on

03-07-98 02:10 PM FROM MERRITT & ROONEY

';"’ o~
[P ,,:;
WA
Y
1Y .
at p.

AT

B~ |
.
w, =

870

P041/053/829

The Role of Torsion in Cervical
Spine Trauma

BARRY S. MYERS, MD, PhD,* JAMES H. McELHANEY, PhD," BRIAN J. DOHERTY, PhD
JACQUELINE G. PAVER, PhD.t and LINDA GRAY. MD%t

A dynamic servocontroiled torsion machine has been
used to characterize cervical injury due to pure rotation of
the head. Resultant force moment, torque, and appiled
rotation have been measured. Torque applied ta the base
of the skull resulted In Injury to the atlantoaxial joint. No
evidence of lower cervical injury was obsgerved by com-
puted tornography, magnetic resonance imaging, in situ
fluoroscopy, or visusl inspection. Torgue applied directly
to the lower cervical spine induced ligamentous injury
and unilateral facet diglocation; however, the torque 1o
injure the lower cervical spine was significantly greater
than the torque to injure the atlantcaxlal joint. it was
concluded that pure rotation of the head does not mediate
lower eervical ligamentous Injury because of the compar-
ative weakness of the atiantoaxial Joint. [Key words:
torsion, lower cervical spine, kinematics, Injury}

ORSION HAS RECEIVED considerable stiention as one of the
Tprinciplc mediatars of ligamentous injury and dislocation in the

lower cervical spine.'*'® In the clinical setting, loads are
typicaily transferred to the cervical spine as a result of forces applied to
the head. However, no experimentsl scudy has been performed in which
lower cervical injury has been produced as a result of torsional loads
applicd directly to the head.

‘T study the torsional responses of the spine, many suthors have used
static weight-pully systems.'®® These systems have succcsstully
described the stiffness and kinemalic responses of the spine, but are
unsuitable for injury analysis given the importance of viscous effects. !
Dynamic test systems typically provide the nccessary comtrol for
repeatable injury production, but they constrain the specimen to
motions defined by the hydraulic actuator. The nced to reproduce
physiologic motions while using such dynamic devices is fundumentat
to the creation of clinically observed injury models.

This paper describes the use of § dynamic test machine to measure the
kinematic parameters associated with torsion, and to determine the mle
of torsion in cervical spinal injury,

BACKGROUND AND SIGNIFICANCE
Kinatics

The motions of the cervical spine have been studied in various
ways, " '83238 40 ranpe of motion hus been reported by a number of
authors. H,12,31.28 -

‘The occipitoatlantal joiny is irrotational >* In contrast. the atlantoax-
ial joint shows siriking mobility, accounting for approximatcly 50% of
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“Injury

normal cervical rotation,>® Normal rotation occurs about the odonlgy
process. Atlaatoaxial rotation is coupled tn bath axial displucemeng iy
latera) bending, 1214 )
- "Ihe kinematics of the lower cervical spine are more complicaiy,
Coupling of lateral bending and rotation has heen ubserved. ' Ty
coupling causcs the spinous processes to ratate into the convexity of gy
lateral curve, \

An orthogonal radjupraphic technique has been used (o study e
lower cervicul eenter of rotation.'**#*%7 The radiographic methey,
developed by Lysell'® and used by White and Panjabi,*” identified ty
center of rotation sy the anterjor partion of the vertebral body dungte
midsagital line. Although accurate, this echnique requires a ennside.
ahle amount of data reduction and is suitable only for static Jdomay
testing.

Adams and Hutton' uscd a dynamic method (o determine a centerd
‘otation for lumbar segments. They defined the point of minimun
stilfaess on the midsagittal line as the center of ratation. hut they hd
difficulty identifying 4 midsagital axis of twist. Subsequent workly
Yang et al* roported the existence of two cenlers of rotation in te
lumbar spine away from the midsagiual line, one for cach dirceliond
rotation. Adams and Hutton's difficulty identifying an axis of jwid
appears Lo have cvolved from the dirsction-specific natuse ot the lumba
center of rotation,

The importunce of torsion in spinal injury has been describet
previously.'®'*"¥ It is thought to influence both the modality and 8%
ease with which injury oceurs. '3 Torsian is also thought 10 playi
fundamental role in the development of lumbar disc degeneration,®

In the upper cervical spine, rotation of the head cuuses rolay
dislocation of the atlanipaxial joint ar low loads.'! This rcpresens
luxation of the latcral masy contralateral to the direction of rotationd
the head, with subsequent locking secondary (o muscle spasm. T
lesion is thought to damage only the capsular ligaments of the distocasd
lateral mass; however, odontoid fraciure or transverse ligament ruptie
<N oecur, ankl may result in gross neurologic deficit. Rotational injury
o the occipitoatlantal joint has nat been observed.™* Gocf ct ol
produced capsular ligament und alur ligament damage by applyiny pur
torque to isolated upper cervica) spines (0-<C2).

In the lower cervical spine, unilateral facet dislocation and posieri®
ligamentous injury have been atinbuted to rotation; however, cofs”
versy exists. Roaf'” rcported that torsion. wis required 1o produc®
ligamentous injury and dislocation, In his experiments, load wﬂ:
applicd manually, directly to the lower cervica spine. Huclke et al’
noled that rotation produced unilateral dislocation, Rogers™ and Whilé
and Panjabi*® noted that the unilatcral dislocation was the result of
exaggeration of normal coupling of lateral bending and muation, but &
nol state the load required to produce the lesion. Braakman and Vinkio
suggested that uniluteral dislocation was the result of combined fcxic®
and rotation. Torg™ suggested thut the lesion resulted from compr’
sion. Banze and Ardran? produced dislocation in cadavenic specime® S
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by applying combined flexion and compression o the ocuiput and
sificintly constraining the lower cervicat spine by inscriing a peg in the
peural canal at the dasired level of injury. Their appuratus applied no
jorque o the specimen, yet lower cervical rotatinn was observed before
ynitatersl dislocation.

Despite tluims that unilateral dislocation is caused by rotational
oads. iz lesion has not haen produced in an experimental study of
rotational loads to the head. We therefore chase to investigate this isswc,
hypothesizing that it is impossible w inducc lower cervical ligamentous
injury or dislocation in rotation hecausc af the relative weakness of the
alantouxial joiat,

MATERIALS AND METHODS
The (est system used has been described in a previnus publication,
and is bricfly summarized below.™  _

Caduveric Material and Casling Procedure. Six intact, unem-
balmied cervical spines were abtained from cadaveric specimens aged
£8-80 years. Specimens included the base of the skull through T1, with
2l ligamentous structures intact. Specimens were scalcd in plastic bags
and stored at —20C, At the time of testing, the specimens were thawed
1o room temperature and allowed 10 equilibrate fully in a 100% humidity
environment, Specimens were cast in aluminum cups with reinforced
polyester resin. The resting lordosis of the spine was preserved. The
¢enters of the cups were aligned with the center of the neural canal, The

. distance from the cup center 1o the dens (d) in the rostral cup and the
distance [rom the cup center to the anterior of the vertebral body (L) in
the caudal cup were recorded.

Apparatus. Tests were conducted with an MTS (Matcrials Testing

" Systems. Minncapolis, Minnesota) servocontrolled hydraulic torsion

testing machine, The base of the skufl was rotated using a hydraulic

. momational actuator (Figure 1). Rotation of the base of the skull was

quanutied with a rorational variable differential wansformer (RVDT)

mounted direcily on the rotary actustor. A system o permit load-(ree

" changes in axial length of the specimen was implemented with a linear

" beating ta couple the base of the skull to the rolational actuator. The

caudal end of the specimen (T1) was not allowed to route. Torque,

force, und moment were measured at the caudal and of the specimen by

~ the use of a six-agis array of strain-gauge load cells. A dial guuge was

used 1o align the specimen along the axis of twist and identify the

location of the uxis of mipimum stiffness. Jn siru fluoroscopic imuges

were iccorded on videotape, Digital and analog data acquisition

systems were used to determine the deformation.time, force-time, and
forcc-deflection histories.
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Experimental Methods, Pretest anteroposterior and lateral cadio-
grams were performed before casting 1o evaluate existing pathology.
Each specimen was mognlcd in the load frame and aligned to place the

" dens along the axis of twist of the actugtor. As an initial estimate. the

lower cervical spine was mounted 1o align the anterior portion of the €7
vertcbral body with the axis of twist. A cyclic torsion fest was
performed with a {-Hz sine function for SO cycles to exercise the
specimen and place il in a mechanically swbilized (reproducible)
state.'” The anple of 1wist was estimated fo produce 10-20% of the
expected injury torgue.

A minimum stiffness protocol was performed to identify the center of
rotation in the [ower cervical spine. The lower cervical spine was
mounted such that the axis of twist lay on the midsaginal linc anterior 1o
the C7 vertebral body. A ramp-and-held rotation wus applied for 0.5
seconds, and the dynamic torsional stiffness was recorded (stiffness =
torque/twist angle [K = 170]). This was repeated two times and the
results averaged. The axis of twist was moved 0.08 cm (0.2 in.)
posteriorly, and the stiffness tests repeated. The procedure was per-
formed al points located from the anterior of the verniebrul body through
1o the center of the neural canal. A third-order polynomial was
least-squares fitted to the data to determine the point of mininum
stiffness along the midsagittal line. This point was defined as the lower
cervical center of rotation, and it was placed alony the axis of twist for
the remaining tests. The specimen was then injured by applying a
rmnp-to-[ailure at approximately S00°/sec. Magnetic resonance imuges
(MR1) and computed tomopraphic (CT) scans were obtained to identify
bony and ligamentous injuries. Torque to injury was also meusured.

All injurics praduced were confined (o the atlantoaxial joint, The
joint was digsected and the injuries described. Since no evidence of
fower corvical injury wus obscrved, the specimens were recast fo isolatc
the lower cervical spine (C2=T1) and a sccond failure test performed.
Lower cervical torque to injury was measured and comparcd with
torque o injury in the upper cervical spine. CT, MRI. and physical
dissection were used to quantfy the lower cervical injurics. The
streagth catio, R, was defincd ax the ratio of torque to injury in the lower
cervical spine over the torque o injury i the upper cérvical spine.

RESULTS
Kinetics

A sample of the torque-angle tesponse used to determine the dynamic
stiffness, K, is shown in Figure 2. The center of minimum stiffness in
the lower cervical spine was found to lie in the anterior portion of the
venebral body. A sample plot of normalized torsional siiffness (K/
Kmax) versus normalized midsagittal position (X/L). used to identify
the location of the center of minimum stiffness, is shown in Figure 3.
The symbol X represents the distance frorn the center of the neural canal

DISPLAClEJzIEN‘r
DIAL GAUGE
RVDT
HYDRAULIC BALL TORQUE AND
ACTUATOR LINEAR BEARING _ FIOVJEDASEBLS
| BEARING sreciMeN$y L L
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Fig 1. Test apparatus
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-Flg 2. Torque-angle response of tha cervical spine, showing the
values of T and 8 used lo delermine tha torsional stffness.

{X = DY to the anicrior surface of ths vertebral body (X = L), as defincd
in Figure 4. The location of the center of ratation for each specimen, s
determined by the center of minimum stiffness, is listed in Table I.
Mean center of rotation was found to lic at X/L = 0.83 = 0.15,
Referenced ugainst the venebral body, the mean center of rotation was
found to fie about a point ope-fifth the antcroposterior diameter of the
vertebral body fram the antcrior of the vertebral body (Figure 4. Table
1. /B = 0.2). The center of rotution was determined for cach specimen
within 0,13 ¢m (0.0 in.). Large flexion-cxiension moments wcre
obscrved when rofation occurred at centers other than the center of
minimum stiffness. The peak magnitude of the moment increased with
increasing distance of the axis of twist from the center of minimum
stiffness, and it tended 6 zeéro at the conter of minimum stiffness.

Initial tests in which the axial longth of the specimen was held fixed
during rotation resulted in Jarge uxial compression forces (Fz = 1200 N)
and nonphysiofogic injurics. Specificatly, ligamentous distuption oc-
curred at the insertion of the specimen in the cup ends. Since the injuries
produced were not consistent with clinically observed injuries and the
injurics nccurred in the specimen ends, the results were disearded and
therefors umitted from this anicle. Subsequent testing, which allowed
for changes in the length of the specimen with rotation (Fz < 75 N),
produced the clinically observed injuries in the six specimens reported
in this article.

1.0
0.8
0.8+

0.4
¢ a: Expadmenial

0.2 —: Potynamisi T

STIFFNESS (K/Kmax)

/Pnl-rvd twisting oxls
4

1 - { ] )]
6 0.2 0.4 0.6 0.8 1.0
MIDSAGITTAL POSITION (X/L)

Fig 3. Torsional stillness versus midsagittal position used to idenlify
the axis of minimum stitfnese.
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Flg 4. Cervical veriebra with reference axis for determination of fhe
location of the center of rotation.

Injury

Injury was defincd us a decreasc in torque with increasing angle of
twist, or by catastrophic failure of the specimen (Figure S). Torguesto
faijure are surnmarized in Table 2. To test the aceuracy of thesc rosuits,
the lorque transducer was celibrated befers and after tcshing. In
addition, previous studies reported mean torsional stiffnesses o 0.25-
0.75 Nmvdey.®** Mean torsional stiffness in this study wis 048
Nm/deg, which agreed favorably with these previously rcponsd
values.'*

In each of the six cervical spines, load applicd © the base of the skull
resulted ip rotary ntlantoaxial Facet dislocation. Greater than 90° of
rotation was observed in the joint, as well as increased compliance in the
dircction of roatation and a pormanent rotation atno loud. No evidenceof
injury was obscrved in the Jower ceevical spine by visual inspection.
CT. or MR], Furher, fluoroscopy of the specimen during lesting
indicated anly slight (wisting of the lower cervical spinc ut the time of
injury. Ligamentous injury consisted of tearing of the capsular ligh
ments of the anicriorly displaced lateral mass, The alar-iransvers
ligament complex und the odontoid process were grossly intact. Mean
torque to injury was 17.2 £ 5.1 Nm, which was similar to the
13.6 = 4.5 Nm reporied by Goc) et al.” Becausc the injury wa
confined to the atlantoaxis, the joint was dissected, and the injurics
described.

Table 1. Locatiaon of the Center of Rotation

Midsagiltal Position

Specimen No. X/L D/?__/
1 083 023
2 0.85% 0.1%
3 0.61 0.47
4 030 0.01
5 1.00 000
6 0.69 037 9
Mean & SD 083 % 0.16 00018 B
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Fig 5. Cervical spine torque lo tailura, comparing torgue o lawer
cervir:-1 injury with torque lo atlantoaxial injury.

The lower cervical spines (C2-T1) were recast, mounted in the load

" frame, and injuted. Unilateral facct dislocation with locking was

produced in cach specimen with significant liggmentous injury (Table

_ 3), All injuries occurred mote than one molion segment away from the

cup cnuls, removing the possibility of end cffects. Table 2 lists the

* torques to injury and the strength ratio, R (the ratio of lower cervical to

upper cervical torque to injury). Mean torque to lower cervical injury
was 21.0 £ 5.4 Nm, Torque to unilateral dislocation was greater in the
lower cervical spine than torque to rotary dislocation in the upper
cervical spine for cach specimen tested (Figure S, Table 2, R > 1), This

indicates incrcased torsional stength in the lower cervical spine
{(Rmean = [.24 £ 0.1S51, P = 0.05.) ‘
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DISCUSSION
Kinetics

The use of # dynamic test system atfords many ‘advanlages in the
study of the spine. It also creates a challenge in that the motions of the
hydraulic actuator are not necessarily the in vivo motions of the spine. In
this cxperiment, allowing changes in axial length of the speeimen was
required to produce clinically relevant injuries. It was also necessary 10
align the spine along the actuator's axis of rotation. By considering the
spine as a redundant {structuruily indeterminate) structure, we applicd
Castigliano’s theorem® 0 define the best ceater, That is. motions
resulting from an unconstrained structure are such that the energy of the
strueture 15 4 minimum,

Since cnergy in an elastic system is 1/2K8?, the minimum energy for
any given angle of wist (8) occurs at the point of minimum stitfness.
We then defined the dynamic stiffness (K = Tmax/8max), found the
minimum, and hypothesized that this minimum idemtified the axis about
which unconsrrained motion would occur in vive. The parabulic shape
of the stiffness curves (Figure 3) allowed for easy and accurate
identification of the lower cervical cenier of rotution in each of the six
specimens.

The validity of the minimum stiffness method is supported by its
agrcement with static domain radiographic studies oh unconstraincd
specimens. Specifically, the location of the center of rotation in the
anterior of the vertebral body (Tuble I, b/B = 0,20) is similsr io the
tesulhts of White and Panjabi, ™ and explains Lysell's absorvation'® of
minimal motion of the antcrior surface of the verusbral body with axial
rotation. The decvelopment of large Mexion-extension moments at
nonminimum stiffness centers of rotation, coupled with large interspec-
imen variation in center of rotation indicates the need to determine the
focation of the center of rotation for each specimen tesied in a dynamic
Retyator.

Tabla 2. Torque to Injury

Upper Cervical Lower Cearvical )
Speacimen No. (Nmj} (Nm) Strength Ralio (R}
1 11.74 17.10 1.456
2 17.65 20,20 1.144
3 16.08 16.86 1.051
4 12.46 16.87 1.353
S 25.85 28.72 1.180
6 19.66 24,48 12986
Mean * SD 17147513 21.03 £ 540 1.24 £ 0152
Table 3. Description of Lowar Cervical Injury
Sper,. a0 AntLong  Post Long Interspinous  Capsular Flaval Bany Degres of
No. Inyury Ligament  Ligament Disk Ligament Ligament  Ligaments Facets Injury
S —————
1 CS UFD  Panial R intact R lateral Tarn R&L A pariial R sup. +
‘ lear lear torn tear avulsion
2 C6 UFD  Partial R Intact Complete Intact R&L Intact Intact ++
lear tupture torn
3 CB UFD  Complate {ntact Compiate Torn R&L R&L R sup. 4+
ruplure ruplure lorn tear crush
4 C4 UFD Panial R Intact R lateral Torn RA&L R&L Rsup. & ++
tear tear torn torn inl. abrasion
5 C6 UFD  Complete Torn Complete Torn R&L Intact Asup. +++++
{ear rupture lorn abrasion
6 C4 UFD Panial R Intact R iateral Torn R&L R lorn R sup. ++
tear tear lorn crush

UFD = unifalerai facef disfocalion,

873
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Injury

Application of torsional loud to the head resulted in atlantoaxial
rotary dislocation in all of the six specinens icsied. The ugreement
between this experimentally produced injury. Greeley's reported clini-
cal experience, and the experimental results of Goel et al” supponts the
validity of this injury model. Little rotation was impartcd to the fower
cervical spine, and no evidence of lower cervical injury was ahscrved
by in sire fluoroscopy, CT. MRI, or visual inspection. Considering that
cach tnution segment of the spine casries the same torsional load, the
injury of the atlamtoaxial joint withous lower corvical injury demon-
strates that the atlantoaxis is the weukest joint in torsion in the cervical
spine.

This result alone demonstrates that pure rotation of the head does not
mediale lower cervical injury. as the atlantoaxial joint is injured at lower
torques, This postulate is further supported by the statistically signifi-
cantly larger torque (o injury obscrved in the lower cervical spine
(strength ratio, R @ 1.24 7% 0.151), which occurs when torque is
applied dircctly to the lower cervical spine. This ratio is [arger despite
the fact that the lower cervical spine suffered increased damage
associated with a longer test battery and increased handling during
preparation.

We conclude from these results thas pure rotational loads to the head
produce atlantoaxial facet injury. Pure rotation of the head, however,
does nut mediate Higamentous or bony injury in the lower cervical spinc
becuuse of the comparative weakness of the atlantoaxial joint.

In contrast, this experiment does nat determine the effect of torsion in
increasing the case of injury from other types of loading (comprossion
or flexion). Becausc the clinical injury environment typically represents
a combination of loading conditions that océur simultancously (ie,
combincd flexion, compression, and torsion), the role of torsion us 8
coniributing factor jn cervical injury should be a topic of further
experimental investigations.
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