the intervertebral disc, the
minor retrolisthesis of L5 (arrowhead) on S1, with anterior displacement Superior articular facet process is disp]aced Superi0r|y_
of the superior articular facet process (white asterisk) of S1 into the su- This results in anteroposterior and superoinferior narrow-
perior recess of the spinal neural foramen resulting in foraminal stenosis . . .
(arrow); there is relative consonant posterior displacement of the inferior |ng_ of the splnal neural_foramer_]' The apex of the Sype”or
articular process of L5 (black asterisk) compare with (B)). articular facet process in some instances may be displaced
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Fig. 10. Degenerative anterolisthesis related to intervertebral disk collapse and degeneration of related spinal structure. (A) Degesralatine st

With collapse of the intervertebral disk and degeneration of related spinal structure (e.g., intraspinal ligaments), degenerative astédzlEtrds
arrows) of the suprajacent vertebral body may occur. This results in stenosis of the central spinal canal (double-headed arrow) (dashed bifies: level
sections iniii and F). (B) Angular remodeling of the articular facet processes and Type | stress-related marrow alteration. In order for degenerative
anterolisthesis (dashed arrow) to occur, segmented anterior angular remodeling (i.e., bending) of the superior articular facet procesegppén arro
the subjacent vertebra and posterior angular remodeling of the inferior articular facet process (solid arrows) of the suprajacent vertebra. must occ
Degenerative narrowing of the posterior articular facet joint space also takes place, initially occurring as a result of articular cartilagengsteD
active-progressive phase of this process, marrow edema (coarse stippling: type | marrow alteration) may be present within the affected sggrizental po
articular facet processes, pars interarticularis (i) and connected pedicle(s). Radial anterior; posterior and lateral (not shown) pazadiskaisashaded

areas) may be present. Note the narrowing of the inferior recess (asterisk) of the spinal neural foramen that results from anterior angulgr s€modelin
the superior articular process. (C) Type |l stress-related posterior articular process/pars interarticularis pedicle marrow alterationsinéth anterior
translational (i.e., shear: dashed arrow) stresses on the spine, fatty marrow infiltration (gray shading: type I marrow alteration) mayedsalerhsive
changes of the respective posterior spinal fact joint articular processes. (D) Type Il stress-related posterior articular process/peutaiiggredicle

marrow alteration. Bony sclerosis (black shading: type Il marrow alteration) of the pars interarticularis (i) articular facet process(es}lafg) pethe

involved vertebrae may eventually result. (E) Sagittal with primary orientation (i.e., developmental), or secondary stress-related @egemedsling
reorientation (i.e., acquired), of the posterior spinal facet (i.e., zygapophyseal) joint in the axial plane, consequent degenerativieeargte(dlisormal
posterior spinal facet joint angulation in the axial (transverse) plane. (ii) Increased sagittal plane orientation of the posterior spiriat frogtlagion

in the axial plane. This sagittal plane orientation may be primary (i.e., developmental sagittal orientation) or acquired (i.e., degenem@ivegjemo

(iii) Axial plane relationship of anterolisthetic suprajacent vertebra and its superior articular facet process (solid arrows) compared wijhctre s
vertebral body (star) and its inferior articular facet processes (asterisks) in cases of sagittal facet joint angle orientation. Sagittalipnitaton of
acquired reorientation of the posterior spinal facet joints in the axial plane results in anterolisthesis. This in turn causes stenosis of #pénakentra
canal (double-headed arrow), and simultaneous narrowing of the inferior recesses of the spinal neural foramina and lateral recesses ofpinalcentral s
canal (curved arrows). 1, Coronal plane of vertebral body; 2, posterior spinal facet (i.e., zygapophyseal) joint angle on the right side in ldreepxial p

3, posterior spinal facet joint angle on the left side in the axial plane; 4, posterior spinal facet joint angulation on the left side with refehence to t
coronal plane of the spine; 5, posterior spinal facet joint angulation on the right side with reference to the coronal plane of the spine; 6,tsuperior ar
process of subjacent vertebra; 7, inferior articular process and contiguous pars interarticularis of suprajacent vertebra; 8, spinous|antioesst(,
vertebral body; 11, bilateral sagittal orientation of the posterior spinal facet joint angles; 12, relative enlargement of posterior spiogit fangtejs.
Compare with E-i; 13, bilateral coronal orientation of the posterior spinal facet joint angles; 14, relative narrowing of posterior spinahfaaeyl@s.
Compare with E-i and E-ii. (F) Axial plane relationship of suprajacent anterolisthesis vertebral body and its inferior articular facet prquesses (o
arrows) to subjacent superior articular processes in example of coronally oriented facet joint angulation in the axial plane. In the absenegyobia prim
acquired sagittal orientation of the posterior spinal facet joint angulations, the shear forces obtained at this level of the spine may stifirresidt i
angular remodeling of the superior articular processes (solid arrows) of the subjacent vertebra (not shown) and consequent stenosis ofr¢cedaferior

of the spinal neural foramina (sé8g. B) and the lateral recesses of the central spinal canal (curved arrows). (G) Segmental sagittal plane tropism (i.e.,
asymmetry of the posterior spinal facet (i.e., zygapophyseal) joints with consequent degenerative rotolisthesis (i.e., segmental rpt@colipsssn

or posterior spinal facet joint asymmetry not infrequently is present before the onset of degenerative disease. Note the more sagittal drtbetation o
facet joint in this example on the right side, with reference to the axial plane. (Curved, dotted arrow: rotational stresses obtaining in raghirfmat d
individual. Note the forces terminate at right angles to the posterior spinal facet joint angulation in the axial plane. Prior to segmental espénatialeg
alterations, this may be a biomechanically advantageous spatial orientation). (ii) Rotational segmental rotolisthesis (i.e., segmefitaigptosgo
accompany segmental spinal degenerative changes in cases of posterior spinal facet joint tropism. Note the segmental rotolisthesis thathmay occur
cases of pre-existing (i.e., developmental) posterior facet joint tropism. The suprajacent vertebral (dotted outline) rotates with refeecsubjacent
vertebra (solid outline). This has the effect of unilateral anterior displacement of the posterior vertebral elements (straight arrow) errad psiiasis

of the lateral recess of the central spinal canal and the inferior recess of the spinal neural foramen (curved arrow), on this side (dashedniatly: rotati
shifted median sagittal plane of suprajacent vertebra). 1, Coronal plane of vertebral body; 2, posterior spinal facet joint relative sagtttal angile

right side in the axial plane; (3) posterior spinal facet joint on the left side in the axial plane; (4) posterior spinal facet joint angulatioensither¢d

the coronal plane of the spine; (5) posterior spinal facet joint angulation on the right side with reference to the coronal plane of the spinen (6) media
sagittal plane of subjacent vertebra. (H) Medical imaging studies: (i) midline sagittal T1-weighted MRI showing a grade | anterolisthesis of L4 on L5
(arrow: compare with (A)). (i) Parasagittal T1-weighted MRI showing the anterolisthesis of L4 (arrow) on L5, the anterior angular bendingdgemodel

of the superior articular process of L4 (asterisk), and the stenosis of the inferior recess (black arrowhead) and relative patency of the eaperior rec
(white arrowhead) of the L4-L5 spinal neural foramen; same case as in (i) (compare with (B)). (iii) Midline sagittal T1-weighted MRI showing grade
| anterolisthesis of L5 (arrow) on S1. (iv) Axial T1-weighted MRI at L5-S1 showing the near sagittal orientation of the angulation of the posterior
spinal facet joints (arrows) in the axial plane on both sides; note the stenosis of the central spinal canal (dot) and the spinal neural foraatiya bilate
(asterisks) (same case as in H,iii; compare with (E)). (v) Midline sagittal T1-weighted MRI in a different patient showing the very minor aestsolisth

of L4 on L5 (arrow). (vi) Axial T1-weighted MRI showing a clockwise rotoscoliosis of L4 on L5, oblique orientation of the facet joint angulation in
the axial plane on the left side (arrowheads), and partial sagittal orientation of the posterior facet joint angulation on the right side ;(asterisks)

the associated anterior displacement of the lamina and inferior articular facet process (arrow) on the right as compared to the patient'sntkft side, a
the displacement of the spinous process (dot) toward the right side as a result of the rotoscoliosis (compare with (G)). (vii) Parasagittabd2-weight
fat-suppressed MRI showing Type | hyperintense edematous vertebral marrow alterations involving the pedicles, pars interarticulari, anihaeaticul
processes at the L4 and L5 levels (arrows; compare with (B)). (viii) Parasagittal T1-weighted MRI showing Type |l hyperintense fatty marran alterati
within the pedicle (arrows) and inferior articular facet process (arrowhead) of L5; note the complete obliteration (i.e., stenosis) of theamarabfo

L4-L5 (dot) (compare with (C)). (ix) Parasagittal T1-weighted MRI showing the Type Ill hypointense sclerotic alteration of the vertebral ménirow wit
the posterior bony structures at multiple spinal levels inferiorly (asterisks; compare with (D)).
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directly into the superior recess of the spinal neural fora-
men, a process which may result in direct impingement
[69]. Eventually, erosive alterations occur within the col- e
liding bony elementsHig. 90).

3.6.2. Degenerative spinal anterolisthesis

Anteroposterior narrowing of the central spinal canal
With anterolisthesis of the suprajacent vertebral body on
the subjacent one, anteroposterior narrowing of the central
spinal canal occurd{g. 10A H-i).

Anterior angular remodeling (bending) of the superior ar-
ticular facet processln order for segmental anterolisthe-
sis to occur, the posterior facet joint articular cartilage, the
spinal ligaments, and the relevant bone itself must give
way. Following arthrosis of the posterior facet joint with
a loss of articular cartilage, anterior angular remodeling
(i.e., bending) of the superior articular facet process oc-
curs Fig. 10B H-ii) [43,96,120]

Posterior angular remodeling (bending) of the inferior
articular facet processWith anterior angular remodeling
of the superior articular facet process, there may be a
similar posterior angular bending of the inferior articular
process (se€ig. 10B) [43,96,120]

Developmental sagittal plane orientation of the angle
of the posterior spinal facet joints in the axial plane
The angulation of the posterior spinal facet joints in the
axial plane may be oriented in the sagittal plane devel-
opmentally; this may predispose to eventual premature
degenerative anterolisthesis (d&ig. 10E and H-iii—iv).
Alternatively, the axial plane angulation of the posterior

149

spinal facet joints may remodel over time into the sagittal
plane on one or both sides. This stress-related remodeling
may ultimately lead to accelerated anterolisthesis.

Facet arthrosis and osteophytosis with narrowing of the
central spinal canal and lateral recesses of the central
spinal canal Accompanying the previously mentioned
facet changes, facet arthrosis and osteophytosis occurs.
This may result in central spinal canal and lateral recess
stenosis. Because of the anterolisthesis, elongation of the
spinal neural foramen initially takes place. With further
progression of these alterations, spinal neural foramen
stenosis may occy60,61,85,104]
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(iii)

Fig. 10. Continued.

o Erosion of the facet joint componentsrosion of the in- vertebra may take place allowing yet further anterolisthe-
volved facet joint components typically occurs resulting  sis (seeFig. 10Q.
in further anterolisthesis (ségég. 10Q.

e Erosion of the anterior surface of the pars interar- 3.6.3. Degenerative spinal laterolisthesis
ticularis: Erosion of the anterior surface of the pars Underlying predisposing factors, such as lateral scoliosis
interarticularis of the suprajacent vertebra resulting from or perispinal muscle asymmetry may cause a suprajacent
collision with the superior facet process of the subjacent vertebrae to slip laterally on a subjacent one, resulting in
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laterolisthesis This leads to an alteration in stresses and gether may cause ipsilateral stenosis of the lateral recess
acceleration of asymmetric discal and posterior spinal facetof the spinal canal and ipsilateral spinal neural foramen
joint degenerative changes (deig. 11) [48]. [14,15,17,29,32,52,74,119,131]

3.6.4. Degenerative spinal rotolisthesis 3.7. Degenerative segmental widening of the

In part, underlying predisposing anatomic factors, such as anteroposterior diameter of the central spinal canal
posterior spinal facet joint tropism (i.e., lateral asymmetry
in joint surface angulation in the axial plane), may lead to = Paradoxically, degenerative segmental widening of the an-
a rotational slip orotolisthesisof a suprajacent vertebra on teroposterior dimension of the central spinal canal may oc-
a subjacent one (sddg. 10G H-v-vi) [5,94]. This results cur in unusual case§ig. 12B C-i). The mechanism behind
in accelerated stresses and asymmetric discal and posteriothis widening is not certain but must centered around one or
spinal facet joint degenerative changes. These changes toboth of the following phenomena.

Fig. 11. Degenerative laterolisthesis, alterations related to segmental scoliosis and degeneration of related spinal structures (ead.ligatrespts and
muscles, intervertebral disk). (A) Degenerative laterolisthesis scoliosis and lateral intervertebral disk herniation (coronal plane)eWithtidegof the
intervertebral disk (single asterisk) and related spinal structures, degenerative laterolisthesis (dashed arrows) may occur (upper geignstotah)e

This will cause the intertransverse ligaments and intertransversarii muscles (straight solid arrows) to become stretched and taught. Atetfed lower |
shown, a segmental scoliosis with the convex curve on the reader’s left (curved arrow) is present. The intervening intervertebral disk beaymes later
wedge-shaped (double asterisks), the intertransverse musculoligamentous structures on the convex side of the curve become overstretches), (open ar
while the same tissues contralaterally on the concave side of the scoliotic curve become redundant (open dashed arrow). In some cases fecl direct lat
intervertebral disk extensions (arrowheads) occur that may engender perispinal sterile inflammation and involve the medial surface of thelpsoas mus
on that side. (B) Degenerative laterolisthesis (axial plane). In laterolisthesis the suprajacent vertebral body (dotted curved outlinehjfteil treae

side (solid arrow) together with the posterior bony elements (dashed arrows), as compared with the subjacent vertebral body (solid curv@tisutline).
will result in narrowing of the posterior spinal facet joint on the side toward the laterolisthesis (arrowhead) and consonant gapping andigoirdgfeffus

the contralateral joint (asterisk). With direct laterolisthesis, the median sagittal plan of the suprajacent vertebral body (dotted sjraitjhbdirehifted

laterally with reference to that of the subjacent vertebral body (solid straight line). This laterolisthesis may have a rotational componelty, iespec
posterior spinal facet joint tropism exists before segmental degeneratioifrigseE0 G-ii). (C) Level of section in (C)). (C) Vertical vertebral cant (i.e.,
lateral tilt) in the coronal plane. Especially in cases of scoliosis, or in instances of asymmetric lateral (i.e., lateral wedge-shaped) dis tiaerew

will be, in addition to the laterolisthesis outlined above, a vertical vertebral cant or tilt (curved arrow) in the coronal plane. This will resaltidiala
subluxation of the superior articular process (straight dashed arrow) of the posterior spinal facet joint of the subjacent vertebra in retatibaship
inferior articular process of the posterior facet joint of the suprajacent vertebra, on the concave side of the scoliotic curve. The postefamespinal
joint (arrowhead) at the same level on the contralateral convex side of the scoliotic curve may not undergo significant craniocaudal subluitation, but
may sublux laterally, leaving a wider articular gap than normal. Hypertrophic, stress-related spondylosis (shading), and joint space naowiveaylja

will usually accompany these distortional alterations (compare with more normal configuration at the segmental level above). 1, Inferiopracdésgdar

of suprajacent vertebra; 2, superior articular process of subjacent vertebra; 3, lamina; 4, base of spinous process. (D) Medical imagingastiatlies: (i
T1-weighted MRI showing laterolisthesis of L3 on L4 (arrows), and relative gapping of the posterior facet joint (arrowheads) on the patieritle right s
(compare with (B)). (ii) Coronal T1-weighted MRI showing laterolisthesis of L3 on L4 (dashed arrow), angulation with asymmetric (left greater that
right) frontal plane intervertebral disk collapse at L4-L5 (asterisk), and lateral disk herniation (dot) with paradiscal osteophyte forniidtiamo{sd

at L4-L5 (compare with (A)). (iii) Coronal T1-weighted MRI showing inferior subluxation of the superior articular facet process of L3 (arrow) on the
inferior articular facet process of L4 (asterisk); note the even height of the lower aspects of the articular processes at the level above Jamulvheads
on the opposite side (same case as D-I and ii; compare with (C)).
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Fig. 11. Continued.

Stretch longitudinal remodeling of the segmental pedicle tal instability takes place in flexion-extension and rotation
resulting in a true elongation of the pedicleong-term (Fig. 13B). This allows the spine to move through a range of
anteroposterior vectorial (i.e., shear) stresses on the ver-motion thatis greater than normé&li¢. 13B) [37,63,85,116]
tebral pedicles might conceivably result in a stretch lon-  Acute—subacute intrinsic spinal muscle degeneration.
gitudinal remodeling of the pedicles themselves. This Because of this segmental hypermobility, the muscles that
constitutes a true physical elongation of the pedicle, and originate and insert into the spine (e.g., multifidus and
an accompanying increase in the segmental anteroposteinterspinalis muscles) may undergo acute—subacute de-
rior dimension of the central spinal canal (s€ig. 12A, generation. Hypothetically this degeneration is caused by
C-ii). either one or both of two mechanisms related to neuromus-

Erosive longitudinal remodeling of the segmental pedi- cular autotrauma: (1) rupture or avulsion of the insertion
cle resulting in an effective elongation of the pedicle. intrinsic spinal muscles (e.g., rupture-avulsion of the mul-
Long-term stress and erosive changes of the junction oftifidus and interspinalis muscleski¢). 13D E-i—iv); or
the pedicle and pars interarticularis and the facet joint (2) traumatic denervation of the interspinal muscles (e.g.,
processes may result in erosive remodeling. This accountsrupture-avulsion of the medial branch of the dorsal ramus
for an effective elongation of the pedicle on one or both of the spinal nerve)Kig. 13Q [35,45,70,93,102,136,137]
sides (seeFig. 12A), and a consonant increase in the

segmental anteroposterior dimension of the central spinal3 g  stress-related marrow edema, fatty marrow infiltration,

canal. and bony sclerosis of the bony posterior spinal elements
3.8. Segmental hypermobile instability with paraspinous Increased stresses placed upon the posterior elements
muscle degeneration engendered by intervertebral disk collapse and related

instability results in alterations of marrow edema (type 1),
Segmental hypermobile segmental instabilgcause of  fatty marrow infiltration (type 2), or bony sclerosis (type
a loss of segmental support following degenerative changes3) of the superior and inferior articular facet processes, the
of the spinal ligaments and related spinal structures (e.g.,pars interarticularis, the pedicles, and the spinous processes
posterior spinal facet joints, anterior and posterior spinal of the involved vertebrae (sdéig. 10B-D and H-vii—ix)
ligaments, and intervertebral disk), hypermobile segmen-[22,33,89,92,129]
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(M
Fig. 12. Segmental degenerative elongation of the anteroposterior dimension of the central spinal canal. (A) True or effective pedicle Elaigaged.
anteroposterior stresses may induce a true stretch remodeling of the involved pedicle(s) (double-headed arrow). Alternatively or in casnpiration,
and inferior angular remodeling (open arrows) and degenerative erosive changes (asterisks) of the segmental facet processes and parssintesarticul
result in an effective elongation of the pedicle length. This will result in anterior displacement of the involved suprajacent vertebral batlnr(@dasghe
and relative minor posterior displacement of the inferior articular facet process(es), lamina(e), and spinous process of the same vertetmenté) Seg
enlargement of anteroposterior dimension of central spinal canal. With true or effective elongation of the pedicles at one level, there may be minor
segmental enlargement of the anteroposterior dimension of the central spinal canal (double-headed arrow). (C) Medical imaging studieg (i) midlin
T1-weighted MRI showing monosegmental elongation of the anteroposterior dimension of the central spinal canal (double-headed arrow; compare with
(B)), note the minor degenerative anterolisthesis of L4 (asterisk) on L5 (the pars interarticularis on both sides was intact [not shown)])aditjaParas
T1-weighted MRI in a different patient showing monosegmental elongation of the anteroposterior dimension of the L5 pedicle (lower double-headed
arrow) as compared to the suprajacent L4 vertebrae (upper double-headed arrow); note the intact pars interarticularis (black arrow).

3.10. Combined effects of adjacent (tandem) intervertebral Erosion of the posterosuperior surface of the pars inter-

disk narrowing at and suprajacent to the lumbosacral articularis of L5. Concomitantly with this, the apex of the

junction inferior articular process of L4 may erode the pars interar-
ticularis from above in cases of collapse of the L4-L5 inter-

Erosion of the anteroinferior surface of the pars interar- vertebral disk (se€ig. 6P).

ticularis of L5. As noted in the foregoing, collision of the Erosional insufficiency fracture of the L5 pars interar-

apex of the superior articular facet process of S1 erodes theticularis. With simultaneous eroding influences from above

L5 pars interarticularis from below-{g. 6. and below, continuing stress may eventually result in an in-
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sufficiency fracture of the L5 pars interarticularisd. 6G spinal canal, the lateral recess of the central spinal canal, and
J-xiii). When bilateral, these insufficiency fractures may al- the neural foramina. At and suprajacent to the lumbosacral
low relatively unrestricted L5-S1 anterolisthesis or fracture junction this may in turn cause compressive radiculopathy
related-acquired degenerative spondylolyses. With a distrac-either in one (monoradiculopathy) or more (polyradiculopa-
tion of the fracture fragments, enlargement of the anteropos-thy) of the spinal nerve roo{d8,23,126]

terior dimension of the central spinal canal may occur. Bony collision of the spinal bony elements resulting in
low back pain.At the same time as frank neural com-
3.11. Clinical implications of these alterations pression takes place, a bony collision of the various spinal

elements may cause somatically and autonomically me-
Stenosis of the central spinal canal, the lateral recesses, diated low back pain and referred (i.e., pseudoradicular)
and the spinal neural foramina resulting in neural compres- low back, pelvic and lower-extremity pain and paresthesias
sion and radiculopathyThe sum total of these alterations [18,23,54,88,97,103,125,126]
results in spinal stenosis in its various forms: the central Musculoligamentous injury resulting in low back pain.
Rupture avulsions of the musculoligamentous structures in
and surrounding the spine may, at some point, cause low

Fig. 13. Paraspinal intrinsic spinal muscle degeneration secondary to hy- back pain.
permobile spinal instabilityA, Multifidus and interspinalis muscle origins
and insertions an innervation(s) from posterolateral aspect on the left side.
The interspinalis muscle typically originates in the craniad aspect of a
subjacent spinous process (or sacral equivalent), and inserts into the cau-

dal aspect of the immediately craniad suprajacent spinous process. The Acquire thin-section, stacked axial ct images for high-
multifidus muscle originates from the mammillary process of a superior resolution sagittal reconstructionBy stacking thin-section
articular process and joint capsule of a subjacent lumbar vertebra (or the gxjal CT images, high-resolution sagittal reconstructions ac-
sacral equivalent), and inserts into one or more spinous processes of cra—quired from side-to-side yield relevant information concern-

nial vertebra. Note the multisegmental nature of the innervation of the . h f ired coll fthe i
medial-posterior spinal and perispinal tissues from the medial branch of Ing the consequences of acquired collapse of the interverte-

the medial branch of the dorsal ramus of the spinal nerve. 1, Interspinalis bral disks at and suprajacent to the lumbosacral junction.
muscle; 2, multifidus muscle; 3, spinous process; 4, mammillary process; ~ Acquire high-resolution far-lateral MR images through
5, combined spinal nerve; 6, medial branch of dorsal ramus of spinal the spinal neural foraminaBy acquiring high-resolution

nerve; 7, Iater.al br_anch o_fdorgal ramu_s of spinal nerve; 8, mammllloacces— far-lateral MR imaging acquisitions through the neural
sory ligament; 9, interspinal ligament; 10, vertebral body; 11, transverse

process; 12, accessory process. (B) Segmental hypermobile instability as-
sociated with degenerative osseous and ligamentous spinal changes. Th-
spine may be hypermobile in marked cases of segmental degenerative
spinal alteration causing the spinous processes to traverse through a rang
of motion (dashed arrows) that is greater than its capacity would other-
wise normally allow. The interspinous space (star) may thereby expand to
a larger than normal degree. (C) Autotraumatic denervation of paraspinal
muscles secondary to hypermobile instability. Because the medial branch
of the dorsal ramus of the spinal nerve is fixed, hypermobile instability
and associated intrinsic spinal ligament degeneration (double-headed ar-
rows), may result in rupture/avulsion of this nerve (open arrows: or nerves
if multisegmental spinal hypermobility exists) and lead to paraspinal mus-
cle deinnervative degeneration. (D) Autotraumatic rupture of the specific
paraspinal intrinsic spinal muscles. Alternatively, in cases of degenera-
tive segments or multisegmental spinal hypermobility, the abnormal range
of spinal motion (asterisks: ruptured interspinal ligaments) may lead to
a rupture or avulsion of specific paraspinal intrinsic spinal muscles that
originate and terminate in the spine (double-headed arrows: multifidus,
interspinalis muscles). (E) Medical imaging studies: (i) axial T1-weighted
MRI showing lateral asymmetry of the multifidus muscles (arrows; com-
pare with (C and D)). (ii) Axial T2-weighted, fat-suppressed MRI show-
ing edema within the multifidus muscles bilaterally and within the per-
imuscular fat (arrows). (iii) Coronal T1-weighted MRI showing lateral
asymmetry of the multifidus and interspinalis muscles with a serpentine
configuration of these muscles on the right side (arrowheads) indicating
muscular rupture and retraction; note the spinous processes (black dots’
and the intervening soft tissue intensity interspinalis ligament remnants
(white dots). (iv) Coronal T2-weighted, fat-suppressed MRI showing bi-
lateral muscular and perimuscular edema (solid arrows), hyperintensity
within the interspinous ligaments at L3-L4 and L4-L5 (asterisks: inter-
spinous neocyst formation), and a left sided perispinal fluid accumulation (C)
(arrowhead), emanating from a narrow connection with the interspinous
cyst at L4-L5 (i.e., interspinous neocyst rupture). Fig. 13. Continued

3.12. Medical imaging recommendations

—

A)
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Fig. 13. Continued.

foramina, the images yield relevant information concerning large tail and hypoplastic upper extremities (efyran-
the alterations in the posterior spinal facet joints, pedicles, nosaurus rexthe kangaroo), or it culminated in hypoplasia
intervertebral disks and their margins, and neural foramina of the tail and further development and specialization of the
themselves resulting from or accompanying collapse of the upper extremities (e.g., nonhuman primates and human be-
intervertebral disks at and suprajacent to the lumbosacralings). In the human species this relatively recently acquired
junction. These MR imaging changes complement the in- posture resulted in a more or less pronounced lumbosacral
formation gained from the far-lateral CT reconstructions.  kyphosis. In turn, certain compensatory anatomic features
Analyze the midline sagittal magnetic resonance images have since occurred. These include the normal character-
and computed tomography reconstructions through the in- istic posteriorly directed wedge-shape of the L5 vertebral
tervertebral disks, the adjacent vertebrae, the spinous pro- body and the L5-S1 intervertebral disk; the L4 vertebral
cesses and the interspinous spad&gcarefully evaluating body and the L4-L5 disk may be similarly visibly affected.
the midline sagittal MR images and the sagittal CT recon- These compensatory mechanisms, however, have proved
structions, the pathologic alterations of the intervertebral to be functionally inadequate over the long term of the hu-
disks, the spinal alignment, the retrothecal fat pads and theman life span. Upright posture also leads to increased weight
interspinous spaces will become evident. bearing in humans that progressively causes excess stresses
Acquire T2-weighted fast spin echo, fat-suppressed im- at and suprajacent to the lumbosacral junction. These com-
ages in the sagittal, axial, and coronal planeShese bined factors result in accelerated aging and degenerative
T2-weighted, fat-suppressed images allow the visualization changes and a predisposition to frank biomechanical failure
of the interspinous ligament degeneration, the neocystsof the subcomponents of the spinal column in these spinal
and synovial cysts forming off of the posterior spinal facet segments.
(zygapophyseal) joints, and the neocysts emanating from One other specific problem that occurs at the lumbosacral
the interspinous neoarthrosis. Also noted is the related junction that predisposes toward premature degeneration is
perispinous muscle degeneration that sometimes accompathe singular relationship that exists between a hormally mo-
nies interspinous ligament degeneration or rupture, and thebile segment of spine (i.e., the lumbar spine), and a normally
degenerative marrow alteratiofi5,91,124] immobile one (i.e., the sacrum). It is well known that mobile
spinal segments adjacent to congenitally or acquired fused
segments have a predilection toward accelerated degenera-
4., Summary tive changes. The only segment of the spine in which this is
invariably normally true is at the lumbosacral junction (i.e.,
In earlier evolutionary times, mammals were primarily the unfused lumbar spine adjoining the fused sacrum).
quadrupeds. However, other bipeds have also been repre- Nevertheless, biomechanical failures of the human spine
sented during the course of the Earth’s several billion-year are not lethal traits; in most cases today, mankind reaches
history. In many cases, either the bipedal stance yielded asexual maturity before spinal biomechanical failure pre-
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cludes sexual reproduction. For this gene-preserving reason,

degenerative spinal disorders will likely be a part of modern
societies for the foreseeable eternity of the race.
The detailed alterations accruing from the interrelated

consequences of and phenomena contributing to acquired
degenerative changes of the lumbosacral intervertebral seg-

ments as detailed in this discussion highlight the extraordi-

nary problems that are associated with degenerative disease

in this region of the spine. Further clinicoradiologic research
in this area will progressively determine the clinical appli-
cations and clinical efficacy of the various traditional and
newer methods of therapy in patients presenting with symp-
tomatic acquired collapse of the intervertebral disks at and
suprajacent to the lumbosacral junction and the interrelated
degenerative alterations of the nondiskal structures of the
spine[68,71]
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