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SUMMARY - The purpose of this study was to demonstrate the general utility of the first dedicated
magnetic resonance imaging (MRI) unit enabling upright, weight-bearing positional evaluation of the
spinal column (pMRI) during various dynamic-kinetic maneuvers (kMRI) in patients with degenerative
conditions of the spine.

This study consisted of a prospective analysis of cervical and lumbar imaging examinations. All stud-
ies were performed on a recently introduced whole body MRI system (Stand-Up™ MRI, Fonar Corp,
Melville, NY). The system operates at 0.6T using an electromagnet with a horizontal field, transverse to
the longitudinal axis of the patient’s body. Depending upon spinal level, all examinations were acquired
with either a cervical or lumbar solenoidal radiofrequency receiver coil. This unit is configured with a
top/front-open design. incorporating a patient-scanning table with tilt, translation and elevation functions.
The unique motorized patient handling system developed for the scanner allows for vertical (upright,
weight bearing) and horizontal (recumbent) positioning of all patients. The top/front-open construction
also allows dynamic-kinetic flexion and extension maneuvers of the spine. Patterns of bony and soft tis-
sue change occurring among recumbent (rMRI) and upright neutral positions (pMRI), and dynamic-ki-
netic acquisitions (kMRI) were sought.

Depending on the specific underlying pathologic degenerative condition, significant alterations ob-
served on pMRI and kMRI that were either more or less pronounced than on rMRI included: fluctuating
anterior and posterior disc herniations, hypermobile spinal instability, central spinal canal and spinal
neural foramen stenosis and general sagittal spinal contour changes. No patient suffered from feelings of
claustrophobia that resulted in termination of the examination.

In conclusion, the potential relative beneficial aspects of upright, weight-bearing (pMRI), dynamic-
kinetic (kMRI) spinal imaging on this system over that of recuambent MRI (rMRI) include: the revelation
of occult disease dependent on true axial loading, the unmasking of kinetic-dependent disease, and the a-
bility to scan the patient in the position of clinically relevant signs and symptoms. This imaging unit also
demonstrated low claustrophobic potential and yielded relatively high-resolution images with little mo-
tion/chemical-shift artifact.

Ricevuto il 30.07.2002
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Introduction

Magnetic resonance imaging (MRI) using com-
mercial systems has until the present been limited
to acquiring scans with patients in the recumbent
position. It is a logical observation that the human
condition is subject to the effects of gravity in po-
sitions other than that of recumbency . In addi-
tion, it is clear that patients experience signs and
symptoms in dynamic maneuvers of the spinal col-
umn other than the recumbent one. For this rea-
son, a new fully open MRI unit was configured to
allow upright, partially upright, as well as recum-
bent imaging. This would at the same time enable
partial or full weight bearing and simultaneous ki-
netic maneuvers of the patient’s whole body or
any body part. The objective was to facilitate
imaging of the body in any position of normal
stress, across the limits of range of motion, and im-
portantly in the specific position of the patient’s
clinical syndrome. Under optimized conditions it
was hoped that a specific imaging abnormality
might be linked with the specific position or ki-
netic maneuver that reproduced the clinical syn-
drome. In this way imaging findings could poten-
tially be tied meaningfully to patient signs and
symptoms. Furthermore, it was anticipated that ra-
diologically occult but possibly clinically relevant
weight bearing and/or kinetic dependent disease
not visible on the recumbent examination would
be unmasked by the positional-dynamic imaging
technique .

Material and Methods

This study consisted of a prospective analysis of
cervical and lumbar MRI examinations. All exami-
nations were performed on a recently introduced
full body MRI system (Stand-Up ™ MRI, Fonar
Corporation, Melville, NY) (figure 1). The system
operates at 0.6T using an electromagnet with a hor-
izontal field, transverse to the longitudinal axis of
the patient’s body.

Table 1 Patient Positioning related variations of MRI

« Recumbent MRI: rMRI:
Supine, recumbent imaging

» Positional MRIL: pMRI:
Imaging in varying angular positions
of longitudinal axis of body

» Kinetic MRI: kMRI:

Imaging during dynamic-kinetic somatic
maneuvers (flexion, extension, rotation,
lateral bending)
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Depending upon spinal level, all examinations
were acquired with either a cervical or lumbar so-
lenoidal radiofrequency receiver coil. This MRI u-
nit is configured with a top/front-open design, in-
corporating a patient-scanning table with tilt,
translation and elevation functions. The unique
MRI-compatible, motorized patient handling sys-
tem developed for the scanner allows vertical (up-
right, weight bearing) and horizontal (recumbent)
positioning of all patients. The top/front-open con-
struction also allows dynamic-kinetic flexion and
extension maneuvers of the spine.

Sagittal lumbar/cervical T1- (TR: 680, TE: 17,
NEX: 3. ETL: 3) weighted fast spin echo imaging
(TIFSEWI), sagittal lumbar/cervical T2- (4000,
140-160, 2, 13-15) weighted fast spin echo imaging
(T2FSEWI), axial lumbar TIWI (600, 20, 2) or
T1FSEWI (800, 17, 3, 3), axial cervical gradient re-
called echo T2*weighted (620-730, 22, 2)
(T2*GREWTI) were performed in all cervical/lum-
bar studies, respectively. In all cases, recumbent
neutral, upright neutral, upright flexion, and up-
right extension imaging was performed. The pa-
tients were seated for the upright cervical exami-
nations and for the neutral upright lumbar acquisi-
tions, and were placed in the standing position for
the lumbar kinetic studies.

Patterns of bony and soft tissue change occur-
ring among recumbent neutral (#MRI) and up-
right neutral positions (pMRI), and dynamic-ki-
netic acquisitions (KMRI: upright flexion-exten-
sion) were sought (table 1). Specifically, degenera-
tive spinal disease including focal intervertebral
disc herniations, spinal stenosis involving the cen-
tral spinal canal and spinal neural foramina, and
hypermobile spinal instability were compared to
other visibly normal segmental spinal levels a-
mong the rMRI, the pMRI and kMRI acquisitions
(tables 2-7).

Focal disc herniations were defined as localized
protrusions of intervertebral disc material that en-
compassed less that 25% of the total disc periph-
ery in the axial plane; central spinal stenosis was
defined as generalized narrowing of the central
spinal canal in the axial and/or sagittal plane rela-
tive to that of other spinal levels; spinal neural
foramen narrowing was defined as general nar-
rowing of the neural foramina as determined from
sagittal acquisitions relative to that of other seg-
mental spinal levels: and hypermobile spinal insta-
bility was defined as relative mobility between ad-
jacent spinal segments as compared to other spinal
levels that in turn demonstrated virtually no inter-
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segmental motion. Generally speaking, degenera-
tive disc disease was defined as both intrinsic dis-
cal MRI signal loss as well as morphological alter-
ation to include a reduction in superoinferior di-
mensional disc space height.

Alterations in sagittal spinal curvature were
also noted between the neutral rMRI and pMRI
acquisitions (table 8). Finally, notation was made
as to whether or not the patient was referred in
part because of an inability to undergo a prior
MRI due to subjective feelings of claustrophobia
attempted in a “closed” MRI unit.

Results
The neutral upright imaging studies (neutral-
pMRI) demonstrated the assumption by the pa-

tient of the true postural sagittal lumbar cervical
or lumbar lordotic spinal curvature existing in the

Table 2 Dynamic spinal alterations

patient at the time of the MRI examination, a fea-
ture that was partially or completely lost on the
neutral recumbent examination (rMRI) (figures
2.3). In other words, this relative postural sagittal
spinal curvature correction phenomenon was man-
ifested by a change from a straight or even re-
versed lordotic curvature on tMRI to a more lor-
dotic one on pMRI. Increasing severity of focal
posterior disc herniation on the neutral-pMRI
compared to the rMRI was noted (figure 3), and
was yet worse in degree on extension-kMRI (fig-
ure 2); these posterior disc herniations were less
severe on flexion-kMRI maneuvers as compared
to all other acquisitions (figure 4). Absolute de
novo appearance of disc herniation on neutral-
pMRI was identified on extension-kMRI acquisi-
tions in some cases as compared to rMRI (figure
2). A reduction of intervertebral disc height was
typically noted at levels of disc degeneration (fig-

Table 4 Types of intersegmental spinal motion

« Bony Structures:
- Intersegmental Relationships
- Range of Motion
- Spinal Contour

» Intervertebral Discs:
- Disc Height
- Disc Margin

» Ligaments:
- Ligamentotactic Effects
- Ligamentopathic Effects

« Perispinal Muscles

« Neural Tissue:
- Spinal Cord
- Spinal Nerve Roots
(ventral and dorsal)
- Cauda Equina

Table 3 “Telescoping™ of spinal column in degenerative disease

« Intersegmental settling:
- Disc collapse
- Posterior spinal facet (zygapophyseal)
joint subluxation

» Annulus fibrosus redundancy

« Ligamentous redundancy

» Meningeal redundancy

« Neural redundancy

« Eumobility: normal motion

« Hypermobility: increased motion in the
X.Y.Z planes

« Hypomobility: decreased motion

Table 5
(p/kMRI)

Positional fluctuation in spinal ligaments and discs

Ligamentotactic effects

- Intact spinal ligamentous structures

- Contained bulging peripheral disc material

- Inclusion of disc material within disc
space when ligaments are tensed

- Further protrusion of disc material into
perispinal space when ligaments are relaxed

Table 6 Dysfunctional intersegmental motion (DIM)

« DIM is a form of intersegmental hypermobility

» DIM engenders generalized accelerated
intersegmental degeneration

« Mechanism of accelerated spinal degeneration:
chronic, repetitive autotrauma
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Figure 1 Various patient/table configurations of the “Stand-Up ™
MRI unit: A) Patient in standing position (standing-neutral pMRI):
B) patient in recumbent position (rMRI): C) patient in Trendelenberg
position (negative angled pMRI): D) patient in cervical flexion-exten-
sion maneuvers (kMRI); E) patient in lumbar flexion-extension ma-
neuvers (kMRI): F) patient in seated-upright position (seated-neutral
pMRI).
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Figure 2 Sagittal cervical spinal curvature correction; unmasking of central spinal stenosis; occult herniated intervertebral disc (all im-
ages in same patient): A) recumbent midline sagittal T2-weighted fast spin echo MRI (rMRI) shows straightening and partial reversal
of the sagittal spinal curvature of the cervical spine (double headed arrow). Minor posterior disc bulges/protrusions are present at mul-
tiple levels, but the spinal cord (asterisk) is not compressed. B) Upright-neutral midline sagittal T2-weighted fast spin echo MRI
(pMRI) shows partial restoration of the true sagittal postural cervical curvature upon neutral-upright positioning (curved line). Note
the relative increase in the posterior disc protrusion at the C5-6 level (arrowhead) and encroachment on the spinal cord (asterisk) as
compared to the recumbent image (A). C) Recumbent axial T2*-weighted gradient recalled echo MRI (rMRI) through the C4-5 level
shows patent neural foramina bilaterally (single headed arrows), and mild stenosis of the central spinal canal (double headed arrow).
C) Upright-neutral axial T2*-weighted gradient recalled echo MRI (pMRI) through the C4-5 level shows bilateral narrowing of the
neural foramina (single headed arrows). Note also the narrowing of the central spinal canal (double-headed arrows) relative to the re-
cumbent study (D), and the compression of the underlying spinal cord [i.e., relative anteroposterior flattening of the spinal cord as
compared to the recumbent image (D)].
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Figure 2 E) Upright-extension midline sagittal T2-weighted fast spin echo MRI (extension kMRI) shows further posterior protrusion
of the intervertebral discs at multiple levels (arrows) and anterior infolding of the posterior spinal ligaments (arrowheads). resulting
in overall worsening of the stenosis of the central spinal canal. Note the impingement (i.e.. compression) of the underlving spinal cord
(asterisk) by these encroaching spinal soft tissue elements, F) Recumbent axial T2#-weighted gradient recalled echo MR (rMRI) at
the C5-C6 disc level shows posterior paradiscal osteophye formation (arrowhead) extending into the anterior aspect of the central
spinal canal. Note that the cervical spinal cord is atrophic. but there is a rim of CSF hyperintensity entirely surrounding the cord. G)
Upright-extension axial T2*-weighted gradient recalled echo MRI (extension kMRI) rév ealing (extension-related) focal posterior disc
herniation (arrow). Note the overall increased stenosis of the central spinal canal and the compression-indentation of the underlying

cervical spinal cord (asterisk).

ures 3.4). Increasing severity of central spinal
canal stenosis was identified on neutral-pMRI and
on extension-kMRI acquisitions, as compared to
rMRI, and was overall most severe on extension
and least severe on flexion-kMRI acquisitions (fig-
ures 2.,5). Similarly, increasing severity of spinal
neural foramen stenosis was identified on neutral-
pMRI (figures 3), as compared to rMRI, and was
overall most severe on extension and least severe
on flexion-kMRI acquisitions (figure 6). Increas-
ing central spinal canal narrowing with spinal cord
compression on extension-kMRI was identified in
some cervical examinations (figure 2) as compared
to recumbent rMRI, neutral-pMRI and flexion-
kMRI maneuvers. Translational sagittal plane in-
tersegmental hypermobility was identified at some
levels associated with degenerative disk disease
and minor anterolisthesis of a degenerative nature

338

(figures 5.7). Postoperative spinal stability was i-
dentified across levels of prior surgical fusion (fig-
ure 8). No examination was uninterpretable based
on patient motion during any portion of the MRI
acquisitions. No patient was unable to complete
the entire examination due to subjective feelings
of claustrophobia.

Discussion

Conventional recumbent MRI, or *MRI, is obvi-
ously inadequate theoretically for a complete and
thorough evaluation of the spinal column and its
contents. The biomechanics of human condition
includes both weight bearing body positioning, or
pMRI. as well as complex kinetic maneuvers, or
kMRI in three dimensions ™. The present MRI u-
nit was intended to address these considerations.
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Figure 3 Effects of gravity on the intervertebral disc, thecal sac, and spinal neural foramina; true sagittal postural lumbosacral curva-
ture: A) Recumbent midline sagittal T1-weighted fast spin echo MRI (rMRI) shows a focal disc herniation at L5-S1 (asterisk) and mild
narrowing of the superoinferior disc height at this level (single headed arrows). Note also the anteroposterior dimension of the thecal
sac (double headed arrow), and the size of the anterior epidural space (dot) at the L4 level. B) Upright-neutral (standing) midline
sagittal T1-weighted fast spin echo MRI (pMRI) shows minor further narrowing of the height of the L5-S1 intervertebral disc (single
headed arrows) and enlargement of the posterior protrusion of the disc herniation at this level (asterisk) (compare with A). Also note
the generalized expansion of the thecal sac (double headed arrow) because of gravity-related hydrostatic CSF pressure increases, and
the consonant decrease in the dimensions of the anterior epidural space (dot: theoretically caused by a reduction in volume of the an-
terior epidural venous plexus). Finally, note that the upright-standing spine now assumes the true sagittal postural curvature on this
image. as compared to the recumbent image (compare with A). C) Recumbent midline sagittal T2-weighted fast spin echo MRI
(rMRI) shows the posterior disc herniation at L5-S1 (asterisk). D) Upright-neutral midline sagittal T2-weighted fast spin echo MRI
(pMRI) shows further narrowing of the L5-S1 intervertebral disc (asterisk: compare with C) and a new component to the posterior
disc herniation (black arrow) resulting in overall enlargement of the size of the herniation (compare with C). Apparently, this observed
enlargement is caused by intradiscal fluid (i.e., water) and/or disc material exiting via an unvisualized posterior radial annular tear
(white arrow) into the epidural space. Because fluids and semifluids (water: nucleus pulposis) are noncompressible, the reduction in
size of the disc volume makes it necessary that the intradiscal fluids-semifluids evacuate via some route, a radial annular tear being the
most likely pathway. Some degree of radial peripheral disc bulging may also contribute to this phenomenon.
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Figure 3 E) Recumbent midline parasagittal T1-weighted fast spin echo MRI (rMRI) on the patient’s left side shows narrowing of the
L5/S1 spinal neural foramen (dashed arrow) as a result of posterior disc protrusion, intervertebral disc space narrowing and paradis-
cal osteophyte formation. F) Upright-neutral midline parasagittal Tl-weighted fast spin echo MRI (pMRI) on the patient’s left side
reveals minor generalized narrowing of all of the spinal neural foramina (solid arrows). including the L5/S1 level (dashed arrow) (com-
pare with recumbent examination, E). At some point in this stenotic process, the exiting neurovascular bundle (asterisk) will undergo

compression and may become symptomatic.

Both occult weight bearing disease (e.g., focal in-
tervertebral disc herniations, spinal stenosis, thecal
sac volumetric change), and kinetic dependent dis-
ease (e.g., disc herniations, spinal stenosis, hyper-
mobile instability) of a degenerative nature ™
were unmasked by the p/kMRI technique. In addi-
tion, a true assessment of the patient’s sagittal pos-
tural spinal lordotic curvature was possible on
neutral upright pMRI, thereby enabling better e-
valuation of whether the loss of curvature was due
to patient positioning (i.e., rMRI) or as a probable
result of somatic perispinal muscular guarding or
spasm (figures 2.3). Axial loading and dynamic
flexion-extension studies by other researchers
have borne these varied observations out >,

Simple upright or upright pMRI, showed a phe-
nomenon here termed “telescoping™ whereby the
levels of generalized intersegmental spinal degen-
eration showed a collapse of the spine into itself
(figure 4)*.

Consequent redundancy of the discal, ligamen-
tous and meningeal tissues of the spine resulted in
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increased degrees of central canal and lateral re-
cess spinal stenosis, while craniocaudal shortening
of the spine associated with telescoping caused in-
creased degrees of neural foramen stenosis (figure
3). On occasion, the degree of frank posterior disc
herniation was seen to enlarge with upright pMRI
(figure 3). This latter finding would seem to be an
important observation, obviously improving the
qualitative nature of the analysis in relevant cases
of disc herniation. Finally, upright-neutral imaging
frequently showed increasing degrees of sagittal
plane anterolisthesis, both in degenerative spondy-
lolisthesis and in some cases of spondylolytic
spondylolisthesis *.

Upright extension kMRI tended to show
greater degrees of central canal and neural fora-
men stenosis, while flexion kMRI revealed a less-
ening or complete resolution of the same central
canal and neural foramen narrowing (figures 5.6).
These phenomena were only observed at levels of
disc degeneration (i.e., both disc desiccation and
disc space narrowing) “?. In exceptional cases, de
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Figure 4 Telescoping of the spinal column; reducing posterior disc herniation; increasing anterior disc protrusions: dysfunctional in-
terscgmental motion. A) Recumbent midline sagittal T2-weighted fast spin echo MRI (rMRI) showing degenerative disc disease at all
levels, especially severe at L4-L5 and the L5-S1 levels (asterisks). A focal posterior disc herniation is noted at the L4-L5 level. Note
the narrowed (i.e.. stenotic) anteroposterior dimension of the thecal sac at the L4-L5 level (double headed arrow). B) Upright-neutral
midline sagittal T2-weighted fast spin echo MRI (pMRI) revealing further gravity-related narrowing of the intervertebral discs at mul-
tiple levels (white arrows), as compared to the upright-neutral examination (rMRI: A). This represents telescoping of the spinal col-
umn. Note also the minor increase in narrowing of the anteroposterior dimension of the thecal sac (double headed arrow), and the in-
creased redundancy of the nerve roots of the cauda equina (black arrows). C) Recumbent midline sagittal T2-weighted MRI showing
the relative parallel surfaces of the vertebral end plates at L4-L5 (white lines), and the flat surfaces of the anterior aspects of the in-
tervertebral discs at multiple levels (arrowheads). Note again the posterior disc herniation at the L4-5L level (arrow). D) Upright-flex-
ion midline T2-weighted fast spin echo MRI (kMRI) showing increases in size of the anterior disc protrusions at multiple levels (white
solid arrows) and a reduction of the posterior disc herniation at the L4-L5 level (black arrow). as compared to the r/pMRI studies.
Also note the opening up (i.e.. enlargement) of the posterior aspect and the closing (i.e.. narrowing) of the anterior aspect of the L4-
L5 disc space (dashed white arrows), with resulting anterior angulation of the vertebral end plates (white lines). The latter phenome-
non represents dysfunctional intersegmental motion. Finally. note the hypersplaying of the spinous processes [hyperexpansion of the
interspinous space(s)], indicating rupture of the interspinous ligament(s).
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Figure 5 Worsening-reducing central spinal canal stenosis on dynamic-kinetic MRI (kMRI); minor translational intersegmental hy-
permobile instability on dynamic-kinetic MRI (kMRI). A) Recumbent midline sagittal T2-weighted fast spin echo MRI (rMRI) shows
mild, generalized spondylosis and minor generalized narrowing of the central spinal canal. B) Upright-neutral midline sagittal T2-
weighted fast spin echo MRI (pMRI) shows very minor worsening of the central spinal canal stenosis inferiorly (#) relative to the re-
cumbent image (A). Note the assumption by the patient of the true postural sagittal lordotic curvature of the lumbosacral spine as
compared to the recumbent examination.

novo posterior disc herniations were revealed only
on upright-extension kMRI (figure 2). When pre-
sent in the cervical spine, such cases invariably
showed compression of the underlying spinal cord.
Overall, this was felt to be one of the most impor-
tant observations noted in this study. Interestingly,
some of the posterior disc herniations became less
severe when upright flexion kMRI was performed
(figure 4).

This would seem to be worthy of preoperative
note to those surgeons that operate on the spine in
positions of tlexion. Presumably this phenomenon
is caused by a ligamentotactic effect: the intact
fibers of the anterior and posterior longitudinal
ligaments and the intact peripheral annular fibers
have effects upon the underlying disc material, al-
ternately allowing more disc protrusion when lax,
and less protrusion when taught. It was noted that
all cases of fluctuating intervertebral disc hernia-
tion had MRI signal loss compatible with desicca-
tion as well as intervertebral disc space height re-
duction ",
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These disc findings were also invariably true in
cases of sagittal (“x") plane hypermobile spinal in-
stability . It was possible to judge even minor
degrees of translational hypermobile spinal insta-
bility (e.g., mobile antero- or retrolisthesis) grossly
as well as by using direct region of interest mea-
surements (figures 5,7). The kMRI technique obvi-
ously does not suffer from the effects of magnifi-
cation and patient positioning errors potentially
inherent in conventional radiographic dynamic
flexion-extension studies traditionally used in
these circumstances. These instances of interseg-
mental hypermobility seem in part to be a mani-
festation of spinal ligamentopathy . As the prin-
cipal roles of spinal ligaments are to stabilize the
segments of the spine and also to limit the range of
motion that the spinal segments can traverse, de-
generative stretching or frank rupture of these lig-
aments will predictably allow some degree of in-
tersegmental hypermobility ™.

Other alterations in the intervertebral discs and
posterior spinal facet joints will have either posi-



Figure 5 C) Upright-extension midline sagittal T2-weighted fast spin echo MRI (kMRI) reveals severe worsening of the central spinal
canal stenosis in the lower lumbar area (arrows: L4-L5, L5-S1). This results from a combination of factors. including redundancy of the
thecal sac and spinal ligaments and increasing posterior protrusions of the intervertebral discs at L4-5 and L5-S1. D) Upright-flexion
midline sagittal T2-weighted fast spin echo MRI (kMRI) demonstrates complete reduction of the posterior disc protrusions at the L4-
5 and L5-S1 levels, and resolution of the central spinal canal stenosis at these lumbar segments (compare with C). Also note that there
is minor anterolisthesis at the 1.2-3 and L.4-5 levels as compared to the neutral examinations (A.B). indicating associated mild transla-
tional intersegmental hypermobile instability at these levels.

tive (i.e., hypermobility) or negative (i.e., hypomo- Table 8 Types of upright postural spinal curvature
bility) effects upon intersegmental motion **'.

« Normal curvature

Also noted at levels of disc degeneration was a - Cervical: lordotic
sagittal plane hypermobile “rocking” of the verte- - Thoracic: kyphotic
brae in relationship to each other (figures 4,6) . - Lumbar: lordotic
Observation of the opposed adjacent vertebral
endplates in such cases showed them to move in « Exaggerated curvature
relationship to each other to a much greater de- - Hyperlordosis

- Hyperkyphosis
Table 7 Translational hypermobile instability of the spinal col- . . :
ik ; » Loss of sagittal spinal curvature
(straight spine)
Ligamentopathic alterations: - Hypolordosis
ligamentous stretching/rupture - Hypokyphosis

- Mobile translational antero- and retrolisthesis

(Ciliie) » Coronal plane scoliosis

(direction of convex curve)
- Mobile latero- and rotolisthesis (Z and Y-planes) - Leftward: levoscoliosis

- ; . - - - Rightward: dextroscoliosis
- Dynamic overextension of spinal range(s)of motion Right ‘_‘rd dextro - lic ““1' .
(X.Y, Z planes) - Serpentine: serpentine scoliosis

e
=
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Figure 6 Effects of dynamic-kinetic maneuvers (kMRI) on spinal neural foramina at levels of degenerated disc disease and theoreti-
cal ligamentous laxity (i.e., ligamentopathy); dysfunctional intersegmental motion. A) Recumbent parasagittal T2-weighted fast spin e-
cho MRI (rMRI) shows intervertebral disc degeneration at the L5-S1 level (asterisk). Note the mild narrowing of the neural foramen
(arrow) at this level (i.e., minor foraminal stenosis), and the near parallel surfaces of the vertebral end plates (lines). B) Upright-ex-
tension parasagittal T2-weighted fast spin echo MRI (kMRI) reveals further narrowing of the neural foramen at L.5-S1 (arrow) rela-
tive to the recumbent image (A). Note the opening of the anterior aspect of the disc space (double headed arrow), closing of the pos-
terior aspect of the disc space (dot), and resulting anterior angulation of the vertebral endplates (lines). The neural foramina at other
levels are minimally narrowed as compared to the recumbent image (A). C) Upright-flexion parasagittal T2-weighted fast spin echo
MRI (kMRI) demonstrates opening of the neural foramen at L5-S1 (arrow), the opening of the posterior aspect of the disc space
(double headed arrow), closing of the anterior aspect of the disc space (dot). Note the posterior angulation of the vertebral end plates
(lines). Figures B, C illustrate dysfunctional intersegmental motion in addition to the dynamic changes in the size of the neural fora-
men at levels of disc degeneration and theoretical ligamentous laxity (i.e., ligamentopathy). The neural foramina at other levels are
somewhat enlarged as compared to the recumbent and the extension images (A.B).

- ”

Figure 7 Translational hypermobile spinal instability associated with degenerative anterior spondylolisthesis related in part to theo-
retical ligamentous laxity (i.e., ligamentopathy). A) Recumbent midline sagittal T1-weighted fast spin echo MRI (rMRI) shows minor,
less than grade I, anterior spondylolisthesis at the L4-5 level (arrowhead). The pars interarticularis was intact on both sides at this
level. Note the relationship between the anterior surfaces of the L4 and L5 vertebral bodies (dashed lines). B) Upright-neutral mid-
line sagittal T1-weighted fast spin echo MRI (pMRI) reveals minor worsening of the anterior slip of L4 on L5 (dashed arrow), as com-
pared to the recumbent examination. C) Upright-flexion midline sagittal T1-weighted fast spin echo MRI (kMRI) demonstrates fur-
ther anterior subluxation of L4 on L5 in flexion (dashed arrow), as compared to figures A,B. This demonstrates the dynamic transla-
tional hypermobile instability sometimes associated with degenerative spondylolisthesis and in part related to ligamentopathy. Note
the relationship between the anterior surfaces of the L4 and L5 vertebral bodies (dashed lines), and the difference as compared to the
recumbent image (A).
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Figure 8 Postoperative intersegmental fusion stability (four years status-post clinically successful interbody bone graft fusion). A) Up-
right-neutral midline sagittal T1-weighted fast spin echo MRI (pMRI) shows the surgical fusion at C5-C6 (asterisk); autologous bony
dowels were used for the original fusion performed 4 years prior to the current examination. Note the normal bony intersegmental ver-
tebral alignment and normal upright postural sagittal lordotic curvature. B) Upright-neutral midline sagittal T2-weighted fast spin echo
MRI (pMRI) again shows the intersegmental fusion (asterisk). Note the good spatial dimensions of the CSF surrounding the spinal cord.
C) Upright-flexion (arrow) midline sagittal T2-weighted fast spin echo MRI (kMRI) shows no intersegmental slippage at, suprajacent
to, or subjacent to the surgically fused level (solid line). Note the maintenance of the anteroposterior dimension of the central spinal
canal. D) Upright-extension (arrow) midline sagittal T2-weighted fast spin echo MRI (kMRI) again reveals no intersegmental hyper-
mobile instability (i.e., no intersegmental mobility: solid line) or central spinal canal compromise at any level.

gree than is observed at levels with normal inter-
vertebral discs as judged by MRI (figures 4,6). This
is here termed as dysfunctional intersegmental mo-
tion (DIM).

The significance of DIM is the theoretical possi-
bility that such pathologic vertebral motion may
engender generalized accelerated intersegmental

degeneration due to the effects of micro-auto-
trauma over long periods of time. The self-protect-
ing spinal mechanisms inherent in the normal in-
tervertebral discs and intact spinal ligaments are
lacking in such cases, perhaps initiating a progres-
sive degenerative cascade of degenerative autotra-
matizing hypermobility.
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Figure 9 Postoperative intersegmental hypermobile instability at segment above fusion, 5 years following bilateral fusion (pedicle
screws and rods extending between L4-S1) and bilateral laminectomy at the L4-S1 levels. A) Recumbent midline sagittal T1-weighted
fast spin echo MRI (rMRI) shows bilateral laminectomy extending from L4-S1 (arrowheads). The patient also had bilateral pedicle
screws and rods extending from and to the same levels (not shown). No metallic artifact is present because the surgical materials were
composed of titanium. B) Sagittal-upright-sitting (i.e., partial flexion) midlineT2-weighted fast spin echo MRI (p/kMRI) demonstrates
marked anterior slip of the L3 vertebral body upon the L4 vertebra (dashed arrows). Also note the resultant marked stenosis of the cen-
tral spinal canal at the 13-4 level (solid arrow), and resultant encroachment of the bony structures of the spine upon the cauda equina
(courtesy of M. Rose, M.D.).

Table 9 Combined effects of spinal degeneration with telescop- Table 10 Clinicoradiologic relevance of p/kMRI
ing, diskopathy, ligamentopathy, hypermobile instability, & DIM

= Spinal Stenosis [central spinal canal, lateral » Patient care considerations

. . . - Improvement of imaging sensitivit
recesses (subarticular zone), neural foramina] R e ging tivity

over that of recumbent examinations

» Spinal Cord/Nerve Compression » Medicolegal aspects

- Revelation of diagnoses missed

on recumbent examinations

» Somatic Nerve Ending Irritation

« Worker’s compensation

. - Revelation of occult pathology not found
» Neuromuscular/Ligamentous Autotrauma

on recumbent examinations

» Related Patient Signs/Symptoms » Economic factors
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Figure 10 Postoperative fluid disc herniation eight months following partial right-sided discectomy. A) Recumbent midline sagittal T2-
weighted fast spin echo MRI (rMRI) shows a flat posterior surface (arrow) of the L5-S1 intervertebral disc. B) Upright-neutral mid-
line sagittal T2-weighted fast spin echo MRI (pMRI) reveals a focal posterior disc herniation extending from the L5-S1 intervertebral
disc space. Note the tenting of the posterior longitudinal ligament and the thecal sac (arrowheads) secondary to the mass effect of the
epidural disc herniation. C) Upright-neutral midline sagittal T1-weighted fast spin echo MRI (pMRI) shows a poorly defined mass (ar-
row) extending posteriorly from the L5-S1 disc space. D) Upright-neutral midline sagittal T1-weighted fast spin echo MRI (pMRI) fol-
lowing the IV administration of gadolinium demonstrates peripheral rim enhancement surrounding the centrally nonenhancing disc h-
erniation (arrow). Also again note the tenting of the posterior longitudinal ligament and dura mater (arrowheads) secondary to the
mass effect of the epidural disc herniation (courtesy of M. Rose, M.D.).
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Figure 11 Lateral bending maneuver (example: normal case). A) Standing-lateral bending coronal T1-weighted fast spin echo MRI
(kMRI) shows multilevel disc degeneration, but normal right lateral bending of the spinal column in this volunteer. There is no evi-
dence of lateral translational dysfunctional intersegmental motion. B) Standing-lateral bending coronal T2-weighted fast spin echo
MRI (kMRI) again shows the normal right lateral bending appearance of the spinal column.

Figure 12 Spinal cord mobility analysis. A) Recumbent midline sagittal T2-weighted spin echo MRI (rMRI) shows the normal posi-
tion of the conus medullaris (arrow). B) Upright-extension midline sagittal T2-weighted spin echo MRI (kMRI) demonstrates poste-
rior movement of the conus medullaris within the spinal subarachnoid space (dashed arrow). C) Upright-flexion midline sagittal T2-
weighted spin echo MRI (kMRI) reveals anterior displacement of the spinal cord (dashed arrow). This study shows normal distal
spinal cord mobility. This type of evaluation may enable the analysis of clinically suspected cases of congenital or postoperative spinal
cord tethering.
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Figure 13 Provocative p/kMRI: clinical case of “Lhermitte’s Syndrome”, or electrical sensations extending down both upper extremi-
ties upon flexion of the cervical spine. A) Recumbent midline sagittal T2-weighted spin echo MRI (rMRI) shows the normal
ance of the cervical spinal cord (black asterisk) and the two level posterior disc protrusions at the C5-C6 and C6-C7 levels (
terisks). B) Upright-neutral midline sagittal T2-weighted spin echo MRI
cord (dashed arrows), now resting against the posterior disc protrusions (
echo MRI (kMRI) reveals draping of the spinal cord (asterisk) over tk

appear-
white as-
(KMRI) demonstrates anterior displacement of the spinal
dots). C) Upright-flexion midline sagittal T2-weighted spin
he two posterior disc protrusions (arrows). The patient only man-
tudy shows the potential provocative nature of
in its ability to correlate a specific imaging acquisition with a specific clinical syndrome.

ifested symptoms consistent with Lhermitte’s Syndrome during this flexion study. This s
dynamic-kinetic MRI (kMRI)

Figure 14 Fat suppression (STIR: short tau inversion recovery) technique. A) Recumbent midline sagittal T1-weighted fast spin echo
MRI (rMRI) shows normal vertebral marrow, epidural and perivertebral fat (asterisks). B) Recumbent midline sagittal T2-weighted
fast spin echo MRI (rMRI) with fat suppression (STIR) shows excellent fat suppression equally across the entire image (large aster-
isks). Note the good visualization of the conus medularis (small asterisk) and the nerve roots of the cauda equina (arrows),

349



Upright, Weight-Bearing, Dynamic-Kinetic MRI of the Spine J.R. Jinkins

Figure 15 Ultra-fast imaging techniques for application with spinal stress maneuvers: kMRI. A) Upright-flexion (arrow) midline sagit-
tal T2-weighted driven-equilibrium MRI (kMRI) demonstrates normal spinal column mobility. B) Upright-extension (arrow) midline
sagittal T2-weighted driven-equilibrium MRI (kMRI) again shows normal spinal column mobility. Note that there is some increase in
the posterior disc protrusions at multiple levels, increased infolding of the posterior spinal ligamentous structures, and consonant mi-
nor, noncompressive narrowing of the anteroposterior dimension of the spinal canal. These single-slice, driven-equilibrium images
were each acquired in thirty-four seconds (time: 17 sec x 2 NEX = 34 sec). This technique will likely prove to be important in cases of
critical stenosis of the central spinal canal under conditions of hypermobile instability, where the spinal cord may be in danger of com-
pression during stress maneuvers. The driven equilibrium sequences should allow very brief imaging acquisitions and enable dynamic-
kinetic patient positions to be safely assumed for very short periods of time required by this technique.

Figure 16 Telescoping of the spinal column associated with degenerative disc disease. A) Diagram of recumbent spine showing de-
generative disc disease at the L4-L5 level, and degeneration of the interspinous ligament at this same level (serrated lines). Note the
bulging of the degenerated intervertebral disc at L4-L5 resulting in mild narrowing of the central spinal canal (double headed arrow).
B) Diagram of the upright-neutral lumbosacral spine demonstrating gravity related (large solid arrow) narrowing of the L4-L5 inter-
vertebral disc space (dashed arrow) and interspinous space (small solid arrow) as compared to the recumbent image A, together with
redundancy of the soft tissues bordering upon the central spinal canal. This telescoping of the spinal column may result in varying de-
grees of worsening stenosis of the central spinal canal (double headed arrow).
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Figure 17 Ligamentotactic and ligamentopathic effects. A) Diagram of the recumbent spine showing degeneration of the L4-L5 inter-
vertebral disc and interspinous ligament (serrated lines). Note the mild peripheral bulging of the intervertebral disc at L4-15, and the
minor narrowing of the central spinal canal (double headed arrow). Also note the near parallel position of the intervertebral end plates
on either side of the L4-5 disc. B) Diagram of the upright-flexed (solid curved arrow) lumbosacral spine shows an increase in the an-
terior disc protrusion (open curved arrow) related to laxity of the anterior longitudinal ligament and anterior fibers of the annulus fi-
brosus. lessening of the posterior disc protrusion/bulge caused by tension of the posterior longitudinal ligament and remaining intact
posterior fibers of the annulus fibrosus, splaying of the spinous processes (solid straight arrows), hyperexpansion of the interspinous
space (stippling). opening up of the posterior aspect of the disc space (asterisk, dashed curved arrows). and narrowing of the anterior
aspect of the disc space (straight dashed arrows). Note that the central spinal canal becomes wider (double headed arrow) as compared
to the neutral position or extension maneuver (A,C). Also note that the opposed vertebral endplates on either side of the degenerated
L4-5 intervertebral disc assume an anteriorly directed wedge configuration (dysfunctional intersegmental motion: C). C) Diagram of
the upright-extended lumbosacral spine shows an increase in the posterior disc protrusion (open straight arrow) related to laxity of the
posterior longitudinal ligament and anterior fibers of the annulus fibrosus, lessening of the anterior disc protrusion caused by tension
of the anterior longitudinal ligament and remaining intact anterior fibers of the annulus fibrosus, collision of the spinous processes
(solid straight arrows), opening up of the anterior disc space (asterisk. dashed straight arrows), and narrowing of the posterior aspect

of the disc space (dashed curved arrows). Note that the central spinal canal becomes narrower (double headed arrow) as compared to
the neutral position or flexion maneuver (A,B). Also note that the opposed vertebral endplates on either side of the degenerated L4-
5 intervertebral disc assume a posteriorly directed wedge configuration. This latter observation indicates dysfunctional intersegmental
motion at this level of disc degeneration, a result in part of intersegmental ligamentopathy (i.c., ligamentous laxity/rupture).

The postoperative spine may perhaps be best
analyzed by p/kMRI in those patients who have
undergone surgical intersegmental fusion proce-
dures®. In the absence of ferromagnetic fusion im-
plants, the MRI unit was capable of identical eval-
uation as compared to the preoperative spine.
Cases of stabile intersegmental fusion, for exam-
ple, showed no evidence of intersegmental motion,
thereby confirming postoperative intersegmental
stability (figure 8). Overall mobility of the spine
may also be negatively impacted by discectomy
alone, unaccompanied by surgical bony fusion™.

Spinal cord motion is another dynamic factor
that may be amenable to analysis in cases where
there is clinically suspected congenital or postop-
erative spinal cord tethering. In test cases, for ex-
ample, the conus medullaris was seen to freely
move anteriorly and posteriorly on flexion and ex-
tension KMRI, respectively (figure 10).

Provocative p/kMRI is an experimental tech-
nique that may be of major practical relevance in
the future. By comparing images where the patient
is pain or symptom free, with a specific position in
which the patient experiences pain or symptom(s),
the imaging specialist may be able to clearly link
the medical images with the clinical syndrome. In
this manner, provocative p/kMRI may become a
truly specific diagnostic imaging method in cases
of spinal disease (figure 11).

The images of the cervical and lumbar spine suf-
fered very little from motion artifacts from either
CSF or body origin; no study was degraded to the
point of being uninterpretable. Patient motion was
not a problem, this being overcome by simply
placing the scan table at 5 degrees posterior tilt
enabling the patient to passively rest against the
table during the MRI acquisitions. In addition, it
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Figure 18 Effects of weight bearing-neutral posture (upright-neutral gravity and muscular balance effects), and dynamic-kinetic ma-
neuvers on the neural foramina; dysfunctional intersegmental motion (DIM) at levels of disc degeneration. A) Diagram of the re-
cumbent spine showing degeneration of the L4-L5 intervertebral disc (serrated lines). Note the minor narrowing of the neural fora-
men at this level (open arrowhead). The inferior recess of the neural foramen remains open (solid arrowhead). Also note the near par-
allel position of the intervertebral end plates on either side of the L4-L5 disc. B) Diagram of the upright-neutral spine (large solid s-
traight arrow: standing postural axial loading) showing degeneration of the L4-L5 intervertebral disc (serrated lines). Note the minor
increase in narrowing of the neural foramen at this level (open arrowhead: compare with A). The inferior recess of the neural fora-
men is further narrowed (solid arrowhead) by the increasing protrusion of the posterolateral aspect of the intervertebral disc (dashed
arrow: compare with A). Also note the minor reduction in superoinferior height of the bony margins of the neural foramen, in part as
a result of the disc space narrowing (dashed arrow) associated with subluxation of the spinal facet joint articular processes (small s-

traight solid arrows).

was found to be unnecessary to stand the patient
for upright p/kMRI of the cervical and thoracic
spines; at present, only one sagittal sequence is felt
to be necessary for evaluation of the lumbar spine,
in order to analyze the lumbosacral spine for true
postural curvature and for considering issues of
spinal balance™ ™.

The remainder of the lumbosacral spine p/k
MRI examination may be performed in the sitting
position.

The chemical shift artifact was minor on all im-
ages, this being directly related to field strength;
this effect would be expected to be less than one-
half that experienced at 1.5 T. In addition, the de-
gree of motion artifact from such sources as the
heart or CSF motion was typically minor, even
without ‘flow compensation’overlay techniques
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that were not used; this source of artifacts is also
related to field strength, commonly being worse
on high-field MRI units.

Other currently relevant overlay techniques are
possible on this p/kMRI unit. Included among
these are fat suppression imaging (STIR: short tau
inversion recovery) coupled with fast spin echo ac-
quisitions (figure 12). This is felt to be very useful
in the evaluation of spinal inflammation and
spinal neoplasia.

Finally, in the patient with a possible critical
stenosis of the spine in association with hypermo-
bile instability or positional worsening of the nar-
rowing of the central spinal canal, long time period
acquisition sequences are of concern in the patient
who may have greater degrees of spinal cord or
cauda equina compression in upright flexion-ex-
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Figure 18 C) Diagram of the upright-extended (curved solid arrow) lumbosacral spine shows, an increase in the posterior disc pro-
trusion/bulge. and narrowing of the posterior aspect of the disc space (straight dashed arrows). Note the increasing posterior disc pro-
trusion associated with obliteration of the inferior recess (solid arrowhead) and superior recess (open arrowhead) of the neural fora-
men (solid arrowhead), the opening up of the anterior disc space (asterisk. dashed curved arrows), the narrowing of the posterior as-
pect of the disc space (straight dashed arrows), the partial shearing contracting subluxation of the posterior spinal facet (zygapophy-
seal) joint processes (solid straight arrows), and the diminution in size of the anteriorly bulging disc (open curved arrow). Also note
that the opposed vertebral endplates on either side of the degenerated L4-5 intervertebral disc assume a posteriorly directed wedge
configuration (dysfunctional intersegmental motion: C). D) Diagram of the upright-flexed (solid curved arrow) lumbosacral spine
demonstrating anterior disc protrusion (open curved arrow) related to laxity of the anterior longitudinal ligament, lessening of the
posterior disc protrusion/bulge as a result of tension of the remaining intact posterior annular fibers, opening up of the posterior as-
pect of the disc space (asterisk, straight dashed arrows), narrowing of the anterior aspect of the disc space (curved dashed arrows), the
partial shearing distracting subluxation of the posterior spinal facet (zygapophyseal) joint processes (solid straight arrows), and the
opening up of the superior recess (solid arrowhead) and inferior recess (open arrowhead) of the spinal neural foramen. Also note that
the opposed vertebral endplates on either side of the degenerated L4-5 intervertebral disc assume an anteriorly directed wedge con-
figuration. This latter observation indicates dysfunctional intersegmental motion at this level of disc degeneration, a result in part of
intersegmental ligamentopathy (i.c., ligamentous laxity/rupture).

tension p/kMRI. For this purpose, very fast acqui-
sition sequences have been implemented in order
to screen for such critical abnormalities before go-
ing forward with longer time period imaging stud-
ies (e.g.. ~4-5 minutes). Driven-equilibrium fast
spin echo acquisitions offer excellent quality imag-
ing in a fraction of the time (e.g., 1 NEX = 17 sec-
onds) required of traditional sequences, and allow
safe imaging of almost any patient with p/kMRI
(figure 13). These fast high-resolution techniques
may in the future be a major if not only method of
imaging the spine using p/kMRI.

Conclusions

To conclude, the potential relative beneficial as-
pects of upright, weight-bearing (pMRI), dynamic-

kinetic (kMRI) spinal imaging on this system over
that of recumbent MRI (rMRI) include: clarifica-
tion of true sagittal upright neutral spinal curva-
ture unaffected by patient positioning, revelation
of occult degenerative spinal disease dependent
on true axial loading (i.e., weight-bearing) (figure
14), unmasking of kinetic-dependent degenerative
spinal disease (i.e., flexion-extension) (figures 15-
17), and the potential ability to scan the patient in
the position of clinically relevant pain (figure 11)
(table 9). Scanning the patient in the operative po-
sition, enabling the surgeon to have a true preop-
erative picture of the intraoperative pathologic
morphology, is a topic currently under investiga-
tion ™. This MRI unit also demonstrated low claus-
trophobic potential and yielded high-resolution
images with little motion/chemical artifact.
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Based on initial experience with this unit, it is
felt that mid-field MRI may prove to be the opti-
mal field strength for routine, anatomic MR imag-
ing of the spinal column in degenerative as well as
other spinal disease categories ™.

In addition, the evidence thus far indicates that
p/kMRI may prove to be efficacious to incorpo-
rate as a part of the diagnosis-treatment paradigm
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Figure 19 Translational hypermobile instability associated with
dynamic flexion-extension imaging (kMRI). A) Diagram of the
recumbent spine showing degeneration of the L4-L5 interverte-
bral disc and interspinous ligament (serrated lines), and degen-
erative anterior spondylolisthesis of L4 (asterisk) on LS. Note
the minor narrowing of the central spinal canal (double headed
arrow). B) Diagram of the upright-extended (solid curved ar-
row) lumbosacral spine shows a partial reduction of the spondy-
lolisthesis (dashed and solid straight arrows). Note that the cen-
tral spinal canal becomes wider (double headed arrow) as com-
pared to the neutral or flexion diagrams (A.,C). C) Diagram of
the upright-flexed lumbosacral spine (solid curved arrow) re-
veals a minor increase in the anterior translational spondylolis-
thesis (dashed and solid straight arrows). Note that the central
spinal canal becomes narrower (double headed arrow) as com-
pared to the neutral or extension diagrams (A,B).

in patients with spinal, radicular and referred pain
syndromes originating from spinal pathology
(table 10).

This article is the proprietary property of Fonar Corporation,
Melville, New York. Some or all of the contents may be used a-
gain in other review publications on this subject. Fonar Corpo-
ration reserves the rights of republication after proper reference
of the present Rivista di Neuroradiologia article.
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