- - ®)
Journal of Neuroinflammation Bioled Centa

Research
Intradermal administration of magnesium sulphate and magnesium
chloride produces hypesthesia to mechanical but hyperalgesia to
heat stimuli in humans

Takahiro Ushida*!23, Osamu Iwatsu2, Kazuhiro Shimo!,

Tomoko Tetsunaga?, Masahiko Ikeuchi?, Tatsunori Ikemoto?3, Young-
Chang P Arai!, Katsutoshi Suetomi! and Makoto Nishihara!

Address: 'Multidisciplinary Pain Center, Aichi Medical University, 21 Karimata, Yazako, Nagakute, Aichi 480-1195, Japan, 2Department of
Orthopaedic Surgery, Kochi Medical School, Kohasu, Okoh-cho, Nankoku, Kochi 783-8505, Japan and *Nankoku Pain Research Group, Kochi
Medical School, Kohasu, Okoh-cho, Nankoku, Kochi 783-8505, Japan

Email: Takahiro Ushida* - ushidat-koc@umin.ac.jp; Osamu Iwatsu - hcb03073 @nifty.com; Kazuhiro Shimo - xia@oct.zag.ne.jp;

‘Tomoko Tetsunaga - tt1201@softbank.ne.jp; Masahiko Ikeuchi - ikeuchim@kochi-u.ac.jp; Tatsunori lkemoto - tatsunon31@hotmail.com;
Young-Chang P Arai - arainon@aichi-med-u.ac.jp; Katsutoshi Suetomi - suetomi-dm@umin.ac.jp; Makoto Nishihara - nisihara@aichi-med-
w.ac.jp

* Corresponding author

Published: 28 August 2009 Received: 29 April 2009
Journal of Neuroinflammation 2009, 6:25  doi:10.1186/1742-2094-6-25 Accepted: 28 August 2009
This article is available from: http://www.jneuroinflammation.com/content/6/1/25

© 2009 Ushida et al; licensee BioMed Central Ltd.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http:/creativecommons.org/licenses/by/2.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract

Background: Although magnesium ions (Mg?*) are known to display many simifar features to
other 2+ charged cations, they seem to have quite an important and unique role in biological
settings, such as NMDA blocking effect. However, the role of Mg?* in the neural transmission
system has not been studied as sufficiently as calcium ions (CaZ*). To clarify the sensory effects of
Mg?* in peripheral nervous systems, sensory changes after intradermal injection of Mg?* were
studied in humans.

Methods: Magnesium sulphate, magnesium chioride and saline were injected into the skin of the
anterior region of forearms in healthy volunteers and injection-induced irritating pain (“irritating
pain", for short), tactile sensation, tactile pressure thresholds, pinch-pain changes and intolerable
heat pain thresholds of the lesion were monitored.

Results: Flare formation was observed immediately after magnesium sulphate or magnesium
chloride injection. We found that intradermal injections of magnesium sulphate and magnesium
chloride transiently caused irritating pain, hypesthesia to noxious and innocuous mechanical
stimulations, whereas secondary hyperalgesia due to mechanical stimuli was not observed. In
contrast to mechanical stimuli, intolerable heat pain-evoking temperature was significantly
decreased at the injection site. in addition to these results, spontaneous pain was immediately
attenuated by local cooling.

Conclusion: Membrane-stabilizing effect and peripheral NMDA-blocking effect possibly produced
magnesium-induced mechanical hypesthesia, and extracellular cation-induced sensitization of
TRPVI channels was thought to be the primary mechanism of magnesium-induced heat
hyperalgesia.
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Background

Although magnesium ions (Mg2+) are widely distributed
throughout the whole organ, the role of Mg?+in the neural
transmission system has not been studied as sufficiently
as calcium ions {Ca?+). Much research has mentioned that
Mg?+ shows a similar physiological attitude to Ca2*and it
has been reported that both ions have a membrane-stabi-
lizing effect on nerves [1,2]. In addition, Mg2?+is known to
act as a competitor to Ca?+, in extracellular matrix [3].
However, the specific role of Mg?+ in neurophysiological
transmission, especially concerning peripheral somato-
sensory systems, has been insufficiently focused on and
not understood enough.

Among the various studies, the noncompetitive antago-
nistic action of Mg?* on N-methyl-D-aspartate (NMDA)
receptor, a glutamate receptor, was the focus of various
reports [4]. Although the role of spinally-located NMDA
receptors has been the focus of pain-related research
before, NMDA receptors are also known to exist in periph-
eral nervous system [5]. Carlton et al. reported an
increased population of peripheral glutamate receptors in
injured peripheral nerve tissue [6]. In a previous study,
Iwatsu et al. reported that intradermal administration of
NMDA receptor antagonists, ketamin hydrochloride and
magnesium sulphate, produces hypesthesia to mechani-
cal stimuli in humans [7]. Therefore, Mg2* may alter neu-
ronal activities both centrally and peripherally.

Concerning therapeutic effects, magnesium sulphate is
known to improve types of pain in humans and animals
[8]. On the other hand, Mikkelsen et al. reported that
intravenous injection of Mg?* (magnesium sulphate) pro-
duces heat hyperalgesia in humans [9].

Since much previous research has reported contradictory
results, it is necessary to organize human investigation to
clarify real changes of sensory experiences after adminis-
trations of Mg2+. In our healthy volunteer study, subjects
were asked to estimate the degree of pain and the effect of
the drug was examined. In addition to noxious mechani-
cal stimulation and noxious radiant heat stimulation, we
performed an experiment evaluating innocuous mechan-
ical stimulation, such as tactile sensation, in order to
investigate the effect of intradermally applied magnesium
sulphate {MS) and magnesium chloride (MC).

Methods

Fifteen healthy volunteers (age ranged from 26 to 34
years, mean: 29 years) were enrolled in sensory testing
study after intradermal injection of magnesium ions and
another 15 healthy volunteers (age ranged from 22 to 43
years, mean: 28 years) were enrolled in the experiment for
examining the effect of local cooling in Mg?+ ion induced
irritating pain study. All protocols were conducted in
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accordance with the recommendations outlined in the
Declarations of Helsinki and were approved by the local
Medical Ethical Committee. All subjects agreed to the
study protocols and signed an informed consent form
prior to the examination.

Sensory testing study after intradermal injection of
magnesium ion

Using the double-blind method, each subject (n = 15)
received one intradermal injection of 0.5 M MS (0.1 ml,
524 mOSM) into one anterior ulnar site on the forearm
and one injection of physiological saline (0.1 ml, 0.9%
NaCl, 290 mOSM) at the same site into the other forearm
as a control. At least one week after injection of 0.5 M MS,
the same subjects received one injection of 0.05 M MS
(0.1 ml, 337 mOSM) and saline in the same way. With
0.05 M MC and physiological saline solutions, they were
injected with MC (0.1 ml, 385 mOSM) and physiological
saline (0.1 ml) under the same procedure at least one
week later. Therefore, each subject received one injection
of 0.5 M & 0.05 M MS, and 0.05 M MC, and three injec-
tions of saline. Following injection, the resulting effects
were evaluated after 1, 10, 20, 30, 45 and 60 min. for the
MS site, MC site and NaCl site. The following tests were
undertaken in a quiet room and room temperature was
maintained at 25°C. Skin surface around the injection
(test) area was kept at 34°C by servo-controlled thermal
controller (Dantec Dynamics, Skovlunde, Denmark).

Injection-induced irritating pain evaluation

The intensity of irritating pain was evaluated by 100 mm
visual analogue scale ('VAS') before and after injection of
test solutions.

Tactile sensation evaluation

Using a horse hair brush, tactile sensations at the wheal
region formed by intradermal injection and the region of
unaffected skin were compared. Rating the sense of nor-
mal skin on the same arm as 10, the tactile sensation at the
wheal region was evaluated using a numeric rating scale
('NRS).

Tactile pressure threshold test

Using the von Frey filaments, the tactile pressure thresh-
old in intradermally injected area was measured. Prior to
this experiment, pressure force of each von Frey filament
was calibrated.

Pinch-pain evaluation test

Using an arterial clamp, the pain intensity evoked by
pinch at the wheal region formed by intradermal injection
and unaffected normal proximal skin were compared.
Rating the sense of pain of normal skin on the same arm
as 10, the pain intensity at the wheal region was evaluated
using NRS. In addition, same pinch (noxious mechanical)
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stimulations were applied to the skin, located 1 cm apart
from wheal region to check existence of secondary hyper-
algesia.

Measurement of intractable heat pain evoking
temperature

Thermal stimulation was applied by Peltier probe control-
ler (Intercross-200, Intercross Co., Tokyo, Japan). Tip of
the probe (2.5 x 2.5 cm) was applied to injection site and
temperature of the probe was serially increased from 30 to
50°C (+0.5°C/sec.). Experimental subjects were
instructed to push a button when they experienced intol-
erant heat pain sensation (The threshold temperature that
induces intolerable heat pain). After pushing the button,
the temperature of the probe was programmed to auto-
matically return quickly to 30°C.

Changes in injection-induced irritating pain after cooling
After intradermal administration of MS (0.5 M), graded
cooling stimuli (from 25 to 9°C: -0.5 - -2.1°C/sec) were
applied to the injection site by Peltier probe controller
(UDH-300, Unique Medical Co., Tokyo, Japan) (Fig. 1)
and the intensity of irritating pain at each test temperature
was recorded by NRS.

Statistical Analysis

All data are expressed as mean + S.E.M Significant changes
over time were determined with the Friedman's analysis
of variance by ranks followed by post hoc pairwise com-
parisons.

Results

Local observation and injection-induced irritating pain
evaluation

All test solutions containing Mg?*+ produced flare forma-
tion around the injection site and irritating pain. The
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Schematic diagram of the graded cooling stimuli. To
check changes in spontaneous pain appearing at the injection
site, Peltier probe was directly attached to the injection site
and cooled the skin in gradual increments.
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intensity of irritating pain evaluated by VAS showed a sig-
nificant increase at 1-10 min after the injection of 0.5 M
and 0.05 M MS. Furthermore, MC produced irritating
pain at 1 min after injection. (Fig. 2A)

Tactile sensation evaluation

After injection of MS, tactile sensation caused by brush
decreased up to 20 min and by 1-10 min after injection of
0.5 M and 0.05 M MS respectively, and by 1-10 min after
injection of 0.05 M MC (Fig. 2B) compared with the con-
trol level.

Tactile pressure threshold test

The tactile pressure threshold measured using the von
Frey filaments significantly increased up to 20 min and by
1-10 min after injection of 0.5 M and 0.05 M MS respec-
tively, and up to 20 min after injection of MC compared
with saline. (Fig. 2C)

Pinch~pain evaluation test

The pinch-pain evoked by an arterial clamp was reduced
up to 10 min after injection of 0.5 M and 0.05 M MS. Sim-
ilar but shorter changes were observed after injection of
MC. (Fig. 2D)

In addition apparent secondary hyperalgesia was not
detected in flare area.

Measurement of intolerable heat pain evoking
temperature

The threshold temperature that induces intolerable heat
pain was decreased up to 20 min and by 1-10 min after
intradermal injection of 0.5 M and 0.05 M MS respec-
tively. Similarly MC decreased the pain evoking tempera-
ture up to 20 min after injection.

In contrast, intradermal injection of saline did not alter
the intolerable heat pain threshold. (Fig. 3)

Effect of local cooling in Mg?* ion-induced irritating pain
Cooling of the surface of the injected area apparently
attenuated irritating pain. (Fig. 4) Furthermore, local flare
did not change after local cooling.

Discussion

In the present study, both MS and MC solutions but not
saline, inhibited the sensations evoked by noxious and
innocuous mechanical stimuli but produced irritating
pain. Several possible mechanisms can explain the Mg2+
ion-induced mechanical hypesthesia. As a general effect of
the excitable membrane, changes in external divalent cat-
ions are considered to alter membrane surface potential
and therefore, a high concentration of Mg2+* may inhibit
the excitability of the axon by raising the electrical thresh-
old of the membrane directly [2,10]. In pain-related poly-
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Figure 2
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Time course of changes in effect of magnesium ion on pain and sensations. Fifteen volunteers were intradermally
injected with 0.5 M MgSQO, (black square), 0.05 M MgSO, (white square), 0.05 M MgCl, (black triangle), or saline (white circle).
Each volunteer was injected with three kinds of magnesium solution at intervals of at least one week. Local spontaneous pain
(A) was reported by visual analogue scale (VAS), Tactile sensation (B) and pinch pain intensity (D) were reported by a numeri-
cal rating score (NRS). When MgSO, and MgCl, solutions were injected, transient irritating pain and local hypesthesia to
mechanical stimuli appeared at the injection site. *p < 0.05 vs. control; ¥*p < 0.0l vs. control, ¥*p < 0.001 vs. control. As val-
ues were similar among these three saline injections, we have put the representative data herein.

modal receptors, Sato et al. showed that reduction of
extracellular Ca?+ augmented the neuronal responses
caused by hypertonic saline and high Ksolutions and also
showed the augmented neuronal responses returned to
control levels by an addition of Mg2+, which suggests Mg2+
has a similar membrane-stabilizing effect on nerves to
Ca?*[11].

In addition, Chaban indicated that NMDA receptors on
the periphery are involved in the transmission of noxious
mechanical stimulation [12]. Only little attention has
being paid so far to the functional importance of the

peripherally-distributed NMDA receptors [7]. In a previ-
ous study, Ushida et al. evaluated the importance of
mechanical stimulation by studying the relationship
between magnesium ions and peripheral NMDA recep-
tors [13]. It was found that injection of MK-801, an
NMDA receptor antagonist, into the peripheral skin of rats
produces inhibition of the sensations induced by innocu-
ous and noxious stimulation.

Paradoxically, present results have shown that local
administration of Mg?* induces heat hyperalgesia, but
mechanical hypesthesia at the injection site. Only a few
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Figure 3

Time course of changes in intolerable heat pain evok-
ing temperature after intradermal injection of mag-
nesium solution. Fifteen volunteers were intradermally
injected with 0.5 M MgSQO, (black square), 0.05 M MgSO,
{white square), 0.05 M MgCl, (black triangle), or saline (white
circle). Each volunteer was injected with three kinds of mag-
nesium solution at intervals of at least one week. intolerant
heat pain temperature was decreased at least 10 min follow-
ing local administration of Mg2*. *p < 0.05 vs. control; *p <
0.01 vs. control, **p < 0.001 vs. control. As values were
similar among these three saline injections, we have put the
representative data herein.

researchers have paid attention to changes in Mg -
induced thermal sensations. Oral administration [14] and
intrathecal injection [15] of magnesium sulphate are
reported to improve heat hyperalgesia in animal models
of neuropathic pain. On the other hand, Mikkelsen et al.
reported that intravenous infusion of magnesium had no
analgesic effect on thermal sensation in hyperalgesic skin
but produced a decreased heat detection threshold and
increased pain caused by 1 min long 45°C heat stimula-
tion [9]. Since we could not find any sensory changes out-
side of wheals, peripheral mechanisms were suggested to
explain magnesium-induced heat hyperalgesia.

Recently, transient receptor potential cation channel, sub-

family V, member 1 (TRPV1), a heat-sensitive ion chan-
nel, has been discovered [16] and the role of this channel
may be implicated in Mg2*-induced heat hyperalgesia
observed in our study. Indeed, Ahern et al. showed extra-
cellular cations such as Na*, Ca2*, Mg?* modulate/open
the gates of TRPV1 channel by in vitro whole cell and sin-
gle channel patch-clamp recording studies [17]. In addi-
tion to this direct mechanism, several neuropeptides and
inflammatory mediators may be implicated in the
enhanced activation of TRPV1. The flare formation
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Figure 4

Changes in experienced pain intensity by local cool-
ing. After intradermal administration of 0.5 M MgSO,, Peltier
probe was directly attached to the injection site. Pain inten-
sity was substantially attenuated according to the cooling
temperature. (n = |5)

observed at the injection site suggesting existence of
axonal reflex-induced neuropeptide (SP, CGRP, etc)
release from sensory nerve endings and released SP may
result in sensitizing TRPV1 via activation of NK1, a SP
receptor [18]. Also these inflammatory processes may acti-
vate the production of bradykinin {BK), a novel algesic
substance. Increased extracellular concentration of BK
results in sensitization and activates TRPV1 currents via
PLC, PKC, and lipoxygenase-derived products [19-21].

These previous studies suggest that TRPV1 may be impli-
cated in Mg?+ -induced hyperalgesia. Since cooling is
known to desensitize local TRPV1, attenuation of Mg?+ -
induced irritating pain by local cooling observed in our
present study may also be explained by this mechanism.

Recently, types of thermal-sensing receptors such as
TRPMS8 (Transient receptor potential cation channel, sub-
family M, member 8: cool receptor), TRPA1 (transient
receptor potential cation channel, member Al: cold recep-
tor), etc. have been discovered after TRPV1 and have been
widely investigated [22,23]. In clinical settings, various
types of diseases and patients possess the symptoms of
thermal (heat, cold) hyperalgesia. However, it has been
problematic under such settings to specify the underlying
pathological mechanisms in these patients. Presumably,
expression or activation of these recently discovered ther-
mal receptors may play a key role in thermal pain and fur-
ther translational research is necessary for the
understanding and treatment of these intractable pain
syndromes.
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Conclusion

Intradermal administration of magnesium ions locally
affected sensory systems and produced spontaneous pain,
hypesthesia to both noxious and innocuous mechanical
stimuli, and decreased the heat pain threshold. Activation
of TRPV1 channel is the suggested mechanism for the
development of heat hyperalgesia.
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Long-term immobilization by casting can occasionally cause pathologic pain states in the immobi-
lized side. The underlying neurophysiological mechanisms of immobilization-related pain are not well
understood. For this reason, we specificaily examined changes of calcitonin gene-related peptide (CGRP)
expression in the dorsal root gangiion (DRG), spinal dorsal horn and posterior nuclei (cuneate nuclei) in
a long-term immobilization model following casting for 5 weeks. A plastic cast was wrapped around the

feyw‘”ds" . bilizati right limb from the forearm to the forepaw to keep wrist joint at 90-of flexion. In this model, CGRP in
Pg?r:g ermJointimmebitization immobilized (ipsilateral) side was distributed in larger DRG neurons compared with contralateral side,

even though the number of CGRP-immunoreactive (CGRP-IR) neurons did not differ. Spinal laminae 111-V,
not laminae I-1l in ipsilateral side showed significantly high CGRP expression relative to contralateral side.
CGRP expression in cuneate nuclei was not significantly different between ipsilateral and contralateral
sides. Long-term immobilization by casting may induce phenotypic changes in CGRP expression both
in DRG and spinal deep layers, and these changes are partly responsible for pathological pain states in

Calcitonin gene-related peptide
Dorsal root ganglion

Spinal dorsal horn

Posterior nuclei

immobilized side.

© 2009 Elsevier Ireland Ltd. All rights reserved.

Casting (immobilization) is commonly utilized because it is
considered to be useful in restoring injured organs by local
resting. However, long-term immobilization results in harmful
complications such as muscular atrophy or joint contracture
in the immobilized side. In addition, recent research reveals
that immobilization may cause not only motor dysfunction but
also sensory-motor or autonomic nerve dysfunction, and occa-
sionally immobilization-related pain [5,19,26]. With regard to
immobilization-related neurological dysfunction, Butler et al.
reported observing signs of neglect-like states and complex
regional pain syndromes after casting limbs of patients with foot
fractures and healthy volunteers [2]. Therefore, long-term immobi-
lization may limit therapeutic outcome and may produce low levels
of activity of daily living.

Predominantly, immobilization-related pain has been consid-
ered to be a result of shortened muscle and the adhesion of joints
and periarticular structures. Clinically, surgical release of the peri-
articular tissues has been successful in helping relieve patients

* Corresponding author. Tel.: +81 561 62 5004; fax: +81 561 62 5004.
E-mail address: ushidat-koc@umin.ac.jp (T. Ushida).

0304-3940/$ - see front matter © 2009 Eisevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2009.02.043

with painful post-traumatic contracture [3]. Previously, we devel-
oped along-term joint immobilization model, which showed a joint
contracture, disuse tendencies, and pain behaviors in the affected
limb, and we observed changes in electrophysiological responses
of dorsal horn neurons to mechanical stimuli and motion stimuli
[27]. This observation suggests that central changes as well as local
peripheral changes are implicated in immobilization-related pain.
It is well known that intense nociceptive stimulation (e.g., inflam-
mation, nerve injury and cancer) alters the character of neurons
in the central nervous system [1,728] and these alterations are
considered to be the cause of allodynia and hyperalgesia [22,24].
However, it remains unclear how these central neuronal changes
occur under conditions of sensory input deprivation (long-term
immobilization).

In the present study, we have focused on the expression of cal-
citonin gene-related peptide (CGRP). CGRP has a wide distribution
throughout the central and peripheral systems and is involved in
processing nociceptive information. Firstly, in the spinal cord, CGRP
is released from C and A nociceptive afferent fibers as an excitatory
neurotransmitter and neuromodulator following painful stimuli,
and sensitizes dorsal horn neurons [6,20]. In the experimental
animals showing mechanical allodynia and hyperalgesia, CGRP
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expression in the spinal dorsal horn was markedly up-regulated
{9,15]. Secondly, changes in CGRP expression within the dorsal root
ganglion (DRG) have been studied in various pain models. The num-
ber of CGRP-immunoreactive (CGRP-IR) DRG neurons increased or
decreased ininflammatory and neuropathic pain models [11,14,21].
In these studies, phenotypic changes in DRG CGRP expression have
included both a change in the number of CGRP-IR neurons and a
switch to CGRP expression in small or large DRG neurons. Interest-
ingly, in neuropathic pain models, CGRP expression in the posterior
nuclei (where information is conveyed by thick myelinated fibers
encoding tactile sensation relayed to higher levels) significantly
increased in the injured side, suggesting that CGRP released in
non-nociceptive pathways is implicated in pain states [11,12]. The
aim of the present study was to examine whether the expres-
sion of CGRP in DRGs, spinal dorsal horn, and posterior nuclei
(cuneate nuclei) altered under conditions of long-term immobi-
lization, to gain a better understanding of immobilization-related
pain.

All animal experiments were approved by the Kochi Medi-
cal School Animal Care and Use Committee and were performed
at Kochi Medical School. Seven adult male Sprague-Dawley rats
(250-300¢g; Japan SLC, Inc.) were used in this study. Long-term
joint immobilization was maintained by using a plastic cast as
described previously [27]. Briefly, the rats were anesthetized with
tribromoethanol (200 mg/kg i.p.), and a plastic cast was wrapped
around the right limb from the forearm to the forepaw to keep wrist
joint at 90°of flexion. After 5 weeks casting, the rats were perfused
transcardially with 4% paraformaldehyde and DRGs, spinal cord,
and medulla oblongata were excised at 24 h after removing cast.
Retrograde fluorogold labeling demonstrated that DRG neurons
innervating the wrist joint in the rat were distributed through-
out DRGs from C6 to Th1 levels, and most of the labeled neurons
contained CGRP {8]. Hence, DRGs and spinal cords from C7 to Th1
levels were harvested and used for CGRP immunohistochemistry.
All of the sections were cut on a cryostat at a thickness of 12 um
(in DRG) and 23 pm (in spinal cord and medulla oblongata), and
were incubated in the primary antibody to CGRP (1:5000, Sigma)
for 48h at 4°C and antibody labeling was detected using Alexa
Fluor 488 (1:1000, Molecular Probes). For size distributions of the
CGRP-IR neuronal profile, the areas of over 2000 DRG neurons were
measured in each side, on both the immobilized (ipsilateral) and
contralateral sides, using imaging analysis software (NIH Image).
To calculate the number of CGRP-IR neurons, one hundred fluores-
cent images of ipsilateral and contralateral DRGs were extracted
per animal at random (700 fluorescent images total each side),
and the number of CGRP-IR neurons was counted. Only CGRP-
IR neurons with visible nuclei were selected for measurement.
The total area of CGRP fibers (pixels) in superficial layers (lami-
nae I-11) and deep layers (laminae [1I-V) in spinal dorsal horn and
posterior nuclei (cuneate nuclei) in medulla oblongata was quanti-
tatively evaluated using NIH Image. The differences in the number
of CGRP-IR neurons and total area of CGRP fibers between the ipsil-
teral and contralateral sides were assessed using unpaired t-tests.
The differences in size distribution of DRG neurons were assessed
using Kolmogorov-Smirnov test. Statistically significant differences
between groups were expressed as p-values less than 0.05.

No significant differences in the number of CGRP-IR DRG
neurons were found between ipsilateral (282.7 +33.5) and con-
tralateral sides (279.5+33.7). However, the size distribution
of ipsilateral CGRP-IR DRG neurons was significantly different
from that of the contralateral side (p<0.0001, Fig. 1); ipsilat-
eral CGRP expression was observed in larger neurons on the
contralateral side. The size distributions of Nissl-stained DRG
neurons were no different in the ipsilateral and contralateral
sides (p=0.228), demonstrating that all ipsilateral DRG neu-
rons did not become larger, independent of CGRP expression.
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Fig. 1. Size distribution analysis of CGRP-IR in DRG neurons after joint immo-
bilization. There were shifts toward larger cell sizes in the size distribution of
CGRP-IR of immobilized (ipsilateral) side in DRG neurons (Kolmogorov-Smirnov
test: p<0.0001).

In the spinal cord, the areas of ipsilateral CGRP-IR fibers sig-
nificantly increased compared with the contralateral side in
laminae -V (ipsilateral, 460,028 &+ 89,537 pixels; contralateral,
365,932 + 67,834 pixels: p<0.05) but notin laminae I-11 (ipsilateral,
642,202 + 78,683 pixels; contralateral, 620,055 + 65,095 pixels: NS,
Fig. 2). No significant change was observed in cuneate nuclei
CGRP-IR fibers between the ipsilateral (33,810 4 17,762 pixels) and
contralateral sides (28,683 £ 13,514 pixels).

The present study revealed that long-term immobilization by
casting induced an up-regulation of CGRP expression, not in super-
ficial but in deep layers of dorsal horn and a shift in the distribution
of CGRP expression profile to larger DRG neurons. When classify-
ing DRG neurons in terms of size, CGRP production is known to be
observed not only in small to medium neurons, but also in large
DRG neurons. According to previous studies, the majority of small
neurons have C fiber axons, which project to the superficial layers
of the spinal dorsal horn. In contrast, the large neurons correspond
to Aa or AP fibers, which project to the deep layers of the spinal
dorsal horn or posterior nuclei. Previous studies demonstrated that
there were shifts toward larger cell sizes in the size distribution
of CGRP-IR DRG neurons and further CGRP expression in posterior
nuclei increased in neuropathic pain models [11,12]. In addition,
spontaneous activity and excitability of posterior nuclei in the nerve
injury side were significantly higher than in the contralateral side
[13]. Although these observations suggest that an up-regulation
of posterior nuclei plays an important role in the generation and
maintenance of pain, CGRP expression in posterior nuclei was not
significantly affected by long-term immobilization in the present
study. As evidenced by a retrograde tracing study, CGRP-IR fibers
from medium-size lumbar DRG neurons project to posterior nuclei
[16,25], but the projection of those from cervical DRG neurons is
still unknown. Further research is needed to clarify which size cer-
vical DRG neurons are the ones which predominantly project to
posterior nuclei.

In a previous report, endoneurial injection of nerve growth fac-
tor (NGF) increased the percentage of large-sized CGRP-IR DRG
neurons [18)]. Therefore, NGF seems to be implicated in a switch
to CGRP expression in larger DRG neurons. However, the detailed
mechanism of CGRP expression in the DRG, regulated by NGF,
remains unknown. NGF also is induced by Schwann cells after
nerve injury and is involved in the onset of pain behaviors in neu-
ropathic pain [10,17]. In the current joint immobilization model,
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Fig. 2. Photomicrographs and histogram of CGRP-IR fibers in spinal dorsal horn (A and B)and cuneate nuclei {C and D) after joint immobilization. The results of histogram are
expressed as means + S.E.M. of pixel. CGRP-IR fibers in laminae I-11 and cuneate nuctei were not significantly different between immobilized (ipsilateral) side and contralateral
side. However CGRP-IR fibers significantly increased in laminae Ili-V of ipsilateral side (B, arrow) compared with contralateral side. *p <0.05.

peripheral nerves might be injured by long-term casting. Having
said that, there was no evidence of peripheral nerve injury or NGF
up-regulation after joint immobilization.

In the deep layers, where CGRP expression was up-regulated
by long-term immobilization, there was a distribution of wide-
dynamic range (WDR) neurons. The WDR neurons have been
proven to respond to both noxious and innocuous stimuli in elec-
trophysiological studies. Growing evidence suggests that neuronal
discharge of WDR neurons is involved in pathological pain condi-
tions, such as allodynia and hyperalgesia. Allodynic rats showed
a significant decrease in the proportion of low-threshold neurons
and an increase in the proportion of WDR neurons {4]. Electrophys-
jological recording from WDR neurons in the spinal dorsal horn
in hyperalgesic rats significantly increased spontaneous activity
and after-discharges to noxious mechanical stimuli [29]. Further-
more, the administration of CGRP8-37, a selective CGRP receptor
antagonist, induced a significant decrease in the evoked discharge
frequency of WDR neurons [23]. Therefore, the up-regulation
of CGRP expression in the spinal deep layers might modulate
nociception through WDR neuronal activation in the present immo-
bilization model. Indeed, we have previously demonstrated that the
population of WDR neurons in the immobilized side increased after
joint immobilization [27].

In conclusion, long-term casting induces the phenotypic
changes in CGRP expression both at the DRG and spinal cord lev-
els (specifically in deep layers) on the immobilized side. In terms of
pathological pain states after long-term jointimmobilization, these
alterations may be of extreme importance.
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Use of the Finite Element Method to Study the

Mechanism of Spinal Cord Injury Without Radiological
Abnormality in the Cervical Spine

Yasuaki Imajo, MD, Isamu Hiiragi, Yoshihiko Kato, and Toshihiko Taguchi

Study Design. Three-dimensional C3-C5 and C3-C4 fi-
nite element (FE) models were used to analyze biomechani-
cal responses under compression and extension moments.

Objective. To validate our models against other pub-
lished FE models and experimental studies and improve our
understanding.of the mechanism of spinal cord injury with-
out radiologic abnormality {SCIWORA) in cervical spine.

Summary of Background Data. The underlying mech-
anism for SCIWORA remains unclear.-We hypothesized
that the incidence of SCIWORA was associated with facet
joint-morphology and bony pincers ' mechanism.

Methods:  FE  miodels were constructed using data
from computed tomography scans of the cervical spineof
a healthy young man. The C3-C5 FE models consisted of
bony.vertebra, articulating facets, and intervertebral disc.
Facet surfaces were oriented at 30°,45° and 60° from the
transverse plane. These models were constrained in all
degrees of freedom at the C5 inferior vertebral body and
a uniform axial displacement.of 1 mm was applied to the
superior nodes of C3. Three model versions changed to
C3-C4 models with ligaments. The C4 inferior-most bony
nodes were constrained, whereas the top of the C3 supe-
rior-most bony nodes were left unconstrained. These
models were subjected to an axial compression: load of
73.6 N with extension moments {1.8:Nm) applied to the
upper bony section C3 vertebra. The predicted responses
were compared - with published results, ,

Results. The response under axial compression was
validated and corresponded closely with published re-
sults. Under sagittal moment, the C3-C4 FE model with:
60° facet was the most flexible in extension (4.22°), Total
translation was highest for the model with 60° facet.

‘Conclusion. The load displacement response of C3-C5
FE models was in agreement with published data. We
confirmed that the C3-C4 FE model with 60° facet was the
most susceptible to SCIWORA and that the bony pincers
mechanism was dependent on facet joint inclination.

Key words: cervical spine, finite element methods, spi-
nal cord injury without radiclogic abnormality, bony pin-
cers mechanism. Spine 2009;34-E83-E87

Since the first description by Pang and Wilberger, spinal
cord injuries without radiologic abnormality (SCTWORA)
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have been well documented in the pediatric literature.’™*

The cervical spine (C3-C4) is the most frequent site of
SCIWORA in the spinal column.’*® Many studies have
been conducted in an attempt to understand the mecha-
nism underlying SCIWORA, however, this remains un-
clear. We hypothesized that SCTWORA was associated
with facet joint morphology at C3-C4. The finite ele-
ment (FE) method of analysis is one of the most popular
approaches used to study the biomechanics of the cervi-
cal spine. We made 3 detailed FE models of C3-C5 with
different facet joint morphology closely akin to the hu-
man cervical spine. With the aim of better understanding
the underlying mechanism of SCIWORA, we investi-
gated the properties of these models in comparison to
other FE models and to an in vitro experimental study.

W Materials and Methods

Structural geometry and material properties are very important
for accurate analysis of the biomechanical response of motion
segments. To prepare a three-dimensional FE model, C3-C§
motion segment data were obtained from computed tomogra-
phy scans (2-mm intervals; TCT-900S, Toshiba, Tokyo, Japan)
of the cervical spine of a 29-year-old man with no abnormal
findings on roentgenograms. A solid model for the C3-CS cer-
vical spine structure was developed according to the principles
of three-dimensional reconstruction. A three-dimensional,
8-noded solid element was used for meshing the cortical bone,
cancellous bone, endplate, posterior arch, intervertebral disc
annulus, and nucleus. The Link element (LINK10) was used for
ligaments and capsular ligaments. Link” is a three-dimensional
spar element having the unique feature of a bilinear stiffness
matrix resulting in a uniaxial tension-only (or compression-
only) element. In our models, facet articulation was treated as a
moving contact problem, defined contact elements to models
the changing areas of contact of facet articulating surfaces with
increments in loading. The Contact element (CONTA173) was
used for the facet joints. Material properties for each element
type were obtained from the literature (Table 1).7"!! The FE
model of the 3 vertebra segment C3-C5 U consisted of 23,192
elements, and 7786 nodes that modeled the bony vertebra,
articulating facets, and intervertebral disc (Figure 1). The inter-
vertebral disc was represented as a continuum structure occu-
pying the intervertebral space. Each intervertebral disc con-
sisted of a disc annulus, disc nucleus, and endplates. The
assumed anterior and posterior disc heights were 5.5 and 3.5
mm, respectively. These correspond to mean values reported in
the literature for a healthy cervical intervertebral disc.® Also
modeled were the anterior longitudinal ligament (ALL), the
posterior longitudinal ligament (PLL), the ligamentum flavum
(LF), the interspinous ligament (ISL), the supraspinous liga-
ment (SSL), and the capsular ligament (CL). All ligaments were
modeled as continua and included contact elements in the facet
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Table 1. Material Properties Used in the Present Study

Young's Modulus {MPa)/Poisson’s Ratio

Material Maurel et al’ Goel and Clausen® Kumaresan et al® Teo and Ng' Our Models
Cortical bone 12000/0.3 10000/0.3 10000/0.29 10000/0.29 10000/0.29
Cancellous bone 100/0.2 450/0.25 100/0.28 100/0.29 100/0.29
Endpiate 300/0.3 2000/0.20 500/0.40 500/0.40 500/0.40
Posterior elements 6000/0.3 3500/0.25 3500/0.29 3500/0.29 3500/0.29
Disc annulus 2.5/0.45 4.2/0.45 3.4/0.40 3.4/0.40 3.4/0.40
Disc nucleus — — 3.4/0.49 1.0/0.499 1.0/0.499
ALL 10/- 15-30/0.30 54.5/0.3% 54.5/- 54.5/0.30
PLL 20/- 10-20/0.30 30/0.39 20/- 20/0.30
LF 50/- 5.0-10.0/0.30 1.5/0.39 1.5/- 1.5/0.30
ISL 3/- 4.0-8.0/0.30 1.5/0.39 1.5/- 1.5/0.30
SSL 3/- 4.0-8.0/0.30 1.5/0.39 1.5/- 1.5/0.30
CL 20/- 7-30/0.30 2/0.39 20/- 20/0.30

ALL indicates anterior longitudinal ligament; PLL, posterior longitudinal ligament; LF, ligamentum flavum; ISL: intraspinous ligament; SSL, supraspinous ligament;

CL, capsular ligament.

joints, Three models were developed with 3 versions of facet
joint inclination. Facet surfaces were oriented at 30°, 45°, and
60° from the transverse plane. These FE models of the intact
C3~C5 spine unit were healthy segments without any degener-
ative signs. The C3-C5 models were constrained in all degrees
of freedom at the CS5 inferior vertebral body. A uniform axial
displacement of 1 mm was applied incrementally in 5 steps to
the superior nodes of C3. To evaluate the force-displacement
response against other FE models and experimental measure-
ments in vitro, FE method analysis about deformation behavior
of cervical spine (C3-CS5) was performed using above FE mod-
els and a commercially available finite-element modeling soft-
ware (ANSYS, Canonsburg, PA). The above FE models were
used to compare the force-displacement response with other FE
models and with in vitro experimental measurements. Three
model versions changed to C3-C4 models. These C4 inferior-
most bony nodes were constrained, whereas the top of the C3

Figure 1. C3-C5 FE model with 45° facet.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

superior-most bony nodes were left unconstrained. The models
were subjected to an axial compression load (preload) of 73.6
N with extension moments (1.8 Nm) applied to the upper bony
section C3 vertebra. The predicted responses were validated
against in vitro experimental results and analytical results.
The analysis is based on the assumption that vertebra bodies
are rigid and do not deform. A maximum extension moment of
1.8 Nm was approximately 20% of the failure load of 10 Nm."*

N Results

It seemed reasonable to suppose that the response to
axial compression was nonlinear. The biomechanical re-
sponse of these models was validated and corresponded
closely with the results of experimental measurements
made in vitro (Figure 2A) and with existing analytical
models (Figure 2B). In particular, the 30° facet of our
models was in very close agreement with experimental
measurements. Table 2 shows the comparison of results
between our C3-C4 models, experimental data, and an-
alytical models under an axial compression load (pre-
load) of 73.6 N with extension moments of 1.8 Nm.
Because the present models were assumed to be symmet-
rical about the midsagittal plane, no coupled motion was
predicted for the extension load configurations. The 45°
facet of our models was in good agreement with mean
experiment data. The C3-C4 FE model with a 60° facet
was the most flexible in the extension motion. The infe-
rior articular facet of C3 was contacted the superior ar-
ticular facet of C4 and slided on the surface of the supe-
rior articular facets of C4 in our all models under an
axial compression load (preload) of 73.6 N with exten-
sion moments of 1.8 Nm. However, facet deformation
was confirmed. Table 3 shows posterior and inferior
translation of the infra-posterior edge of C3 vertebra.
Total translation comprised both posterior and inferior
translation. Total and inferior translation was highest
for the C3-C4 FE model with 60° facet, whereas poste-
rior translation was highest for the C3-C4 FE model
with 30° facet. Table 4 shows the distance from the pos-
teroinferior margin of the C3 vertebral body to the an-
terosuperior margin of the C4 lamina in the extension
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Figure 2. A, Comparison of results from the present £3-C5 FE
models with 30°, 45°, and 60° facets against experimental
values published by Shea et al. B, Comparison of results from
the present FE models with analytical results by Teo and Ng
and Heitplatz et al.

motion. The C3-C4 FE model with 60° facet was the
shortest distance.

H Discussion

SCIWORA is defined as the occurrence of acute trau-
matic myelopathy despite normal findings with plain ra-
diographs and computed tomography. Ueta reported
147 patients with SCIWORA of the cervical spine. The
injury site was at a single level only in 130/147 (88%)
patients, affecting the C3-C4 intervertebral level in 99
(67%) patients.” Kawai and Yabuno reported 60 pa-
tients with SCIWORA of the cervical spine.® Of these, 30
(50%) sustained SCIWORA at C3-C4. Several workers
have investigated the pathology of SCTWORA in the cer-
vical spine; however, this remains largely unknown. Tay-
lor and Blackwood reported that injuries causing cervi-

Table 3. Translation of Infraposterior Edge of C3
Vertebra in Extension

Posterior Inferior Total
Our Models Translation Translation Translation
30° 0.41 0.37 0.55
45° 0.40 043 0.59
60° 0.36 0.54 0.65

cal cord damage in the absence of vertebral fracture or
dislocation were usually sustained by forcible extension
of the neck rather than by hyperflexion.'* In 1951, Tay-
lor suggested that when cord compression occurred and
no fracture of the vertebral column or rupture of its lig-
aments could be discerned, a rational explanation for
cord damage was forward bulging of the ligamentum
flavum between C3 and C4 levels during extreme hyper-
extension.' In chronic myelopathy, Penning reported
that the bony pincers mechanism must be at least as
important as the mechanism of bulging of soft ligamen-
tum flavum.'’ In the bony pincers mechanism, the cervi-
cal spinal cord in extension is compressed between bony
pincers formed by the anterior aspect of the arch of the
inferior vertebra on 1 side and the posterior-inferior as-
pect of the bony part of the superior vertebra on the
other (Figure 3). We hypothesized that the cause of SCI-
WORA was associated with the bony pincers mechanism
and investigated this possible mechanism using our FE
models.

The extension moment was affected by the facet
joints. During extension, the superior facet surfaces slid
down and backwards relative the inferior facet and the
posterior region of the facet joint was compressed. The
facet joint gap also underwent a narrowing during ex-
tension. Pearson et al reported that facet joint kinematics
were evaluated during simulated whiplash of whole cer-
vical spine specimens with muscle force replication'®.
They confirmed facet joint compression (displacement of
the superior facet surface towards the inferior facet sur-
face) and facet joint sliding (displacement of the superior
facet surface along the lower facet surface) in the lower
cervical spine. Kaneoka et al reported that the C5-Cé
intervertebral center of rotation was dynamically shifted
superiorly during simulated whiplash impacts, implying
that facet articular surfaces were forcefully compressed
during intervertebral extension in an in vivo study.'”
Since a maximum extension moment of 1.8 Nm was
small moment compared with other studies and our
models were not subjected to shear moment backwards.

Table 2. Predicted Rotations Compared With Present Models, Published Experimental Data, and Analytical Models

Rotation{°)
Experimental Finite Element Models Our Models
73.6 N Preload Moroney et af Pelker et al Goel et al Teo et al 30° 45° 60°
At 1.8Nm extension moment Extention 352 345 3.69 3.95 3.16 347 422

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Table 4. The Distance From the Postercinferior Margin
of the C3 Vertebral Body to the Anterosuperior Margin of
the C4 Lamina in Extension

Our Models

30° 13.00 mm
45° 12.97 mm
60° 12.93 mm

Many studies have investigated the mechanical re-
sponse of the human cervical spine under physiologic
loads. FE analysis has been applied successfully in the
field of biomechanics. This method offers the advantages
of being able to handle complex geometric configura-
tions and material and geometric nonlinearity. Valida-
tion is the most important step during FE analysis of
anatomic structure modeling and the use of FE models
beyond their validated conditions is a common error.
Model validation allows an analytical model to produce
reliable predictions for a variety of complex investiga-
tions. In this study, the loads and constraints of the val-
idation step for extension and axial compressive load
configurations were identical to the published literature.
The loads applied to the C3-C3 analysis models corre-
sponded to the experimental values used in studies car-
ried out by Shea et al.'® For the applied compressive
displacement at C3, the predicted vertical reaction at C§
(i.e., the force transmitted to C5) was compared to pub-
lished results.””11-1%1® For the applied moment at C3,
rotational responses of C3 with respect to C4 in the plane
of moment application were computed and compared
with published results,”!*12:20

Force-displacement of the human cervical spine is
recognized as being nonlinear, with increasing stiff-
ness at higher loads.”®1%11:19:21:22 [t is important to
develop realistic FE models that effectively simulate
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Figure 3. Narrowing of the spinal canal in extension, caused by a
bony pincer mechanism acting between the body of C3 vertebra
and the arch of C4 vertebra. TT indicates total translation (arrow);
IT, inferior translation; PT, posterior translation.
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this nonlinear behavior of the human cervical spine.
The C3-CS5 FE models used in the present study could
predict the biomechanical response of the human cer-
vical spine under an axial compressive displacement of
up to 1 mm and were validated against published data.

Under sagittal moment, the C3-C4 FE model with 60°
facet was the most flexible in extension (4.22°) at
1.8-Nm moment. The predicted rotation was 3.47° and
3.16° at 1.8 Nm extension for the C3-C4 FE model with
45° and 30° facet, respectively. The predicted rotation
for our C3-C4 models agrees with computed results
published by Moroney et al, Pelker et al, Goel et al, and
Teo et al.”>'%1220 In particular, the C3-C4 FE model
with 45° facet correlated well with experimental data by
Pelker et al and Moroney et al.'>*" Panjabi et al reported
that the inclination of the superior articular facet in re-
lation to the transverse plane was 48.8° at C3, 47.0° at
C4, and 45.8° at C5.23 The FE model with 45° facet most
closely resembled the facet joint morphology of the hu-
man cervical spine. Under extension moment, total
translation was highest for the C3-C4 FE model with
60° facet. The distance between bony pincers formed
by the anterior aspect of the arch of C4 vertebra and
the posterior-inferior aspect of the bony C3 vertebra
was shortest for the C3-C4 FE model with 60° facet.
Therefore, we confirmed the bony pincers mechanism was
dependent on facet joint inclination. In this study, we could
not account for cervical spinal cord damage via infolding of
the ligamentum flavum. However, we could explain the
damage by invoking the bony pincers mechanism suggested
by Penning.’ Ueta reported that the cause of SCTWORA
involves the anatomy of the human cervical spine.®

Muscle tension in neck may affect the causes of SCI-
WORA. However, our models did not include muscles
(active or passive effects) or overlaying soft tissue. It was
because the biggest obstacle in the human cervical spine
modeling was the lack of experimental data for this re-
gion of the spine.

We confirmed here that an increase in facet joint in-
clination is one of the causes of SCTWORA.

M Key Point

e Three-dimensional C3-C5 and C3-C4 finite
element models were used to analyze biome-
chanical responses under compression and ex-
tension moments. We hypothesized that the inci-
dence of spinal cord injury without radiologic
_ abnormality was associated with facet joint mor-
phology and bony pincers mechanism. We con-
firmed that the C3-C4 finite element model with
60° facet was most susceptible to spinal cord in-
_jury without radiologic abnormality and that the
bony pincers mechanism was dependent on facet
joint inclination. o
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Radiographic Analysis of the Cervical Spine in Patients

With Retro-Odontoid Pseudotumors

Hirotaka Chikuda, MD,* Atsushi Seichi, MD,T Katsushi Takeshita, MD,* Naocki Shoda, MD,*
Takashi Ono, MD,* Ko Matsudaira, MD,* Hiroshi Kawaguchi, MD,*

and Kozo Nakamura, MD*

Study Design. A retrospective review of 10 consecu-
tive ‘patients  with ‘a noninflammatory  retro-odontoid
pseudotumor.

Objective. To examine the radiographic characteristics
in: patients ‘with .a retro-odontoid : pseudotumor: and to
evaluate the efficacy of posterior fusion. ,

Summary of Background Data. ‘A retro-odontoid
pseudotumor, ‘a. reactive: fibrocartilaginous. mass, is
known to develop after chronic atlantoaxial instability;
however, one-third of the reported cases showed no overt
atlantoaxial -instability. The pathomechanism for 'such
“atypical” cases remains unclear, although-altered ceivi-
cal motion ‘secondary. to ossification of the anterior lon-
gitudinal ligament (OALL} or severe spondylosis has been:
implicated.

Methods. We reviewed the charts and radxographs of
10 patients with a retro-odontoid pseudotumor who un: .
derwent surgery. Preoperative radiographs were evalu-
ated for atlas-dens interval (ADI), presence of OALL,
range of motion, and segmental motion adjacent to the
atlantoaxial joint. Computed tomography was evaluated
for degenerative changes of zygapophysial joints.

_Results. There were 6 men and 4 women. Atlantoaxial
instability (ADI >4 mm) was observed in 2 patients. ADI
was less than 3 mm in 5 patients. Frequent association of
OALL (6 patients) and marked decrease in C2 to C7 range
of motion {mean, 17.6% range, 3°-36°) were.noted. Anky-
losis of O-C1 was observed in 4 patientsand C2t0 C3in 6.
Severe degenerative change of C2 to C3 zygapophysial
joint was observed in 4 patients. The patients underwent
occipito-cervical fusion (9 patients) or direct removal of

- the pseudoturor (1 patient); Postoperative magnetic res-
onance irragmg mvanably demonstrated the mass re-
gression.

Conclus:on Retro odontmd pseudotumors were not
always associated with radiographic atlantoaxial instabil-
ity. Our data indicate that extensive OALL and ankylosis
of the adjacent segments.are risk factors for the formation
of the pseudotumor. Retro-odontoid pseudotumors may
‘develop as an “adjacent segment disease” after altered
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biomechanics of the cervical spine, especially those in the
adjacent segments. Posterior fusion was effective even in
cases without radiographic atlantoaxial instability.

Key words: retro-odontoid pseudotumor, atlantoaxial
joint, adjacent segment, ossification of the anterior liga-
ment, hyperostosis; myelapathy, range of motion, spinal
fusion. Spine 2009;34:E110-E114

A noninflammatory retro-odontoid pseudotumor is a re-
active fibrocartilaginous mass formed posterior to the
odontoid process.!™ The retro-odontoid pseudotumor,
a rare but increasingly recognized clinical entity, report-
edly develops subsequent to chronic atlantoaxial insta-
bility. This view has been further supported by the re-
gression of the mass after posterior fusion, which has
become the mainstay of the treatment.* Although
retro-odontoid pseudotumors have been frequently asso-
ciated with atlantoaxial subluxation, we found that
about one-third of the cases reported in the literature
showed no overt atlantoaxial instability.?*%?~'* The
pathomechanism for such atypical cases remains un-
clear, although modified stress distribution of the cervi-
cal spine, secondary to severe spondylosis or OALL, has
been implicated.!>'® Moreover, it has not been clarified
whether posterior fusion aiming at spontaneous mass
regression is similarly effective for the patients without
radiographic atlantoaxial instability.

To further elucidate the underlying pathomechanism
of the disease, we examined the radiographic character-
istics of the cervical spine in patients with the retro-
odontoid pseudotumors. Special attention was paid to
the presence of OALL and the segmental motion adja-
cent to the atlantoaxial joint (O-C1, C2-C3). We also
evaluated the efficacy of posterior fusion surgery.

B Materials and Methods

After approval of institutional review board, we reviewed
the clinical records of 140 patients who underwent surgery
for upper cervical lesion at our department between 2000
and 2006. We identified 10 patients with retro-odontoid
pseudotumors, and the radiographs of the 10 patients were
examined. The diagnosis was made based primarily on mag-
netic resonance imaging (MRI) that revealed a mass lesion
posterior to the odontoid process with substantial cord com-
pression as evidenced by effacement of the subarachnoid
space and indentation of the spinal cord. Masses were typi-
cally visualized as ranging from isointense to hypointense
relative to spinal cord tissue on T1-weighted images and as
hypointense regions on T2-weighted images. The diagnosis
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Table 1. Scores of the Motor Functions of the Upper and
Lower Extremities for Cervical Myelopathy Set by the
Japanese Orthopaedic Association (JOA)

Motor function of the upper
extremities {upper

m-JOA)
0 Cannot eat with a spoon
1 Can eat with a spoon, but not with
chopsticks
2 Can eat with chopsticks, but to a limited
degree
3 Can eat with chopsticks, but awkward
4 No disability
Motor function of the lower
extremities {lower
m-JOA)
0 Cannot watk
1 Needs cane or aid on flat ground
2 Needs cane or aid only on stairs
3 Can walk without cane or aid, but
slowly
4 No disability

was further confirmed by the radiology report. Specimen of
the mass was available in 2 patients (patient 1 and 2). Sub-
sequent histologic examination revealed fibrocartilage and
degenerative ligamentous tissue. There was no recurrence of
the mass lesion during the follow-up period. Inflammatory
granulation of the synovium associated with rheumatoid ar-
thritis and retro-odontoid reactive lesions associated with
pseudarthrosis of the dens fracture were excluded from this
study. All patients had symptoms of progressive myelopa-
thy: hyperreflexia, positive pathologic reflexes, motor weak-
ness in the upper and lower extremities, clumsiness in hands,
and gait disturbance. Neurologic status of the patients was
evaluated before surgery and at the last follow-up by a senior
author (A.S.). Motor function was rated using the motor
function scores of the upper and lower extremities for cer-
vical myelopathy set by the Japanese Orthopedic Associa-
tion (upper and lower m-JOA score) (Table 1). A full score
“4” indicates normal function.

All radiographs were viewed using our institution’s digital
radiography software (Centricity Web-] software ver.1.6.11;
GE Yokogawa Medical Systems, Tokyo, Japan). The measure-
ment of the radiographs was performed independently by 2

Table 2. Radiographic Characteristics of the Cervical Spine

spine surgeons (H.C. and N.S.) with the program’s digital mea-
suring tool. The results of the 2 reviewers were averaged. The
atlas-dens interval (ADI) was measured on preoperative flex-
ion-extension radiographs. The atlantoaxial instability was de-
fined as ADI >4 mm, according to the criteria described by
White and Panjabi.'” Lateral radiographs and sagittal com-
puted tomography (CT) reconstructions were evaluated for the
presence of OALL. OALL was defined as bony mass anterior to
the vertebrae bridging over 2 or more intervertebral disc
spaces. Range of motion (ROM) was measured on preopera-
tive flexion-extension radiographs. The representative lines
used for the measurement were as follows: the McGregor line,
the line passing through the centers of anterior and posterior
arches of the atlas, and the line parallel to the endplate of
vertebrae. The mobility of each segment was determined by
measuring the difference between 2 corresponding points on
the tips of the spinous processes on flexion versus extension.
Ankylosis was defined as absence of motion on both flexion
and extension radiographs. CT reconstructions were further
evaluated for degenerative change or fusion of the zygapophy-
sial joints. To assess the regression of the pseudotumor, fol-
low-up MRI obtained 1 year after surgery was reviewed. Max-
imal thickness of the retro-odontoid soft tissue was measured
on preoperative and postoperative MRI in T2-weighted sagittal
view. Interobserver reliability of radiographic measurement
was assessed with inter class coefficient. All statistics were cal-
culated using SPSS, version 13.0 (SPSS Inc., Chicago, IL).

B Results

There were 6 men and 4 women with a mean age at
surgery of 71 years (range, 58-82 years). Mean fol-
low-up was 30 months (range, 12— 84 months). Maximal
thickness of the retro-odontoid soft tissue was 9.4 = 1.3
mm {mean = SD; range, 7.6-11.4 mm). On examination
of the radiographic characteristics {Table 2), ADI aver-
aged 3.4 = 1.9 mm (mean = SD) in flexionand 1.8 £ 0.9
mm in extension. Only 2 patients showed overt atlanto-
axial instability (ADI >4 mm). ADI was less than 3 mm
in § patients (Figure 1). We found extensive OALL in 6
patients: C2 to C7 in 4 patients, and C3 to C7 and C3 to
C5 in 1 patient each. When ROM of the cervical spine
was examined, marked decrease in subaxial (C2-C7)

AD! (mm) ROM {°) Segmental Motion {°)

Patient No. Age (Yr), Sex Flexion Extension OALL 0-C2 C2-C7 0-C1 C2-C3
1 58, M 7001 3203 C2-C7 30+30 6+15 7x10 10+30
2 67,F 6.6 =06 62=0 €3-C5 14 =91 28+ 39 None* None

3 72,F 3507 1001 C2-C7 32+09 7+06 6x11 8+36
4 M 34 01 15x0 — 17+04 23+07 None 3+02
5 82, M 3304 21+03 C2-C7 18 =53 5+49 801 None

6 81, M 2806 15+10 C2-C7 3B=x17 22+26 5+08 Nonet
7 73,F 27 +01 1.9+04 — 24+ 1.1 3502 None 5+ 2.5t
8 3 M 20+06 17203 €3-C7 8+03 1124 None Nonet
9 n,F 20+03 17+09 —_— 28 6.2 3628 4+18 None
10 64, M 1001 00 — 24 x27 3+35 15+ 3.1 Nonet

Data are shown as mean = SD. ICC values for radiographic measurement were as follows: AD} in flexion, 0.97; ADI in extension, 0.98; 0-C2 ROM, 0.88; C2-C7
ROM, 0.98; O-C1 ROM, 0.96; and C2-C3 ROM, 0.87. The 2 reviewers were in accord regarding the categorical items including presence of OALL and segmental

ankylosis.
* Atlanto-occipital assimilation.
tSevere spondylosis of the C2-C3 zygapophyseal joint.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Figure 1. Preoperative radio-
graphs of a 73-year-old man (pa-
tient 8) revealed extensive OALL.
Atlantoaxial instability was not ev-
ident in flexion (A) and extension
{B). The patient underwent 0-C2
fusion with C1 laminectomy (C).

ROM was noted (mean, 17.6°; range, 3°-36°), especially
in the patients with OALL. Further analysis of the seg-
mental motion revealed ankylosis in O-C1 in 4 patients
(including 1 patient with atlanto-occipital assimilation)
and C2-C3 in 6 patients. Furthermore, CT revealed se-
vere degenerative changes of the C2 to C3 zygapophysial
joint in 4 patients (Figure 2).

All but 1 patient were treated with posterior occipito-
cervical fusion using pedicle screws (Table 3). Surgical
procedures included O-C2 fusion (6 patients), O-C4 fu-
sion(3 patients), and direct tumor resection by the lateral
approach(1 patient). Additional C1 laminectomy was
performed in all patients who underwent posterior fu-
sion except 1 patient in whom adequate decompression
was confirmed with intraoperative ultrasonography.
There was no documented complication during periop-
erative period except that 1 patient had acute coronary
syndrome, which required subsequent intervention.
Neurologic status improved after surgery in all but 1
patient who was suffering from esophageal cancer. Pre-
operative upper m-JOA score (median, 2; range, 1-3)
improved after surgery (median, 3.5; range, 1-4). Simi-
larly, lower m-JOA score (median, 2; range, 1-3) also
improved after surgery (median, 3; range, 2-4). Fol-
low-up MR was available in 8 patients. In the remaining
2 patients, deteriorated health status due to unrelated
diseases (esophageal cancer and pneumonia, respec-
tively) precluded further study. MRI revealed the regres-
sion of the pseudotumors in all patients and decompres-
sion of the spinal cord (Figure 3). Regression of the
pseudotumors was confirmed by emergence of the sub-

Copyright © Lippincott Williams & Wilkins, Unauthorized reproduction of this article is prohibited.

arachnoid space in postoperative MRI and further evi-
denced by reduction in thickness of the retro-odontoid
soft tissue (3.4 * 0.8 mm; range, 2.3-4.7 mm).

B Discussion

Our study had 3 main findings. First, we have shown that
the retro-odontoid pseudotumors can develop without
overt atlantoaxial instability. Second, we found marked
decrease in subaxial ROM, mainly because of extensive
OALL. Furthermore, most of the patients had ankylosis
of O-C1 or C2 to C3, the segments adjacent to the atlan-
toaxial joint. Finally, spontaneous mass regression oc-
curred after posterior fusion even in the absence of ra-
diographic atlantoaxial instability,

The retro-odontoid pseudotumor has been generally
considered as a rare sequela of atlantoaxial subluxation.
In the postulated view on its pathomechanism, preexist-
ing atlantoaxial instability was presumed to cause re-
peated tear and subsequent hypertrophy of the trans-
verse ligament,*!® thus leading to the formation of the
pseudotumor. The current study, however, revealed that
the retro-odontoid pseudotumors were not necessarily
associated with overt atlantoaxial instability. This find-
ing indicates a different view on the formation of the
pseudotumor: In the first place, excessive stress concen-
tration to the atlantoaxial complex, due to altered bio-
mechanics of the cervical spine, may repeatedly cause
damage to the transverse ligament. A reactive mass may
develop gradually after cycles of repetitive injuries to the
ligament and reparative process. Although atlantoaxial
subluxation might ensue from further attenuation of the

Figure 2. Sagittal (A) and axial
(B) CT reconstructions (both from
patient 8) demonstrated severe
spondylosis in bilateral C2 to C3
zygapophysial joints.
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Table 3. Outcome of Surgical Treatment

Preoperative Postoperative
m-JOA m-JOA

Patient No. Surgery Upper Lower Upper Lower Outcome Follow-up MRI
1 Partial removal, 0-C2 fusion, C1 laminectomy 1 1 2 2 improved Regression
2 Direct removal 2 1 4 4 Improved Extirpated
3 0-C4 fusion, C1 laminectomy 1 2 3 3 Improved NAZ

4 0-C2 fusion, C1 laminectomy i 2 3 3 Improved Regression
5 0-C4 fusion, C1 laminectomy 1 2 1 2 Unchanged N.A*

6 0-C2 fusion, C1 laminectomy, C3-C7 laminoplasty 2 2 3 2 improved Regression
7 0-C2 fusion, C3-C7 laminoplasty 3 2 4 4 improved Regression
8 0-C2 fusion, C1 taminectomy 3 3 4 4 Improved Regression
9 0-C2 fusion, C1 laminectomy 2 2 4 4 Improved Regression
10 0-C4 fusion, C1-C2 faminectomy 2 2 4 3 Improved Regression

*Deterioration of the patient’s condition due to unrelated diseases precluded the follow-up MRI study.

Upper, indicates upper extremities; Lower, lower extremities; N.A., not available.

ligamentous structure, atlantoaxial instability should be
viewed as a consequence of the degeneration process, not
a prerequisite for the formation of the pseudotumor.
We found that extensive OALL was highly prevalent in
patients with retro-odontoid pseudotumors. Modified
stress distribution secondary to extensive OALL has been
implicated in the literature as possible pathomechanism.
Jun et al reported a case with diffuse idiopathic skeletal
hyperostosis and attributed its cause to loss of mobility of
subaxial segments and the secondary transfer of mechani-
cal stress to the atlantoaxial segment.'® Patel et al reported
S patients of a retro-odontoid mass associated with Fores-
tier disease, speculating that multilevel subaxial fusion be-

Figure 3. Preoperative and post-
operative T2-weighted MR im-
ages of patient 8 (upper panels)
and patient 6 (lower panels).
Spontaneous regression of the
mass lesion occurred after pos-
terior fusion.
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cause of OALL coupled with the mobility of the craniover-
tebral joint complex plays a pivotal role in the development
of the mass.!® In line with these reports, the current study
demonstrated extensive OALL and marked decrease in
subaxial ROM in patients with a retro-odontoid pseudotu-
mor. Qur data indicate that altered biomechanics of the
cervical spine because of OALL plays a role in formation of
the retro-odontoid pseudotumor.

Ankylosis of the segments adjacent to the atlantoaxial
joint was another characteristic finding associated with
retro-odontoid pseudotumors. Loss of mobility at the
adjacent segment is known to contribute to increased
risk of atlantoaxial dysfunction in other chronic condi-
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tions. In patients with Klippel-Feil syndrome, in which
the C2 to C3 is the most commonly fused level, subse-
quent stress transfer at the C1 to C2 segment has been
suggested as a risk factor for atlantoaxial instability.
Shen et al have shown that occipitalization combined
with a fused C2 to C3 segment results in the greatest
amount of atlantoaxial instability in patients with Klip-
pel-Feil syndrome.'® Our results suggest that the altered
dynamics of the cervical spine, especially those in the
adjacent segments —O-C1 and C2 to C3—play a crucial
role in the development of the retro-odontoid pseudotu-
mor, indicating that the mass develops as an adjacent
segment disease:

Optimal treatment for a retro-odontoid pseudotumor
that is not associated with atlantoaxial instability has not
been established, although transoral removal has usually
been employed in such a case. In this study, 3 types of
surgical procedures were used: extirpation of the mass,
O-C2 fusion, and O-C4 fusion. We performed extirpation
only in the earlier period when posterior fusion was not
known to be effective. Afterward, we used posterior fusion
as the treatment of choice. We preferred occipito-cervical
fusion to C1 to C2 fusion because of ample space for bone
grafting even after the resection of C1 posterior arch, which
was performed in most cases. We usually extended fusion
down to C4 when safety of inserting C2 pedicle screws was
in doubt because of the anatomic limitations such as high
riding vertebral artery, identified by preoperative planning
using CT navigation system. In the current study, we have
shown that posterior fusion invariably produced mass re-
gression even in cases without radiographic atlantoaxial
instability. This previously undocumented finding may be
attributable to the fact that posterior fusion greatly reduces
stress concentration to the atlantoaxial junction. Consider-
ing that the reactive mass develops as an adjacent segment
disease, relieving mechanical stress at the atlantoaxial junc-
tion is a reasonable strategy for preventing further progres-
sion of the disease. Our data indicate that posterior fusion is
the treatment of choice even for cases without overt atlan-
toaxial instability.

There are several limitations to the present study. Al-
though this is the largest case series, we need to examine
more cases to determine the precise incidence of the ra-
diographic characteristics we mentioned. Moreover, a
cohort or case-control study is required to further dem-
onstrate the cause-effect relationship of the putative risk
factors we discussed in the present study. Retro-
odontoid pseudotumors occur only in a fraction of pop-
ulation with OALL or having ankylosis of O-C1 or C2 to
C3, which may be partly attributable to variable biologic
responses of the ligamentous tissue among the individu-
als. Further studies are needed to clarify the role of other
biologic or genetic factors that predispose patients to
development of retro-odontoid pseudotumors.

H Conclusion

Retro-odontoid pseudotumors were not always associated
with radiographic atlantoaxial instability. Our results sug-
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gest that extensive OALL and ankylosis of the adjacent
segments are risk factors for the formation of pseudotu-
mors. The retro-odontoid pseudotumors may develop asan
adjacent segment disease after altered biomechanics of the
cervical spine, especially those in the adjacent segments.
Posterior fusion is the treatment of choice even for cases
without radiographic atlantoaxial instability.

W Key Pomts

. Retro-odontmd pseudommors were not neces-
sarily associated with radxographm atlantoaxxal
instability.
® Subaxial fusion due to OALL and ankyioszs of
the adjacent. segments. (O-C1, C2-C3) may be risk

_ factors for the formation of the pseudotumor. -

e Posterior fusion resulted in spontaneous regres-
sion of the pseudotumor even in cases thhout ra-

; fdmgraphm atlantoaxial mstabxhty
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