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Abstract Regular hooks lack initial fixation to the
spine during spinal deformity surgery. This runs the
risk of posterior hook dislodgement during manipula-
tion and correction of the spinal deformity, that may
lead to loss of correction, hook migration, and post-
operative junctional kyphosis. To prevent hook dis-
lodgement during surgery, a self-retaining pedicle hook
device (SPHD) is available that is made up of two
counter-positioned hooks forming a monoblock pos-
terior claw device. The initial segmental posterior fix-
ation strength of a SPHD, however, is unknown. A
biomechanical pull-out study of posterior segmental
spinal fixation in a cadaver vertebral model was de-
signed to investigate the axial pull-out strength for a
SPHD, and compared to the pull-out strength of a
pedicle screw. Ten porcine lumbar vertebral bodies
were instrumented in pairs with two different instru-
mentation constructs after measuring the bone mineral
density of each individual vertebra. The instrumenta-
tion constructs were extracted employing a material
testing system using axial forces. The maximum pull-
out forces were recorded at the time of the construct
failure. Failure of the SPHD appeared in rotation and
lateral displacement, without fracturing of the poster-
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ior structures. The average pull-out strength of the
SPHD was 236 N versus 1,047 N in the pedicle screws
(P < 0.001). The pull-out strength of the pedicle screws
showed greater correlation with the BMC compared to
the SPHD (P < 0.005). The SPHD showed to provide a
significant inferior segmental fixation to the posterior
spine in comparison to pedicle screw fixation. Despite
the beneficial characteristics of the monoblock claw
construct in a SPHD, that decreases the risk of pos-
terior hook dislodgement during surgery compared to
regular hooks, the SPHD does not improve the pull-
out strength in such a way that it may provide a bio-
mechanically solid alternative to pedicle screw fixation
in the posterior spine.
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Introduction

In spinal deformity surgery, a solid fixation of the
instrumentation to the posterior thoracic and lumbar
spinal structures can be achieved by the use of pedicle-,
laminar-, or transverse process hooks or by the use of
pedicle screws [3, 8]. Pedicle screws are generally used
in the lumbar spine, however, both multiple segmental
hooks and pedicle screws may be used in the thoracic
spine. The choice to use either multiple segmental
hooks or pedicle screws in the thoracic spine depends
not only on the aimed amount of deformity correction
and the associated risk of complications, but also on
the biomechanical properties of both hooks and screws
[16, 19].
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From a biomechanical point of view, there is a
principal difference in initial implant fixation to the
posterior spine between hooks and pedicle screws.
Pedicle screws immediately provide a solid segmental
implant fixation to the posterior spine whereas hooks
lack the property of an initial solid segmental implant
fixation to the posterior spine. A solid posterior fixa-
tion to the spine with regular hooks can only be ob-
tained after tightening of two opposite hooks to the rod
in distraction or compression [21]. Obviously, all hook—
rod and screw-rod connections have to be loosened
temporarily during correction of the spinal deformity
to allow translation and rotation of the rod in relation
to the hooks and screws.

A frequently encountered problem with regular
hooks during manipulation and correction of spinal
deformities is posterior hook dislodgement, sometimes
with fracturing of the lamina or transverse process.
Hook dislodgement leads inevitably to diminished fix-
ation of the rod to the posterior spine, with a risk of
peri- and postoperative loss of correction, medial hook
migration in the spinal canal, and post-operative
junctional kyphosis [4, 8, 9, 14, 19, 24].

In order to obtain initial segmental hook fixation to
the posterior structures of the spine and to prevent
hook dislodgement during manipulation and correction
of spinal deformities, a specialized self-retaining pedi-
cle hook device (SPHD) is available. Theoretically,
such a SPHD establishes an initial solid segmental
fixation to the posterior structures of the spine, how-
ever, data concerning the biomechanical properties of
such a SPHD are not available.

Initial segmental fixation of a SPHD to the posterior
structures of the spine can be assessed by measurement
of the posterior pull-out strength of such a device. The
aim of this study is to test the posterior pull-out
strength of a SPHD against pedicle screw fixation—a
well accepted segmental posterior fixation method—in
a cadaver vertebral model.

Materials and methods

Biomechanical testing was performed on ten fresh-fro-
zen vertebrae (L2-L4) harvested from six immature pigs
(weight 60-80 kg). All the animals were healthy before
they were sacrificed, and none had been exposed to any
factor that could affect to the bone quality. Each ver-
tebrae was carefully disarticulated and meticulously
cleaned of all remaining soft tissue. The moisture con-
dition of the vertebrae was preserved with 0.9% saline
until they were stored. The vertebrae were stored at
minus 25°C until the moment they were used for the test.
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Before testing, the bone mineral content (BMC) of
each vertebral body was measured after they were
thawed to room temperature. The BMC was deter-
mined using dual energy X-ray absorptiometry
(DEXA; QDR 2000, Hologic Corporation, Waltham,
MA, USA). The segments were scanned in the ante-
roposterior direction. The BMC was used as a measure
for the bone mineral density (BMD).

The SPHD and the pedicle screws (spine system
evolution (SSE), B/Braun Aesculap, Tuttlingen, Ger-
many) were tested in pairs in one vertebrae to exclude
any influence of the BMD. The SPHD is made up of
two counter-positioned hooks forming a fixed claw that
grips part of the posterior spine solidly (Fig. 1a): a
cranially positioned and caudally directed supratrans-
verse hook with a connecting pin, and a caudally
positioned and a cranially directed pedicle hook with
both a central open slot for rod fixation and a lateral
open slot for the above mentioned connection pin fix-
ation. For pedicle screw fixation, a 5 mm diameter and
30 mm length monoaxial pedicle screw was used. The
length of the screw was approximately 80% of the
depth of the vertebral body, and the pedicle screw
proved to fill the lumbar pig vertebral pedicle for
> 70% in all vertebrae. The pedicle screws were in-
serted according to the standard procedure with the
awl, probe finder and probe feeler by direct visual
control and by using an image intensifier. A tap was
not used. All pedicle screws were controlled and doc-
umented by radiographs in two directions, and proved
to be in the centre of the pedicle.

In preparation to biomechanical testing, the verte-
bral bodies were thawed to room temperature. Each
vertebra was potted in a casting-mould and buried in a
low-melting-point bismuth alloy (Sonderweichlot 301,
A 301, Degussa AG, Wolfgang, Germany; melting
point 48°C), so that the posterior wall of the vertebral
body, the pedicle and the lamina were left unexposed
to the bismuth (Fig. 1b). The vertebral body was ro-
tated in the axial direction, so that the flat surface of
the bismuth was perpendicular to the pedicle, in order
to have the pull-out forces along the axis of the pedicle.
Screws were tested first, since we suspected that testing
of the hooks might damage the posterior structures of
the vertebrae. The casting-mould was perpendicular
placed under the testing machine (Instron 8872, Corp.,
Canton, MA, USA).

A short rod was inserted into the head of the pedicle
screw or into the head of the SPHD and fixed with a
closure screw. The pull-out force was directed per-
pendicular to the short rod along the axis of the screw
or SPHD head, by using an iron wire with a constant
displacement rate of 5 mm/min (Fig. 1c). While pull-
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Fig. 1 a The self-retaining
pedicle hook device (SPHD)
consists of two counter-
positioned hooks fixed by a
connecting pin, forming a
claw that grips the posterior
vertebral segment firmly. b
Specimen with the SPHD
potted in a bismuth alloy
before applied axial pull-out
forces. ¢ Materials testing
system with the specimens
potted in a bismuth alloy and
the vertebral body positioned
so that the flat surface of the
bismuth was perpendicular to
the pedicle before applied
axial pull-out forces on the
SPHD

ing, the load and displacements values were entered in
the computer ten times a second and data acquisition
was performed through materials testing software (Fast
Track 2, Instron Corporation). The pull-out force was
applied until the bone-implant system broke. From the
obtained force-deformation curves, the pull-out
strength was calculated. The pull-out strength was de-
fined as the maximum force in Newtons until failure.
Failure was defined as the point at which maximum
load was recorded in the load displacement curves for
each specimen. Values of pull-out strength were cor-
rected for the BMC, and are shown as mean + stan-
dard deviation. In order to estimate the role of bone
density on the fixation strength, the correlation be-
tween BMC and the pull-out strength of both, the
pedicle screw and the SPHD, were calculated. Paired ¢
test was performed to compare the mean pull-out
strength between the pedicle screw group and the
SPHD group. For all statistical tests, the significance
level was set at a P value less than 0.05.

Results

Failure of the pedicle screw fixation and SPHD fixation
as occurred with the maximum pull-out force was

macroscopically analysed. In all cases the screw broke
out by failure of the screws to anchor in the bone and
pedicle without fracturing the posterior structures of
the vertebral body. Failure of the SPHD occurred by
rotation and lateral displacement of the claw, without
fracturing the lamina in nine out of the ten cases.

In the load displacement curves recorded for each
specimen, the load peak was always the highest fol-
lowed by a significant drop in load. The average load to
failure of the ten measurements for the SPHD and the
pedicle screws are presented in Fig. 2. The average
load to failure of the pedicle screws was
1,046.8 = 173.1 N (n = 10) and 236.2 + 39.8 N for the
SPHD (P < 0.001). The average BMC of the vertebrae
was 0.735 = 0.060 g/cm?. The pull-out strength of the
pedicle screws showed greater correlation with the
BMC (R? = 0.4811) compared to the pull-out strength
of the SPHD and the BMC (R” = 0.1343).

Discussion
The SPHD is a segmental posterior fixation device
aimed to avoid the risk of hook dislodgement during

manipulation and correction of spinal deformities.
The aim of the present study was to investigate the
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Fig. 2 Load to failure shown as mean =+ standard deviation of
the ten measurements for the SPHD and the pedicle screws

biomechanical properties of the SPHD that may
provide an alternative to segmental pedicle screw
fixation in the posterior spine. This was performed by
testing the axial pull-out strength of the SPHD
against pedicle screw fixation, a well accepted seg-
mental posterior fixation method in spinal deformity
surgery.

The results of this biomechanical study showed
that the resistance to pull-out forces of a SPHD was
significantly inferior to that of a pedicle screw. The
pull-out strength of the SPHD proved to be 23% of
the pull-out strength of the pedicle screw. These re-
sults are comparable to other studies [15, 21]. Both
Liljenqvist and Roach showed in separate studies
inferior pull-out forces of regular hooks in compari-
son to pedicle screw fixation [15, 21]. However, the
average pull-out strength of the SPHD in our study
was found less than previously reported pull-out
strength with regular hooks. These differences may
be explained by a different study protocol. Firstly, in
their studies both Liljenqvist and Roach reported the
pull-out forces of regular hooks in a double-hook
claw configuration after tightening the hooks to the
rod in compression [15, 21]. In these studies, the pull-
out force is applied to a double-hook claw construct
and the pull-out force is directed centrically above
the lamina without any possible rotation. With the
use of a SPHD, however, the pull-out force is applied
to the head of the pedicle hook that is located more
caudally to the pedicle and the lamina. As a result of
the laterosuperior location of the counter-positioned
hook, the pull-out forces resulted in a lateral rotating
movement of the SPHD, centred around the pedicle.
Therefore, the biomechanics of a single hook-rod
fixation in a SPHD cannot be compared with a
double-hook claw configuration. Secondly, former
studies reported pull-out measurements on fresh hu-
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man thoracic vertebrae. We performed our biome-
chanical pull-out measurements on immature lumbar
pig cadaver vertebrae, since fresh human vertebrae
were not available at our institute. We chose for
lumbar pig vertebrae because they show to be most
closely modelled to the human L4 vertebrae [18]. The
thoracic spine of a pig could not be used because of
the enormous anatomical differences. As a result, the
absolute biomechanical measurements of a pig cada-
ver vertebral model cannot be compared with bio-
mechanical measurements in fresh human thoracic
vertebrae.

We found a correlation between the pull-out
strength and the BMD. The correlation between the
pull-out strength and the BMD in pedicle screw fixa-
tion was significant (48% ), which is consistent with the
results of previous studies [6, 11, 12]. The correlation
we found between the pull-out strength of the SPHD
and the BMD was 13%. This low correlation of the
pull-out strength with hooks corresponds with results
found by Hackenberg [11].

The pull-out strength was measured successively on
the pedicle screw and SPHD in each vertebral body
until the bone-implant system broke. We tested the
pedicle screws first, since we expected damage of the
posterior structures of the vertebrae caused by the pull-
out of the SPHD. Nevertheless, the bone-implant
failure of the SPHD proved to occur without fracture
of the posterior structures in nine out of the ten tests.
In addition, all screws were pulled out linearly, without
any macroscopic damage to the posterior structures of
the vertebral body.

The failure mechanism of the SPHD proved to be in
rotation without fracturing of the posterior spinal
structures. This can be explained by the eccentric po-
sition of the hook-rod fixation in relation to the point
of force application on the posterior spinal structures.
The head of the hook-rod fixation of the SPHD is lo-
cated caudally to the pedicle and lamina (Fig. 1a).
During the applied pull-out forces at the SPHD, rota-
tion of the connecting pin inside the hook occurred,
resulting in rotation and lateral displacement of the
SPHD. Thus the failure modus of the SPHD was a
rotational dislodgment of the connecting pin inside the
hook. The implant itself proved to be the weak point of
the construct and not the fixation to the bone. The
advantage of this failure mechanism, however, is the
prevention of damaging the posterior fixation struc-
tures of the spine in case of applying more than
approximately 200 N on the SPHD during manipula-
tion and correction of the spinal deformity. Revision of
the pin-hook connection deign of the SPHD may pre-
vent rotation of the connecting pin inside the hook and
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improve the pull-out strength of the device. Finally,
after tightening the SPHD in distraction or compres-
sion to the rod, the pedicle hook acts as a regular
pedicle hook and can be compared biomechanically to
all other regular pedicle hooks.

Holding forceps, rod fixation clamps, hook pro-
tectors, or special blockers have been developed to
fix a regular hook to the posterior spine temporally.
However, these instruments disturb the surgical field
and tend to dislodge the hook as a result of the long
lever arm. Augmentation of the pedicle hook to the
lamina and pedicle by a small screw has been pro-
posed for pedicle hook fixation [1, 2, 5-7]. These
special pedicle hooks solve these disadvantages of
regular hooks partially, however, fixation of a small
screw in the same pedicle that is used for the pedicle
hook fixation weakens the pedicle and increases the
risk of pedicle fracture [6, 10]. In addition, the
direction of forces during manipulation and correc-
tion cannot be applied in all directions. Recently, the
use of pedicle screws has been advised in the thoracic
spine for spinal deformity surgery [22, 23]. However,
upper thoracic pedicle screws are still controversial in
the treatment of spinal deformities. Misplacement of
the pedicle screw in the thoracic spine has been re-
ported up to 25% of cases [17]. Not only does this
end in poor fixation but also in neurologic and vas-
cular complications [13, 20, 25].

Obviously, measurements of axial pull-out strength
describes only one of the force directions expressed on
the SPHD during manipulation and correction of
spinal deformities throughout surgery. In clinical
practice, laterally directed forces and rotation will be
applied also to the implant before tightening. Addi-
tional standardised measurements of the SPHD in all
dimensions are necessary to assess the complete bio-
mechanical properties of such a device. However, this
proposal has not yet been evaluated as a guideline for
studying load failure of posterior spinal implants.

In conclusion, the SPHD showed to provide a sig-
nificantly weaker segmental fixation to the posterior
spine in comparison to pedicle screw fixation. Despite
the fact that the characteristics of this monoblock claw
construct in a SPHD provides evident practical benefits
to regular hooks during the surgical procedure, it does
not improve the pull-out strength in such a way that it
may provide a biomechanically solid alternative to
pedicle screw fixation in the posterior spine.
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