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  ProDisc Cervical Arthroplasty Does Not Alter 
Facet Joint Contact Pressure During Lateral 
Bending or Axial Torsion 
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   Study Design.   A biomechanical study of facet joint pressure after 
total disc replacement using cadaveric human cervical spines during 
lateral bending and axial torsion.  
  Objective.   The goal was to measure the contact pressure in the facet 
joint in cadaveric human cervical spines subjected to physiologic 
lateral bending and axial torsion before and after implantation of a 
ProDisc-C implant.  
  Summary of Background Data.   Changes in facet biomechanics 
can damage the articular cartilage in the joint, potentially leading to 
degeneration and painful arthritis. Few cadaveric and computational 
studies have evaluated the changes in facet joint loading during 
spinal loading with an artifi cial disc implanted. Computational 
models have predicted that the design and placement of the implant 
infl uence facet joint loading, but limited cadaveric studies document 
changes in facet forces and pressures during nonsagittal bending 
after implantation of a ProDisc. As such, little is known about the 
local facet joint mechanics for these complicated loading scenarios 
in the cervical spine.  
  Methods.   Seven osteoligamentous C2–T1 cadaveric cervical 
spines were instrumented with a transducer to measure the C5–C6 
facet pressure profi les during physiological lateral bending and axial 
torsion, before and after implantation of a ProDisc-C at that level. 
Rotations at that level and global cervical spine motions and loads 
were also quantifi ed.  
  Results.   Global and segmental rotations were not altered by the 
disc implantation. Facet contact pressure increased after implantation 

 Coupling between axial torsion and lateral bending 
enables the complex motions required for the normal 
biomechanical function of the cervical spine.  1   –   9   The 

oblique orientation of the cervical facets in the sagittal and 
coronal planes contributes to this coupling and to load trans-
mission while guiding and restricting spinal motions.  10   –   12   The 
facet and Luschka joints contribute to cervical stability and 
coupling.  13   –   15   Although anatomical and biomechanical studies 
suggest that the articular cartilage of the facet joint is sub-
jected to complex mechanical loading,  16   ,   17   few studies have 
quantifi ed the local loading in this joint.  18   –   20   

 Facet cartilage loading is not uniform and is modifi ed by 
changes in spinal kinematics resulting from trauma, degen-
eration, and/or surgical intervention.  20   –   26   Consequently, any 
change in facet joint biomechanics can alter the structural 
integrity and health of this joint’s articular cartilage and 
can potentially lead to its degeneration and painful arthritic 
changes.  27   –   34   Total disc replacement restores the segmental 
motion of the spine.  35   –   40   However, clinical investigations have 
reported potential complications in the spine at follow-up, 
such as facet arthrosis.  41   –   44   Both cadaveric and computational 
studies report varied facet forces depending on the loading, 
the position, and type of implant and the spinal region.  45   –   54   
Finite element models predict an increase in lumbar facet 
force during both fl exion and extension.  49   ,   55   ,   56   In contrast, a 
computational model predicted that facet forces decrease after 
implantation of a semiconstrained disc implant but increase 
with an unconstrained implant that allows more fl exibility.  52   
Anterior placement of a lumbar artifi cial disc increases facet 
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during ipsilateral lateral bending and contralateral torsion, but that 
increase was not signifi cant compared with the intact condition.  
  Conclusion.   Implantation of a ProDisc-C does not signifi cantly 
modify the kinematics and facet pressure at the index level in 
cadaveric specimens during lateral bending and axial torsion. 
However, changes in facet contact pressures after disc arthroplasty 
may have long-term effects on spinal loading and cartilage 
degeneration and should be monitored  in vivo .   
  Key words:   disc arthroplasty  ,   cervical spine  ,   biomechanics  ,   facet 
joint  ,   contact pressure  .    Spine   2013 ; 38 : E84 – E93   
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loads during compression and extension,  45   ,   49   whereas the 
anteroposterior position of an artifi cial disc does not infl uence 
facet forces in the cervical spine.  53   

 A very limited number of studies have evaluated facet load-
ing during the more complicated lateral bending and axial 
torsion regimes. Finite element models of lumbar motion 
segments predict a substantial increase in facet load after 
ProDisc-L arthroplasty.  49   ,   55   In contrast, Kang  et al   52   reported 
a 40% lower facet force in lateral bending after ProDisc-C 
arthroplasty than in the intact condition using a fi nite ele-
ment model. Computational models of lumbar and cervical 
motion segments predict that a posterior placement, a small 
ball radius, and a low or high center of rotation of a ball-and-
socket–type implant increase facet forces in lateral bending 
and axial torsion.  50   ,   53   However, few cadaveric studies have 
evaluated the effect of the ProDisc on facet joint loading dur-
ing lateral bending and axial torsion. Flexible intra-articular 
sensors detected an increase in lumbar facet force on the ipsi-
lateral side during lateral bending after disc replacement at 
L5–S1.  46   Yet, strain gauges implemented on the facet surfaces 
of cervical spines measured a decrease in facet force in lateral 
bending and axial torsion after ProDisc-C implantation com-
pared with the intact condition.  47   Despite these estimations 
of facet forces developed during complex nonsagittal loading 
before and after disc arthroplasty, quantitative measurements 
of the contact pressure that develops in the human cervical 
facet joints are still lacking. 

 The objective of this study was to measure the pressure 
profi le in the cervical facet joint of cadaveric cervical spines 
during lateral bending and axial torsion to investigate the 
infl uence of single level ProDisc-C arthroplasty on local facet 
joint mechanics at the index level. Using a minimally inva-
sive technique previously described,  54   ,   57   the C5–C6 facet pres-
sure was measured in multisegment cadaveric cervical spines 
under physiological conditions of lateral bending and axial 
torsion toward and away from the instrumented facet joint. 
Biomechanical outcomes were compared between the intact 
and implanted conditions to evaluate the effect of disc arthro-
plasty on facet joint loading. 

  MATERIALS AND METHODS 
 Seven fresh-frozen male cadaveric spines from C2 to T1 (age 
range, 37–78 yr; mean, 60  ±  13 yr) were evaluated by fl uo-
roscopy and the degenerative state of the disc and facets of 
each specimen was graded according to customary proce-
dures.  58   ,   59   The 2 oldest age specimens (ages, 69 and 78 yr) 
were evaluated as exhibiting a minimal and moderate disc 
degeneration at C5–C6, respectively; the remaining 5 younger 
specimens exhibited no signs of disc degeneration. Crossed 
Kirschner wires were placed in each of the C2 and T1 verte-
brae to rigidly fi x the specimen to aluminum cups using pot-
ting material (FlowStone; Whip Mix Corp., Louisville, KY). 
Three refl ective beads (6.35-mm diameter) were attached to 
the lateral masses and anterior face of each vertebral body 
and also to the casting cups for motion tracking during test-
ing ( Figure 1 ). A tip-mounted pressure transducer (XCEL-

100-50A; Kulite, Leonia, NJ) was inserted in the left C5–C6 
facet joint to measure the contact pressure, using a previously 
validated noninvasive approach.  26   ,   57   The pressure sensor was 
positioned through a hole drilled in the posterior aspect of the 
left C5 lateral mass to contact the C6 articular surface ( Figure 
2 ).  26   ,   54   ,   57       

 Each cervical spine specimen was rigidly fi xed to a 6-axis 
load cell (Model 4386; RA Denton Inc., Rochester Hills, MI) 
in a testing frame by the T1 casting cup ( Figure 1 ). A moment 
arm was attached to the top of the C2 cup to apply lateral 
bending and axial torsion separately. A cable was attached to 
one end of the moment arm to apply lateral bending toward 
(ipsilateral; left) or away from (contralateral; right) the side 
with the pressure probe. Similarly, cables were connected to 
each end of the moment arm to apply ipsilateral and contra-
lateral torsion directed toward and away from the left side. 
Pneumatic pistons attached to the cables imposed lateral 
bending and axial torsion moments of 3.0 N·m and 2.7 N·m, 
respectively.  47   ,   60   ,   61   The combined weight of the C2 casting 
cup, potting material, and moment arm applied a compres-
sive preload of 14 N, which did not induce any extension 
or fl exion.  57   An optical system of 4 infrared cameras (PEAK 
Motus 8.0; Vicon, Denver, CO) tracked the position of the 
refl ective beads at 120 Hz, and image data were synchro-
nized with the load and pressure data that were acquired at 
600 Hz. 

 All specimens were imaged with 3-dimensional fl uoros-
copy after implantation to assess whether proper implant 
position was obtained. In the sagittal slice image showing the 
keels of the implant, the distance between the posterior edge 
of the implant and the line joining the posterior edges of the 
adjacent upper and lower vertebral bodies was measured at 
the midheight of the disc. 

 Prior to testing, specimens were preconditioned by manual 
exercise through several cycles of bending and torsion. Lateral 
bending and axial torsion were then applied to intact speci-
mens in a randomized order. Following that loading proto-
col, a ProDisc-C (Synthes, West Chester, PA) was implanted 
at C5–C6 using standard operative techniques including a 
minimal bilateral uncinectomy and complete posterior longi-
tudinal ligament removal.  54   Trial discs were used to select the 
implant size ( i.e. , height, depth, width) that best fi ts each spec-
imen. Four different implant footprints were used (medium, 
medium deep, large, large deep), but 6 of the 7 implants had 
a height of 5 mm and 5 implants had a width of 17 mm, 
with the depths ranging from 12 to 16 mm, as previously 
described.  54   The lateral bending and axial torsion loading 
protocols were then repeated on the implanted specimens in 
randomized order. 

 Changes in the forces, moments, and pressures in the 
C5–C6 joint during loading were used to calculate the pri-
mary and coupled motions and loads. The global (C2–T1) 
and segmental vertebral motions at the index level (C5–C6) 
were also measured. All mechanical data were acquired in 
both the intact and the implanted (ProDisc) conditions dur-
ing both ipsilateral and contralateral lateral bending and 

Copyright © 2013 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

BRS205364.indd   E85BRS205364.indd   E85 21/12/12   12:06 PM21/12/12   12:06 PM



BIOMECHANICS ProDisc Cervical Arthroplasty Does Not Alter Facet • Jaumard et al

E86 www.spinejournal.com January 2013

 Figure 1.    Anterior and lateral (insert) views of a specimen in the load-
ing frame with the load cell and cable pulley system with cable (cir-
cled) attached to the moment arm. Also shown are the refl ective mark-
ers and the infrared tracking cameras. In this confi guration, the setup is 
assembled to apply left (ipsilateral) lateral bending in the direction of 
the probe placed in the left C5–C6 facet joint.  

 Figure 2.    Three-dimensional rendering of a cervical spine specimen 
showing the ProDisc-C at C5–C6 and the pressure probe inserted in 
the left C5–C6 facet joint. A semitransparent capsular ligament has 
been added in this rendering covering the left C5–C6 facet joint.  

axial torsion. The maximum changes in forces ( Δ  F ) and 
moments ( Δ  M ) were calculated as the difference between 
the initial and maximum moments during the loading phase 
( Figure 3 ). Similarly, the maximum global ( Δ  θ  G ) and segmen-
tal ( Δ  θ  S ) rotations were calculated as this same difference in 
angular positions during the loading phase, as was the maxi-
mum change in facet pressure ( Δ  P ). Coupling was also eval-
uated using the primary and coupled rotations. For lateral 
bending, these rotations were about the  x -axis and  z -axis, 
respectively ( Figure 1 ); for axial torsion, they were about the 
 z -axis and  x -axis, respectively. In lateral bending, the ratios 
of coupled-to-primary rotations were determined as  Δ  θ  G-

AT / Δ  θ  G-LB  and  Δ  θ  S-AT / Δ  θ  S-LB  and in axial torsion the ratios were 
 Δ  θ  G-LB / Δ  θ  G-AT  and  Δ  θ  S-LB / Δ  θ  S-AT . All ratios were expressed as 
percentages.  

 Comparisons were made between the intact and implanted 
conditions for ipsilateral and contralateral lateral bending and 
axial torsion. Changes in primary and coupled moments were 
compared for each of the ipsilateral and contralateral direc-
tions and for each of lateral bending and axial torsion using 
paired  t  tests. The change in primary and coupled moments 
( Δ  M x  ,  Δ  M z  ), compressive force ( Δ  F z  ), global ( Δ  θ  G-LB ,  Δ  θ  G-AT ) 
and segmental ( Δ  θ  S-LB ,  Δ  θ  S-AT ) angles, and facet pressure ( Δ  P ) 
was compared between the intact and implanted conditions 
using analysis of variance with repeated measures for ipsi-
lateral and contralateral loading, for each of lateral bending 
and axial torsion, separately. The ratios of coupled-to-pri-
mary moments and rotations were also compared between 
the intact and implanted conditions, with repeated measures 
analysis of variances. The changes in primary moment, pri-
mary global and segmental angles, and facet pressure were 
also compared between the ipsilateral and contralateral direc-
tions for both loading modes in both the intact and implanted 
conditions using analysis of variances.  

  RESULTS 
 The artifi cial discs were positioned anterior to the spinal 
canal at an average distance of 1.7  ±  1.7 mm. Similar forces 
and moments were applied to the specimens before and after 
implantation of the ProDisc-C in both lateral bending and 
axial torsion ( Figure 4 ;  Table 1 ). The increase in compressive 
force ( Δ  F z  ) induced by either type of loading in both the intact 
and implanted conditions was small and under 8 N in lateral 
bending and under 4 N in axial torsion. The increase in the 
coupled forces in the axial plane ( Δ  F x  ,  Δ  F y  ) was also small 
( < 3 N) in both loading modes ( Figure 4 ;  Table 1 ).   

 The changes in primary and coupled moments were com-
parable between the intact and implanted conditions for 
both loading directions ( Figures 3  and 4;  Table 1 ). In lateral 
bending, the change in primary moment was similar between 
the intact and implanted conditions for both the ipsilateral 
(intact: 2.9  ±  0.6 N·m; implanted: 3.3  ±  0.9 N·m) and con-
tralateral (intact:  − 3.3  ±  0.9 N·m; implanted:  − 2.9  ±  0.6 
N·m) directions. There was no difference between the ipsi-
lateral and contralateral  Δ  M x   values that were signifi cantly 
greater ( P   <  0.001, power  =  100%) than the changes in 
coupled moments,  Δ  M  z  and  Δ  M y  , for each of the conditions 
in lateral bending ( Figure 4 ;  Table 1 ). The change in torsion 
moment was similar between both conditions for ipsilateral 
torsion (intact: 2.6  ±  0.5 N·m; implanted: 2.8  ±  0.3 N·m) 
but not for contralateral torsion when it was signifi cantly 
increased ( P   =  0.003, power  =  35.5%) ( Figure 4 ). There 
was no difference between the ipsilateral and contralateral 
 Δ  M z   moments, which were signifi cantly greater ( P   <  0.001, 
power  =  100%) than the changes in the coupled moments 
for each of the intact and implanted conditions in torsion 
( Figure 4 ;  Table 1 ). 

 The global and segmental rotations were similar for all 
cases in lateral bending and torsion ( Figure 4 ;  Table 1 ). The 
change in primary global angle ( Δ  θ  G-LB ) was similar between 
the intact and implanted conditions for ipsilateral and 
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 Figure 3.    Temporal traces of the moments and facet pressures  (A)  and forces and facet pressures  (B)  for ipsilateral lateral bending and contralateral 
axial torsion for both the intact and implanted (ProDisc) conditions.  
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 Figure 4.    Changes in the forces ( Δ  F x  ,  Δ  F y  ,  Δ  F z  ), the moments ( Δ  M x  ,  Δ  M y  ,  Δ  M z  ), and the primary and coupled angle changes during (LB and AT for 
the intact and implanted conditions (ProDisc) in both directions of loading. The asterisk (*) indicates a signifi cant difference between the intact 
and implanted conditions. LB indicates lateral bending; AT, axial torsion.  

contralateral lateral bending; in torsion, the change in primary 
global angle ( Δ  θ  G-AT ) was also similar between the intact and 
implanted conditions for both directions. There was no differ-
ence between the ipsilateral and contralateral primary global 

angle ( Δ  θ  G ) for each condition in both lateral bending and 
axial torsion ( Figure 4 ;  Table 1 ). The changes in primary seg-
mental angle ( Δ  θ  S ) were similar between both conditions in 
each direction of each loading mode. These changes ranged 
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kPa in the implanted condition ( Figure 5 ;  Table 1 ). How-
ever, during contralateral torsion away from the left C5–C6 
facet joint,  Δ  P  increased in both the intact (45  ±  48 kPa) and 
implanted (135  ±  156 kPa) conditions ( Figure 5 ;  Table 1 ). 
These changes in pressure were not different between the 
intact and implanted conditions but were signifi cantly differ-
ent ( P   =  0.01, power  =  86%) between ipsilateral and contra-
lateral torsion for the intact condition ( Figure 5 ).   

  DISCUSSION 
 Despite a growing clinical interest in local facet joint bio-
mechanics, this is the fi rst study to quantify facet contact 
pressure in human cadaveric cervical spines in lateral bend-
ing and axial torsion in normal loading or in the context 
of disc arthroplasty. Facet contact pressure at C5–C6 was 
found to increase, but not signifi cantly, after disc implanta-
tion although the rotations in the coronal and axial planes 
remained unchanged ( Figures 4  and 5;  Table 1 ). Although 
the mean pressures increased, the facet contact pressures 
exhibited a great deal of variation in the implanted condition 
( Figure 5 ;  Table 1 ), which may be the reason for the lack 
of signifi cant difference. Although degeneration of spinal tis-
sues occurs naturally with aging, this study controlled the 
degree of C5–C6 disc degeneration and capsule calcifi cation 
by controlling the selection of specimens, and so the varia-
tion in facet pressure measurements are likely not age-depen-
dent. Because this study used a select group of specimens, 
these fi ndings must be extrapolated cautiously as they do not 
fully represent all patients, especially because degenerative 
disease is common with aging. Nonetheless, we eliminated 
the potential infl uence of degeneration on facet pressure by 
evaluating specimens with no evidence of moderate or severe 
spinal degeneration. Also, both the size and position of the 
implant could infl uence the facet pressure measurements. 
However, in this study, the positioning of the artifi cial disc 
was confi rmed as appropriate and consistent across speci-
mens. Based on prior work with this facet pressure measure-
ment approach,  54   ,   57   great care was taken to place the probe 
in the region of greatest contact within the joint, and its 
placement was the same for both the intact and implanted 
conditions. Nonetheless, the transducer placement might not 
have been optimal for these complicated modes of loading. 

between  − 3.1 °  and 2.7 °  in lateral bending and  − 4.6 °  and 7.3 °  
in torsion ( Figure 4 ;  Table 1 ). 

 In the intact condition, the change in primary global angle 
was signifi cantly greater than the change in coupled global 
angle in both directions for lateral bending ( P   ≤  0.007, power 
 =  69.6% for ipsilateral and 94.7% for contralateral) and for 
torsion ( P   ≤  0.0004, power  =  67.5% for ipsilateral and 
96.3% for contralateral). However, the changes in primary 
and coupled segmental angles were not different between any 
loading cases (statistical power ranging from 18% to 53.5%) 
except in ipsilateral torsion ( P   =  0.012, power  =  77.6%). 
Similarly, in the implanted condition, the change in primary 
global angle was signifi cantly greater than the change in cou-
pled global angle in both directions for torsion ( P   ≤  0.01, 
power  > 69.1%) and in ipsilateral lateral bending ( P   =  0.048, 
power  =  54.8%). Yet, the changes in primary and coupled 
segmental angles for lateral bending and axial torsion were 
not different in either loading direction ( Figure 4 ;  Table 1 ). 

 The ratios of coupled-to-primary global angles were not 
different between the intact and implanted conditions in the 
ipsilateral and contralateral directions for each of lateral 
bending and axial torsion ( Table 1 ). In addition, these ratios 
were not different between the ipsilateral and contralateral 
directions of loading, for each of the intact and implanted 
conditions, in both loading modes. The same relationships 
were observed for the ratios of coupled-to-primary segmental 
angles ( Table 1 ). 

 Facet contact pressure was not greater in the implanted 
than in the intact condition during both lateral bending and 
axial torsion ( Figure 5 ;  Table 1 ). During ipsilateral lateral 
bending, facet contact pressure increased by 33  ±  23 kPa 
in intact specimens and by 155  ±  136 kPa after implanta-
tion ( Figure 5 ;  Table 1 ). In contrast, in contralateral lateral 
bending,  Δ  P  decreased by 4  ±  3 kPa and 12  ±  9 kPa in 
the intact and implanted conditions, respectively ( Figure 5 ; 
 Table 1 ). Although changes in contact pressure were not dif-
ferent between the intact and implanted conditions, they were 
signifi cantly different between ipsilateral and contralateral 
lateral bending for the intact ( P   =  0.006, power  =  99%) and 
implanted ( P   =  0.007, power  =  90%) conditions ( Figure 5 ). 
During ipsilateral torsion, facet pressure decreased by 18  ±  
27 kPa in the intact condition but increased by 47  ±  122 

 Figure 5.    Changes in pressure during LB and AT for the intact and implanted (ProDisc) conditions in both directions of loading. The asterisk (*) 
indicates a signifi cant difference in pressure between the ipsilateral and contralateral loading directions. LB indicates lateral bending; AT, axial 
torsion.  
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  ➢  Key Points 

            Primary and coupled rotations in lateral bending 
and torsion are similar before and after a single-level 
ProDisc-C arthroplasty in the lower cervical spine.  

          Facet contact pressure in the posterior region of the 
cervical facet joint is not increased during lateral 
bending and axial torsion after ProDisc-C arthroplas-
ty at the same level.  

          Facet contact pressure is signifi cantly greater in the 
joint ipsilateral to the applied lateral bending than in 
the contralateral joint in both the intact and implant-
ed conditions.  

          Facet contact pressure is signifi cantly greater in the 
joint contralateral to the directed axial torsion in the 
intact case only.    
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 Although the pressure transducer technique used in this 
study measures only focal contact pressure, it provides accu-
rate and continuous monitoring of contact pressure during 
spinal loading without altering the biomechanics of the facet 
joint.  26   ,   54   ,   57   ,   63   Such data can inform on both the magnitude 
and the temporal pattern of facet contact pressure in the 
context of spinal kinematics and other local cartilage proper-
ties to provide a more comprehensive understanding of the 
changes in facet joint biomechanics for disc arthroplasty or 
other spinal intervention. The implantation of a ProDisc-C at 
the C5–C6 level did not alter the kinematics or the facet pres-
sure in cadaveric cervical spines under physiological lateral 
bending or axial torsion. Furthermore, this study shows that 
such a technique can be used to measure contact pressure in 
more complicated spinal motions and loading scenarios in the 
context of disc spinal surgical interventions, trauma, and/or 
pathology.   

The variation in pressure observed after disc implantation in 
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which have been reported to occur after disc arthroplasty.  62   A 
recent study using ovine cervical spines reported no change in 
either the mean or the peak facet pressures after disc arthro-
plasty subjected to similar moments in lateral bending and 
torsion.  20   However, that study reported much larger mean 
pressures (range, 250–270 kPa) than were detected here but 
used a saddle-shaped implant and a pressure measurement 
technique that required the joint capsule be transected.  20   We 
have previously demonstrated that capsule transection alters 
rotations and contact pressures.  63   

 Because of the small number of specimens in this study, 
the statistical power for comparing facet pressures between 
the intact and implanted conditions is low in both the lateral 
bending (ipsilateral 65%; contralateral 61%) and axial tor-
sion (ipsilateral 28%; contralateral 31%) conditions. How-
ever, the similarity in the contact pressures in the intact and 
implanted facet conditions ( Figure 5 ) agrees with facet contact 
force patterns predicted at C4–C5 in a computational model 
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putational models predict the location of articular contact to 
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facet joints and spine and loading are also different between 
these spinal regions. 

 The working biomechanical model of the spinal facet 
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axial torsion unloads the ipsilateral facet while loading the 
contralateral joint.  66   ,   67   Although fi nite element modeling has 
also supported this assertion,  56   ,   65   ,   68   this is the fi rst study to 
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by implantation ( Figure 4 ;  Table 1 ). These fi ndings agree with 
kinematic data from cadaveric, clinical, and computational 
studies before and after cervical disc arthroplasty.  48   ,   72   ,   73   For 
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