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Biomechanics of Grade | degenerative lumbar
spondylolisthesis. Part 2: Treatment with threaded
interbody cages/dowels and pedicle screws
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Object. The authors sought to determine the biomechanical effectiveness of threaded interbody cages or dowels
compared with that achieved using pedicle screw instrumentation in resisting Grade | lumbar spine degenerative
spondylolisthess.

Methods. Thirty-three level s obtained from seven cadaveric lumbar spines were instrumented with cages or dowels,
pedicle screw/rod instrumentation, or both. Entire specimens were loaded with nonconstraining torques. Each level
was loaded with anteroposterior shear forces while an optical system was used to measure the specimen’s motion at
individual levels.

Pedicle screw/rods outperformed interbody cages and dowelsin treating spondylolisthesis. Cages or dowels alone
provided only moderate biomechanical stability, and their effectiveness depended heavily on the integrity of the liga-
ments and remaining annulus, whereas the success of pedicle screw fixation relied predominantly on the integrity of
the bone for solid fixation. Little biomechanical difference was demonstrated between cages and dowels; both devices
were susceptible to loosening with cyclic fatigue.

Conclusions. Biomechanically, cages or dowels aone were suboptimal for treating lumbar spondylolisthesis, espe-
cially compared with pedicle screw/rods. Threaded cages or dowels used together with pedicle screws/rods created the

most stable construct.

KeEy Worbps e« degenerative spondylolisthesis « anterior lumbar interbody fusion
threaded interbody cages ¢ biomechanics

thesis (25% dlippage) involves reducing the sublux-

ation and inserting fixation devices and bone grafts
to stabilize the spine and promote fusion. Two surgical
options are threaded interbody cylinder$ and pedicle
screw/rod fixation*? Threaded interbody cylinders are
available as metallic cages or as machined cadaveric cor-
tical bone dowels (Fig. 1). The geometrical configurations
of threaded titanium cages and threaded cortical bone
dowels are similar, athough the metalic cages have
sharper threads. To our knowledge, the devices have not
been compared biomechanically. Biomechanically, pedi-
cle screw/rod fixation enhances the immediate mechani-
cal strength of athreaded interbody cage system,*5 but the
effects of pedicle screw fixation have not been compared
with those of interbody threaded cylinder fixation for
treating spondylolisthesis. In this study we therefore com-
pared the relative biomechanical stability offered by

SURGICAL treatment of Grade | lumbar spondylolis-

Abbreviations used in this paper: AP = anteroposterior; BMD =
bone marrow density; EZ = elastic zone; NZ = neutral zone;
ROM = range of motion; VB = vertebral body.
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threaded bone dowels, threaded titanium cages, and pedi-
cle screw/rod fixation for the treatment of Grade | lumbar
spondylolisthesis by using an in vitro model of spondy-
lolisthesis.*

Materials and M ethods

Lumbar Specimens

Thirty-three motion segmentsin seven human cadaveric lumbar
spine specimens were studied (Table 1). The mean age of patients
in whom the specimens were obtained after death was 52 years
(range 23-66 years). Specimens were prepared for testing and han-
dled as described in our companion article.*

Biomechanical Testing

Biomechanical flexibility was tested as described.* Briefly, pot-
ted specimens were loaded nondestructively with pure moments
(maximum 5 Nm) to cause uniform bending or twisting of entire
specimens, or they were loaded with AP shear forces (maximum
50 N) applied individualy at each level to induce spondylolisthesis
and retrolisthesis. Motion was measured optoelectronically.

Specimens were tested in the following conditions (Steps 1-6):
1) intact; 2) after induction of Grade | spondylolisthesis at all lev-
els; 3) with pedicle screw/rod hardware; 4) with cages or dowels
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Fic. 1. Photographs of threaded cylindrical interbody devices.
Upper: Titanium Novus L C cages are hollow cylinders with cir-
cumferential holesto alow boneingrowth. Lower: Cortical bone
dowels are solid cylinders with asingle, large transverse hole
drilled to alow boneingrowth.

aone; 5) with pedicle screw/rod hardware combined with cages or
dowels; and 6) with cages or dowels alone after 6000 cycles of
fatigue (0.5-2 Hz, 0-5 Nm). Because pedicle screw/rod hardware
was used across single vertebral levels only, the order of testing in
Steps 2 and 3 or in Steps 4 and 5 depended on the positions of the
rods. For example, a specimen might first be tested, after destabi-
lization, with rods spanning L1-2, L3-4, and L5-sacrum. Hence,
from asingle test, data obtained for these fixed levels would corre-
spond to Step 3, whereas data recorded for L2-3 and L4-5 would
correspond to Step 2. The inverse would be true when rods were
repositioned in a subsequent test to span L2-3 and L4-5. Fatigue
loading (Step 6) consisted of 2000 cycles each of |eft axial rotation,
right axial rotation, and extension applied at approximately 1 Hz
between 0 Nm and 5 Nm. These |oading modes were expected to be
the most strenuous and the most likely to expel the cage or dowel.
After al testing was completed, all hardware was removed, and
the BMD of the VBs was determined by obtaining dual-energy
x-ray absorptiometry scans (Lunar DPX-L; Lunar Corp., Madison,
WI) of laterally oriented specimens embedded in rice and water.

TABLE 1

Summary of clinical data obtained in cadaveric specimens

Specimen Vertebral Age (yrs)
No. Levels at Death, Sex Cause of Death

1 T12-sacrum 59, M heart disease

2 T12-sacrum 55, F subarachnoid hemorrhage

3 T12-sacrum 55, M heart disease

4 T12-L4 66, M cirrhosis

5 T12-sacrum 52, M brain tumor

6 T12-sacrum 54, M cerebrovascular accident

7 T12-sacrum 23, M motor vehicle accident
52
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TABLE 2
Soondylolisthesis and BMD at 33 vertebral levels*
Specimen VB Width Shear In- Slippage
& Level (mm) stability (mm) (%) BMD (g/cm?)
Specimen 1
L1-2 a4 33 7.4 0.69
L2-3 a4 5.0 11.3 0.77
L34 43 5.0 11.7 0.86
L4-5 a4 4.1 9.3 0.99
L5-sacrum 40 10.2 25.4 1.07
Specimen 2
L1-2 39 2.4 6.0 0.45
L2-3 39 2.6 6.6 0.49
L34 39 3.0 7.7 0.62
L4-5 39 45 114 0.69
L5-sacrum 34 21 6.1 0.66
Specimen 3
L1-2 41 25 6.1 0.53
L2-3 40 26 6.4 0.52
L34 43 4.4 10.2 0.55
L4-5 43 49 11.3 0.66
L5-sacrum 45 34 75 0.71
Specimen 4
L1-2 38 12 32 0.30
L2-3 39 29 75 0.34
L34 35 2.0 5.7 0.42
Specimen 5
L1-2 39 33 8.4 0.51
L2-3 40 32 8.1 0.57
L34 39 3.7 9.6 0.61
L4-5 11 36 8.9 0.70
L5-sacrum 40 34 8.6 0.76
Specimen 6
L1-2 40 5.8 145 0.89
L2-3 40 49 12.3 0.90
L34 38 6.2 16.2 1.00
L4-5 37 52 14.1 117
L5-sacrum 38 5.0 13.2 1.29
Specimen 7
L1-2 35 2.7 1.7 0.95
L2-3 35 25 7.1 0.96
L34 35 33 9.3 0.98
L4-5 33 238 85 1.00
L5-sacrum 34 23 6.6 1.01

*The overall means + standard deviationswere39.2 = 3,38 = 17,
9.5+ 4.1,and 0.75 = 0.25 for VB width, shear instability, slippage, and
BMD, respectively.

Instrumentation and Its Application

The Texas Scottish Rite Hospital pedicle screw and rod system
(Sofamor Danek, Memphis, TN) was used for posterior fixation and
was placed according to standard techniques? Stainless-steel 6.35-
mm-diameter rods for connecting pedicle screws were cut to the
appropriate length for single-level fixation (4-5 cm) and attached
to the pedicle screw ends by using the swiveling connectors.
Immediately before testing, a torque wrench was used to verify that
the torque applied to the connectors was at the manufacturer’s rec-
ommended level of 12 Nm.

Self-tapping, titanium, threaded, cylindrical interbody cages
(Novus L C cages; Sofamor Danek) and nonsel f-tapping, cylindri-
cal, threaded, cortical allograft bone dowels (University of Florida
Tissue Bank, Inc., Alachua, FL) were used for anterior interbody
fixation (Fig. 1). Diameters of 16 mm, 18 mm, and 20 mm were
availablein lengths from 23 to 29 mm.

Appropriate cage diameters and lengths were selected by study-
ing radiographs and directly measuring the anatomical dimensions.
A cage or dowel diameter was chosen to penetrate the vertebral end-
plate but not to compromise the remaining lateral annulus fibrosus.
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Angle (degrees)

— Flexion - Extension
gz | ateral Bending
Axial Rotation

Fic. 2. Graph showing the mean angular motion in each condition studied. Flexion, left lateral bending, and left axial
rotation are represented as positive motions, and extension, right lateral bending, and right axial rotation are shown as
negative. Horizontal lines on each bar partition the NZ from the EZ. Error barsshow standard deviation of the ROM.
TSRH = Texas Scottish Rite Hospital pedicle screw system. Used with permission from Williams & Wilkins.

Cage length was chosen to span 70 to 80% of the VB’s AP dimen-
sion. Sometimes the largest disc-space distractor for the chosen
cage diameter was inadequate to distract the disc space to a normal
height and to apply sufficient tension to the ligaments and lateral
annulus. In such cases, the next sized larger cage diameter was used.
A satisfactory cage sizefit wasfound in all cases. Overall, 19% of
the fixated levels required 16-mm-diameter inserts, 39% required
18-mm devices, and 42% required 20-mm devices.

Two parallel cages or threaded dowels were inserted in each level
from L1-2 to L5-sacrum, aternating between cages or dowels from
level to level. All cages or dowels were inserted with their long axes
oriented anteroposteriorly by using a double-barreled guide tube.
This method facilitates the symmetrical placement of cages or dow-
els. Before a cage or dowel was inserted, a small window was cut
with ascalpel in the anterior longitudinal ligament through which a
discectomy would normally be performed. Discectomy, however,
was performed as part of the destabilization procedure,* and only
some residual medial annulus needed to be removed with a curette
and pituitary rongeurs. The anterior window extended laterally just
far enough to accommodate the cages or dowels.

At this point in the procedure, the destabilized specimens devoid
of surrounding musculature were extremely mobile, which made
reaming the pilot holes in the vertebral endplates difficult.
Therefore, after the disc space distractors and guide tube were
inserted, pedicle screw/rod hardware was temporarily and loosely
engaged at the level at which cages or dowels were to be implant-
ed. The pedicle screw/rod hardware prevented movement of the
vertebrae relative to each other, allowing precise reaming. Although
this procedure is not used during surgery, it was considered to bet-
ter approximate the stability provided by surrounding tissuesin
patients than the uneven reaming that would have resulted from
unrestricted movement. Because the pedicle screw hardware was
locked down after the distractors were inserted, the final orientation
of acage or dowel should have been unaffected by this procedure.

Holes were tapped before bone dowels were inserted but not
before cages, which were self-tapping, were inserted. The cages or
dowels were screwed into place until the ventral end was recessed
approximately 1 mm below the anterior margin of the VB.
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Data Analysis

From the raw data, the ROM, NZ, EZ, and flexibility coefficient
were calculated.t The reduced data were analyzed using paired
Student’ st-tests to determine whether each progressive step in
destahilization or fixation procedures significantly increased or de-
creased motion. One-tailed t-tests were used when the directionali-
ty of the motion change could be predicted (for example, it could be
predicted that motion should decrease as hardware was attached to
the unstable spine). Otherwise, two-tailed t-tests were used (that is,
to compare data with those obtained in the intact condition).
Nonpaired t-tests were used to compare destabilized or instrument-
ed conditions in independent groups of specimens. In all cases,
probability values less than 0.05 were considered significant. In-
creasesinthe NZ, EZ, ROM, and flexibility values indicated in-
creased instability in the fixated spine. In addition to these compar-
isons, BMD in relation to NZ and ROM was correlated using the
Pearson product moment correlations to determine the extent to
which the fixation quality of the different devices was affected by
bone quality before and after fatigue.

Results
Anteroposterior Sippage

After destabilization, the mean amount of AP shear in-
stability or spondylo-/retrolisthesis was 3.8 mm, ranging
from 1.2 to 10.2 mm (3.2-25.4%) of the AP width of the
VB (Table 2).

Bone Mineral Density

On dual-energy x-ray absorptiometry scans, the BMD
values of the specimens varied from 0.3 to 1.29 g/cm?
(mean 0.75 g/cn; Table 2). In specimens fitted with cages
or dowels, lower BMD values correlated with larger ROM
values during flexion—extension (p = 0.041), lateral bend-
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Fic. 3. Graph showing the mean shear ROM both anteriorly (positive) and posteriorly (negative) in each condition
studied. Horizontal lines on each bar partition the NZ from the EZ. Error bars show standard deviation of the ROM.

Used with permission from Williams & Wilkins.

ing (p = 0.0002), and axial rotation (p = 0.008) and with
larger NZ values during lateral bending (p = 0.004). In
specimens in which the pedicle screw system was placed,
lower BMD values correlated significantly with higher
ROM values (lateral bending, p << 0.0001; axia rotation,
p = 0.0005) and with higher NZ measurements (lateral
bending, p = 0.002; axial rotation, p = 0.005).

Instrumented Spine Compared With Intact Spine

Immediately after the surgical procedure, we deemed
severa levelsinstrumented with interbody cages or dow-
elsto be nonrepresentative of aclinically adeguate con-
struct. The procedural failures were caused by visibly lat-
erally torn ligaments and annulus due to overdistraction,
asymmetrica reaming, or poorly controlled resection dur-
ing the destabilization procedure. These problems mostly
occurred in the initial specimens in which fixation was
performed. The questionable data obtained in these levels
were excluded from analysis, reducing the number of lev-
elsfor comparison from 33 to 26 (cage levels, 14; dowel
levels, 12).

The different methods of fixations did not always re-
duce angular motion to within normal ranges, especially
during axial rotation (Fig. 2 and Table 3). During axial
rotation, pedicle screw/rod hardware reduced the angular
EZ to within the normal range but did not reduce the angu-
lar NZ. Pedicle screw/rod hardware, either aloneor in
combination with cages or dowels, achieved significantly
better results than cages or dowels alone in reducing the
angular and shear parameters to within normal limits.
Although the use of cages or dowels alone reduced some
angular parameters to within normal limits (Table 3), most
angular parameters remained larger than normal. Cages or
dowels aone reduced no shear parameter to within normal
limits (Fig. 3 and Table 4).
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Fatigue Testing

Fatigue of motion segments instrumented with cages or
dowels alone significantly increased several angular and
shear motion parameters in multiple directions of load-
ing (Figs. 2 and 3; Table 5). With fatigue, the increasesin
shear parameters were more pronounced and more often
significant than those in angular motion parameters (Table
5). During lateral bending, BMD values correlated with
increases in angular NZ measurements (p = 0.013). There
was no correlation with other modes of loading or with
increasesin ROM values (p > 0.107).

Cages Compared With Dowels

Few angular or shear parameters differed visibly when
cages were compared with dowels, and none was signifi-
cantly different when analyzed using the nonpaired t-tests
(Figs. 2 and 3). The most noteworthy difference wasin the
angular and shear NZ values, both of which were smaller
in those with cages than in motion segments fixated with
bone dowels (Figs. 2 and 3). In all three directions of an-
gular loading, the angular NZ value increased more with
fatigue testing in levelsfitted with cages than in those with
dowels, reducing the difference in angular NZ measure-
ment between the two groups (Table 5). However, the
larger increase in NZ values in the cage-fitted specimens
was not significant (p = 0.18-0.29). Before and after
fatigue, the shear NZ value was dlightly larger in the bone
dowel—fitted specimens than those instrumented with the
cage (not significant; minimum p = 0.28).

Effects of Additional Hardware

Datawere also analyzed in terms of the effects of one
hardware system being enhanced by the addition of the
other. All angular and shear motion parameters decreased
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significantly when pedicle screws—rods were added to
cages or bone dowels (Table 6). Several motion parame-
ters also decreased significantly when cages or dowels
were added to the screw/rod construct (Table 7). How-
ever, the magnitudes of the reductions were small com-
pared with the magnitude of the reduction in motion when
gedi gll e screw/rod hardware was added to with cages or
owels.

Discussion
Pedicle Screw/Rod I nstrumentation

Pedicle screw instrumentation has been shown to be an
effective treatment in patients with Grade | or 11 degener-
ative spondylolisthesis.”81215 Based on our findings that
pedicle screw/rod fixation reduced angular ROM to with-
in the normal range in most directions of angular loading
and reduced shear ROM to well within the normal range,
successful fusion would be the predicted outcome of pedi-
cle screw instrumentation. During flexion—extension and
lateral bending, pedicle screw instrumentation reduced
angular motion parameters to within normal limits more
effectively than during axial rotation (Table 3). Thisfind-
ing partially reflects the typically smaller amount of axial
rotation associated with the lumbar spine compared with
flexion—extension or lateral bending. In axial rotation, the
intact spine rotated by less than half the amount that was
demonstrated during lateral bending or flexion—extension
(Fig. 2). Thus, after destabilization, reducing axial rotation
to within the normal range means reducing it by aconsid-
erably larger amount than that required for the other two
directions of mation.

Threaded Interbody Instrumentation

Threaded interbody devices (metal cages or bone dow-
els) effectively restored the height of the disc space. Con-
sequently, tension was again placed on the remaining
intact ligaments and annulus, restoring some biomechani-
cal stahility. After placement of the interbody system, the
main region where the ligaments were not intact was ante-
riorly, where the cages entered the disc space. The miss-
ing ligament (the anterior longitudinal ligament) provides
important resistance against extension in all regions of the
spine.** After some specimens were subjected to fatigue
testing, mouthing adjacent to the cage— or dowel—vertebra
interface occurred during extension. Accordingly, during
extension and axial rotation, cages were least effectivein
bringing mation to within near the normal range (Table 3).

Our results compare well with those reported by
Rathonyi, et al.,* who found that anterior threaded inter-
body cages stabilize the lumbar spine during flexion and
lateral bending but not during extension or axial rotation.
In contrast to our findings, Nibu, et a.,** found that dur-
ing axial rotation anterior cages significantly reduced the
ROM when compared with norma limits. However, they
did not injure the spine before inserting cages. This find-
ing implies that the presence of the facets, the integrity of
the peripheral annulus and ligaments or both are important
to how effectively anterior cages or dowels achieve bio-
mechanical stability during axial rotation.

Application of cages or dowels did not reduce the shear
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TABLE 4
Differences in shear parameters compared with normal*

S. Cagli, et al.

Dowel
0.31 = 0.74 (0.1917)
1.00 * 1.87 (0.1072)

7.1 + 13.7 (0.1188)
7.1 % 6.5 (0.0047)F

Postfatigue

Cage
3.0 £ 14.8 (0.4995)
4.8 + 5.9 (0.0170)}

Screw/Rod

Dowel + Pedicle
—5.1 * 4.0 (0.0010)}
—5.6 * 3.7 (0.0003)}

Screw/Rod

Cage + Pedicle
—0.20 * 0.10 (0.0000)F —0.26 * 0.15(0.0001)} 0.30 * 0.45(0.0406)} 0.39 * 0.47 (0.0212)}

—0.22 % 0.09 (0.0000)% —0.24 + 0.16 (0.0002)F 0.30 = 0.87 (0.2606)
—0.64 = 0.35(0.0000)% —0.77 * 035 (0.0000yF 0.79 = 1.45 (0.0866)

Type of Fixation Device (p Value)
—4.4 *+ 2.2 (0.0000)F
—4.2 * 2.3 (0.0000)F

Dowel
2.6 * 6.9 (0.2091)
3.2 + 5.1 (0.0532)

Cage
0.6 * 5.6 (0.7002)
1.1 * 5.6 (0.4904)

Pedicle
Screw/Rod
—4.2 * 3.9 (0.0000)f

—4.4 + 3.8 (0.0000)%

Destabilized
Spine
9.3 * 6.0 (0.0000)t

0.25 + 0.34 (0.0002)F —0.05 + 0.07 (0.0002)F 0.20 * 0.33 (0.0552) 033 * 0.47 (0.0349)F —0.03 + 0.04 (0.0299%F —0.07 + 0.06 (0.0024)% 0.29 + 0.32 (0.0083)F 0.52 + 0.72 (0.0372)%
20.2 + 13.5 (0.0000)*

1.11 + 0.68 (0.0000)F —0.21 + 0.17 (0.0000)F 0.06 + 038 (0.5856) 0.17 + 0.44 (0.2087)
1.65 + 1.28 (0.00007F —0.20 + 0.17 (0.0000)F 0.06 * 031 (0.4996) 0.14 * 0.25 (0.0751)
2.80 = 1.43 (0.0000)F —0.59 * 0.36 (0.0000)F 0.11 = 1.07 (0.7252) 0.44 = 1.25 (0.2509)

Shear Force
Parameter
flexibility (mm/kN)

& Direction
* All values are presented as the means = standard deviations.

T Statistically significant.

posterior
anterior
posterior

ROM (mm)
AP

anterior

NZ (mm)
AP
EZ (mm)
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TABLES
Average increases in angular motion and shear parameters with fatigue*

Cages
Parameter & Direction

angular motion

NZ ()
flexion—extension 10x16 67 = 89
lat bending 09+ 14 49 += 65
axial rotation 05= 05 35+ 33
EZ ()
flexion 10=x 26 72 = 120
extension 01=+13 18+ 44
lat bending 08+ 1.0 57+ 60
axial rotation 12+ 08 47+ 25
ROM ()
flexion 15+ 22 59 + 80
extension 06=* 15 29 = 43
lat bending 1.3+ 08 54 + 40
axial rotation 1.4+ 09 44 + 22
flexibility (*/Nm)
flexion 0.01+ 014 1+ 52
extension —0.07 = 0.19 -9+ 34
lat bending 0.04 + 0.06 16+ 22
axial rotation 0.00 = 0.05 4+ 16
shear force
NZ (mm)
AP 0.32 = 0.31 2100 = 3193
EZ (mm)
anterior 0.52 = 0.86 1397 = 2496
posterior 051+ 044 883 + 1289
ROM (mm)
AP 1.46 = 1.25 1407 = 1232
flexibility (mm/kN)
anterior 73+ 148 657 * 1329
posterior 92+ 55 507 = 715

Mean Increase Percent Increase

Dowels
p Vaue Mean Increase  Percent Increase p Vaue
0.02871 0.3= 09 20 + 48 0.1756
0.0229t 04=10 35+ 63 0.1345
0.0042t 02+ 05 8+ 33 0.1033
0.1090 08=x11 23+ 40 0.0163t
0.3556 03=08 11+ 29 0.1254
0.0092t1 0.6 = 0.5 29+ 17 0.0009t1
0.0001t1 1.0+ 07 33+ 14 0.0003t
0.0221t 09=12 23+ 32 0.0118f
0.0854 04 =07 11+ 22 0.0463t
0.0001t 08 =05 29 + 17 0.0003t
0.0001t 11+08 26 * 14 0.0008t
0.8675 —0.04 = 0.10 —13+ 34 0.1807
0.2219 —013 =021 —20+ 29 0.0716
0.0567 0.00 = 0.09 3+ 28 0.9382
0.9115 —0.03 = 0.08 -1+21 0.3355
0.0021t1 058+ 0.76 2150 = 2593 0.01441
0.0299t 0.55 * 0.71 875 + 957 0.0133f
0.0010t 066 + 056 2775+ 3671 0.0015t
0.0010t 179 = 177 1405 + 1280 0.0037t
0.0583 122 = 13.7 766 + 891 0.0072t
0.0001t 128 + 8.9 738 + 890 0.0004t

* All values, except p values, are presented as the means * standard deviations.

T Statistically significant.

NZ to within the normal range. More surprisingly, they also
did not reduce the shear NZ to within the destabilized
range, especialy after fatigue (Fig. 3 and Table 4). Hence,
the loose region near the neutral position—at displace-
ments before the ligaments or hardware beganto resist
motion—was unaffected by interbody cage or dowel fix-
ation. Cage or bone dowel fixation mainly affected the
amount of resistance that occurred once loading had begun.
When ligament tension was restored, the EZ behaved more
like the intact spinein cage- or dowel-fixed specimens than
in destabilized specimens. (Table 4).

Interbody devices were extremely susceptible to the
amount of fatigue applied, asindicated by significant al-
terations in several angular and linear parameters (Table
5). The applied fatigue was within normal physiological
limits for the lumbar spine. Therefore, afew weeks after
surgery, threaded interbody devices may not provide the
same amount of biomechanical stability that they appear
to provide at surgery. However, this conclusion istentative
because the study was performed in vitro: the ligaments
may have lost strength during their extended exposure
in the laboratory (see Sudy Limitationg. The statistically
significant correlation between BMD values and increase
in NZ values with applications of fatigue indicates that
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some bone subsidence may aso underlie the loosening of
cages or dowels.

Cage Compared With Dowel Fixation

The geometrical characteristics of the bone dowels and
threaded cages were amost identical. Consequently, little
difference was expected biomechanically, and there were
no statistically significant differencesin the angular or lin-
ear NZ, EZ, ROM, or flexibility, either aone or in combi-
nation with pedicle screws and rods.

Another consideration in comparing bone dowels with
threaded cages is surface texture. Because of the limited
workability of cortical bone, the cutting edges of the threads
cannot be made as sharp in bone dowels asin metal cages.
Bone dowels, therefore, require tapping before insertion
whereas metal cages do not. As a consequence, cages like-
ly have adightly tighter device-bone interface than dowels.
This difference may account for the dight and insignificant
prefatigue advantage that cages appeared to have over dow-
elsinlimiting shear NZ, EZ, and ROM values (Fig. 3).

Pedicle Screw/Rod Compared With Interbody
I nstrumentation

Pedicle screws and rods appeared to resist both angular
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TABLEG6

Average enhancement (reduction) in motion parameters demonstrated
by adding pedicle screws/rods to cage or dowel fixation*

Cages
Parameter & Direction Mean Change Percent Decrease
angular motion
NZ ()
flexion—extension -12+ 05 —80+ 14
lat bending -13+12 -85+ 11
axial rotation -0.7+ 08 —48 + 42
EZ()
flexion -24=*20 —85+*7
extension —22* 15 —82* 13
lat bending -16+ 11 —71+ 14
axial rotation -19=* 12 —71x15
ROM ()
flexion -30=x22 -85+ 8
extension -29+ 16 —83+ 10
lat bending -22=+ 17 —76+ 11
axial rotation —-22+ 15 —68 + 17
flexibility ("/Nm)
flexion —0.22 = 0.09 —75+* 17
extension —0.34 = 0.18 —-75* 19
lat bending —0.20 + 0.10 —64 + 17
axial rotation —0.21 = 0.09 —58 19
shear force
NZ (mm)
AP —0.22 + 0.33 —78 + 47
EZ (mm)
anterior —0.27 + 0.37 —74 + 32
posterior —0.26 + 0.33 —67+ 34
ROM (mm)
AP —0.74 = 0.89 -75* 20
flexibility (mm/kN)
anterior —50= 55 —83x54
posterior -53+6.1 —77 = 51

Dowels
p Vaue Mean Change  Percent Decrease pVaue
0.0000 -16=11 —88=*6 0.0003
0.0020 -12+13 —-82=*9 0.0054
0.0063 —12+ 08 —70= 23 0.0003
0.0010 —24+15 —89=6 0.0002
0.0002 —26*12 —89=*9 0.0000
0.0003 —-16+ 10 —-78*7 0.0002
0.0001 —22+13 -75+ 11 0.0001
0.0003 -32+*19 —89=x5 0.0001
0.0000 —-34+13 —89=6 0.0000
0.0004 —22+*16 -79=7 0.0004
0.0002 —28+ 15 —75= 13 0.0000
0.0000 —0.25 = 0.03 —80= 12 0.0000
0.0000 —0.43 = 0.28 —-80=+ 21 0.0002
0.0000 —0.23 = 0.10 —72+ 10 0.0000
0.0000 —0.25 * 0.14 —62+ 20 0.0001
0.0154 —0.39 = 0.51 —93= 19 0.0107
0.0107 —0.41 + 048 —75+ 22 0.0063
0.0072 —0.41 = 0.31 —76+ 28 0.0004
0.0056 —1.21 = 1.19 —82+ 16 0.0024
0.0031 —-77+78 —71+ 22 0.0028
0.0045 —88=* 64 —77= 30 0.0003

* All values, except p values, are presented as the means * standard deviations, and all values represent statistically significant

enhancements (reductions).

motion and shear far better than the interbody devices,
probably because pedicle screws can be inserted rigidly
whereas the interbody devices performed only aswell as
the remaining ligaments allowed. Even the strongest and
hedlthiest ligaments stretch substantialy. Therefore, pedi-
cle screws and rods would likely tend to outperform inter-
body devicesin patients.

The finding that lower BMD values correlated with
greater ROM and NZ values obtained in specimens fitted
with either pedicle screws/rods or interbody cages or dow-
els indicatesthat both constructs are affected by bone
quality. Pedicle screwsinserted in poor quality—bone ver-
tebrae would toggle more, alowing more movement than
would be associated with high-quality bone. Interbody
cages inserted between vertebrae with poor quality bone
would subside more than those inserted between vertebrae
with high-quality bone, limiting the effectiveness of the
remaining ligaments in maintaining their tension band ef-
fects. Our data do not indicate which effect is greater.

Combined-Hardware Construct

Although pedicle screw/rod hardware outperformed the
interbody devices, the latter still significantly enhanced
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biomechanical stability when they supplemented the for-
mer (Table 7). The clinical implication of this mechani-
cal advantage is unknown. Because the magnitude of fur-
ther reductions in motion parameters was relatively small
when hardware was combined, the clinical enhancement
to fusion rates from the corresponding improved stability
may be inconsequential .

Other biomechanical factors also must be considered.
Pedicle screw/rod hardware is attached posteriorly and
must work through alarge lever arm to resist loads that
collapse the disc space (that is, flexion or compression). A
large anterior column defect that is subjected to flexion
or compression loading would most benefit from combin-
ing interbody devices with pedicle screw/rod hardware. A
cage or dowel would act as a spacer and buttress against
these loads, reducing the amount of stress that the pedicle
screw/rod hardware would have to resist through along
lever arm. By relieving this stress on the pedicle screw/rod
hardware, cages or dowels could lessen the chance that the
former would fail from metal fatigue.

In cadaveric specimens, lumbar stiffness increases and
ROM decreases when transfacet screws or translaminar
facet screws are added to threaded interbody cages.**3
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Lumbar biomechanics: part 2

TABLE7

Average enhancement (reduction) in motion parameters demonstrated
by adding cages or dowels to pedicle screw/rod fixation*

Cages
Parameter & Direction Mean Change Percent Decrease
angular motion
NZ ()
flexion—extension 0.0+ 03 1+97
lat bending -01=01 —-29=x 45
axial rotation —0.1=* 05 14 + 59
EZ()
flexion —04 =+ 03 —53=+ 33
extension —-05* 04 —48 = 38
lat bending -01=+02 17+ 30
axial rotation -0.1+*03 —23+ 35
ROM (°)
flexion —-04=* 04 —45 * 42
extension —05=* 05 —42 * 43
lat bending —01=* 0.2 —22+* 26
axial rotation -02=* 05 —-20 =+ 38
flexibility (°*/Nm)
flexion —0.06 * 0.06 —43 * 40
extension —0.09 £ 0.09 —41 = 43
lat bending —0.01 = 0.06 -10=+ 41
axial rotation —0.02 £ 0.06 —-18+ 34
shear force
NZ (mm)
AP 0.00 = 0.03 —70 = 205
EZ (mm)
anterior —0.03 = 0.05 —17 = 116
posterior —0.05 * 0.06 —-59 =+ 78
ROM (mm)
AP —0.06 = 0.07 —28 = 58
flexibility (mm/kN)
anterior —0.59 £ 1.79 —24 + 140
posterior —0.81 =+ 1.70 —43 * 102

Dowels
pVaue Mean Change Percent Decrease  p Value
0.3168 —01=x02 —25= 45 0.0329t
0.0064t -0.1* 04 30+ 95 0.1878
0.2563 —01=x05 9= 72 0.2192t
0.0001t —04 =03 —56 = 33 0.0007t
0.0008t —-04* 04 —51* 38 0.0014t
0.0662 —01x02 —26= 30 0.0124t
0.0404t -0.1* 0.2 —-18* 31 0.0315%
0.0015t -05*+ 04 —53x 31 0.0007t
0.0018t —05=04 —46 = 39 0.0024t
0.0254t -0.2*+ 0.3 -25+* 32 0.0402t
0.0869 —02=03 —-17= 34 0.0426t
0.0024t —0.08 = 0.07 —49 = 38 0.0020t
0.0030t —0.08 = 0.08 —41 £ 52 0.0040t
0.2333 —0.03 = 0.04 —24 =27 0.0173t
0.1204 —0.02 = 0.04 -15 =+ 32 0.0817
0.3440 0.01 = 0.04 —14 = 561 0.2350
0.0164t 0.00 = 0.06 66 = 294 0.4077
0.0039t —0.04 = 0.05 -39 37 0.0069t
0.0040% —0.03 = 0.06 —15 =+ 40 0.0781
0.1298 —0.61 = 2.92 -9 =+ 107 0.2415
0.0551 —0.65 = 145 —25= 83 0.0747

* All values, except p values, are presented as the means + standard deviations.

T Statistically significant enhancement (reduction).

The results of combining pedicle screw/rod hardware with
interbody cages support these earlier findings. The addi-
tion of pedicle screws, however, significantly decreased
flexibility and ROM in more modes of |oading than were
found in previous studies (Table 6). Furthermore, the mag-
nitudes of the decreases were greater. Our findings indi-
cate that pedicle screw fixation provides a greater stabiliz-
ing effect than transfacet or translaminar screw fixation.
These findings are consistent with the expected superior
stiffness obtained by pedicle screws, which are larger,
engage more bone, and cross more columns of the spine
than transfacet or translaminar screws.’

Sudy Limitations

An important consideration related to interbody devices
is bone remodeling. Intuitively, to create a stable and strong
mass, interbody devices would likely be more effective
after some ingrowth or attachment of bone has occurred.
The ligaments would then no longer be caled on to provide
biomechanical stability. This study addressed only the im-
mediate and short-term postoperative condition. The ef-
fects of healing should be addressed in future comparisons
of bone dowels and interbody cages through in vivo or clin-
ical testing.
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When patients stand, bone dowels or threaded cages are
compressed from the weight of the upper body and from
muscle contraction. We attempted to apply compressive
preload forces on specimens with weights and pulleys, but
it was too difficult to direct the compressive force axialy
so asto avoid disturbing the test load once the specimens
had been bent substantialy. Thus, the specimens were ex-
posed only to the slight gravitational compression (9 N)
exerted by the upper fixture of the apparatus. Patients,
however, are obviously not always upright, and compres-
sion of interbody devices cannot be assumed to be con-
stant. Large shear or bending forces can be generated
when patients move from an upright to prone position and
vice versa. The results of this study can be considered a
worst-case scenario: the fundamental biomechanical sta-
bility provided by the devices without the benefit of com-
pression. Compression would improve stability, although
to an unknown degree.

By design, threaded interbody cages and bone dowels
rely extensively on the integrity of the remaining lateral
ligaments and annulus to keep them compressed between
the vertebrae. In vivo, these tissues are nourished by the
body. In vitro, they become necratic and lose their ability
to withstand loads. The specimens were kept at room tem-
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perature for several days during procedures for destabi-
lization, instrumentation, and testing. Unlike interbody
fixation devices, pedicle screw/rod hardware relies only
on the integrity of the bone, not the ligaments. When
exposed for long periods, bones do not become as necrot-
ic as ligaments. This difference between the fixation sys-
tems may have given pedicle screw/rod hardware an
advantage over the interbody devices that could have
manifested in the results as smaller motions.

Asiscommon, it was difficult to obtain alarge num-
ber of specimens for this study. Furthermore, during the
course of testing, severa levels were lost to study because
hardware had been attached poorly. The small number of
specimens often limited statistical power (probability of
avoiding a Type 2 or false-negative error) to lessthan 0.7.
Although assertions of statistical differences were made
with high confidence (p << 0.05), assertions of lack of dif-
ferences, when the values appeared different, may actual-
ly reflect too few specimensto verify whether the ob-
served trend was significant.

Conclusions

Pedicle screw/rod fixation stabilizes Grade | spon-
dylolisthesis significantly more than anteriorly inserted
threaded cages or dowels. The superior biomechanical sta-
bility of pedicle screw/rod fixation is evident during flex-
ion, extension, lateral bending, axid rotation, and AP shear.

Because pedicle screw/rod hardware significantly en-
hances the spinal stability conferred by cages or dowels
(and vice versato alesser extent), surgeons should con-
sider using the two devices together. Combining the two
forms of fixation may reduce the likelihood of hardware
failure. The high biomechanical stability provided by the
pedicle screw/rod hardware should increase the likelihood
that fusion will occur across a cage or dowel. The results
of thismodel suggest that cages or bone dowels should not
be used as stand-alone devices to treat lumbar spondy-
lolisthesis, although the limitations of the model should be
kept in mind.

In specimens fitted with cages or dowels alone, fatigue
caused significant destabilization. Thus, surgeons should
probably limit the amount of postoperative lumbar move-
ment (through external orthosis, prescribed bed rest, or
both) in patientsin whom cages or dowels have been
placed without pedicle screws/rods until healing has oc-
curred and a strong interface between cage/dowel and ad-
jacent VBs has formed.
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