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ABSTRACT

Background: This study evaluates the accuracy, biomechanical profile, and learning curve of the transverse
process trajectory technique (TPT) compared to the straightforward (SF) and in-out-in (IOI) techniques. SF and 101
have been used for fixation in the thoracic spine. Although widely used, there are associated learning curves and
symptomatic pedicular breaches. We have found the transverse process to be a reproducible pathway into the pedicle.

Methods: Three surgeons with varying experience (experienced [E] with 20 years in practice, surgeon [S] with less
than 10 years in practice, and senior resident trainee [T] with no experience with TPT) operated on 8 cadavers. In phase
1, each surgeon instrumented 2 cadavers, alternating between TPT and SF from T1 to T12 (n =48 total levels). In phase
2, the E and T surgeons instrumented 1 cadaver each, alternating between TPT and IOI. Computed tomography scans
were analyzed for accuracy of screw placement, defined as the percentage of placements without critical breaches. Axial
pullout and derotational force testing were performed. Statistical analyses include paired ¢ test and analysis of variance
with Tukey correction.

Results: Overall accuracy of screw placement was comparable between techniques (TPT: 92.7%; SF: 97.2%; 101:
95.8%; P=.4151). Accuracy by technique did not differ for each individual surgeon (E: P=.7733; S: P=.3475; T: P=
4191) or by experience level by technique (TPT: P = .1127; FH: P = .5979; IOI: P = .5935). Pullout strength was
comparable between TPT and SF (571 vs 442 N, P = .3164) but was greater for TPT versus IOI (454 vs 215 N, P =
.0156). There was a trend toward improved derotational force for TPT versus SF (1.06 vs 0.93 Nm/degrees, P =.0728)
but not for TPT versus IOI (1.36 vs 1.16 Nm/degrees, P =.74). Screw placement time was shortest for E and longest for
T for TPT and SF and not different for IOI (TPT: P = .0349; SF: P < .0001; IOI: P = .1787) but did not vary by
technique.

Conclusions: We describe the TPT, which uses the transverse process as a corridor through the pedicle. TPT is an
accurate method of thoracic pedicle screw placement with potential biomechanical advantages and with acceptable
learning curve characteristics.

Clinical Relevance: This study provides the surgeon with a new trajectory for pedicle screw placement that can be
used in clinical practice.

Biomechanics
Keywords: thoracic pedicle screw implantation, transverse process trajectory technique, instrumentation, thoracic spinal
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INTRODUCTION

Current instrumentation standards for correction
of scoliosis and other thoracic spinal deformities
include the use of thoracic pedicle screws.'* The
anatomy of the pedicles in normal and scoliotic
spines has been studied and serves as the basis for

pedicle screw insertion techniques.*> A number of
techniques to facilitate accurate placement of
pedicle screws have been used, including the
straightforward (SF) technique, funnel, in-out-in
(IOI) techniques (Figure 1), fluoroscopically assisted
screw placement, lamino-foraminal pedicle palpa-
tion, and various other forms of intraoperative
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Figure 1. Starting points for straightforward, funnel, and in-out-in techniques.

navigation.® '? Figure 1 also shows that the rib facet
on the tip of the transverse process (TP) forces the
entrance point into the trajectory to be more medial.
This anatomical fact is taken into account in order
to avoid canal breach through the described
trajectories. Each technique has its proponents, the
goal being accurate and efficient placement and
minimization of neurological deficits and reopera-
tion for errant screw placement.'*'® Breaches of the
thoracic pedicle following the placement of pedicle
screws have been reported to range from 2% to
15.7%.'""'® The accuracy of placement has been
shown to be impacted by the level of the surgeon’s
and the assistant’s experience.'”*°

Our team has modified its technique for screw
placement over the years from a lamino-foraminal
palpation-assisted approach to SF based on ana-

' Spinous process
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Figure 2. Trajectory for the transverse process trajectory technique in red.

tomical landmarks using a probe® and to the use of
a power drill in a standard transpedicular trajectory.
It became clear that a lateral starting point at the tip
of the TP is highly reproducible for accurately
cannulating the thoracic pedicle?' (Figure 2). The
start point is at the cephalad 1/3 of the TP at its tip,
using the TP as a guide for the trajectory. Drilling of
the cortex is done primarily, followed by the
introduction of a probe and a palpating instrument
to ensure intact bony margins followed by place-
ment of the screw. This is termed the TP trajectory
technique (TPT) (Figure 3). We found that TPT
facilitates screw placement in the scoliotic, rotated
spine by using the TP trajectory, which serves as a
corridor through the pedicle into the vertebral body.
Previous study has shown the dimensions of the
transverse process to be sufficient for placement of
screws.”> However, the TP is used solely as a
trajectory for navigating the placement of the
pedicle screw. Prior to placement of the screw, the
TP is essentially removed down to the level of the
intirotus of the pedicle. It differs from IOl in that it
starts at the very tip of the TP and remains within
bone its entire course. In contrast, the 1OI starts at
the junction of the middle and lateral thirds and
leaves the TP, traverses the costo-transverse-verte-
bral space, and reenters the vertebral body (Figure
3).

The principal goal of this study is to describe TPT
and report its reproducibility, accuracy, biomechan-
ical characteristics, and variability in the hands of
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Figure 3. lllustration of (a) transverse process trajectory (TPT), straightforward (SF), and in-out-in (I0Ol) techniques; (b) axial CT cuts comparing TPT and SF and; (c)
101 and TPT trajectories; (d) coronal CT comparing SF and TPT; and (e) TPT trajectory in axial, coronal, and sagittal planes.

an experienced spine surgeon (20 years of experi-
ence), spine surgeon with less than 10 years of
experience, and a resident/fellow trainee with no
experience with TPT. The technique will be com-
pared to more commonly performed SF and IOl
with the expectation that accuracy will be improved
with greater surgeon experience and familiarity with
the technique.
Our hypotheses were as follows:

1. TPT will be as accurate as SF and 10l in
terms of cannulating the vertebral pedicle
without critical breaches.

2. TPT will provide comparable pullout to the
traditional SF. Compared to I0I, TPT will
likely provide improved pullout due to the
longer lever arm associated with the tech-
nique and increased bony purchase.

3. TPT will have improved derotational strength
compared to SF and IOI due to the more
lateral starting point.

Efficiency of screw placement will be equivalent
between the 3 surgeons of varying experience level

but will be decreased for the TPT and 101 due to a
lack of familiarity with these techniques.

METHODS
Phases 1 and 2

Eight fresh frozen human cadaveric torsos were
procured for this study: 6 in phase 1 and 2 in phase
2. The specimens were screened with radiographs to
rule out preexisting deformities, fractures, or
tumors. Three surgeons with varying experience
participated in the study (experienced [E] with 20
years in practice, surgeon [S] with less than 10 years
in practice, senior resident trainee [T] with no
experience with TPT). Demographic data for the
cadaver specimens were not available. Standard
surgical exposure was used in the laboratory.

In phase 1 of this study, each surgeon instru-
mented the thoracic levels for 2 cadaveric torsos
(T1-T12, n = 48 total levels) using both TPT and
SF. Two different vendors were used for the
polyaxial favored-angled titanium screws. Brand 1
was used for TPT, while brand 2 was used for SF.
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No differences in screw size, design, or material were
noted between brands 1 and 2, which were donated
implants. On each side, we alternated between SF
and TPT from T1 to T12. On the first cadaver, the
surgeon placed the first screw beginning at T12 by
SF, the second screw at T10 and T8, and so on. On
the contralateral side, the first screw was placed by
TPT at T12 followed by T10 and T8 and so on. In
this way, each of the even-numbered vertebral
bodies was cannulated by both techniques. After
this stage, the odd-numbered vertebral bodies were
cannulated on the first side by TPT followed by SF
on the contralateral side.

This alternation of techniques in each level
minimized the problem of comparing the techniques
in separate cadavers whose pedicle size, anatomy,
and bone density were likely variable. In the second
cadaver, the order of the technique first performed
was reversed for the 2 sides so that the T12 screw
was performed by TPT and the T11 screw by SF.
This process was reversed for the contralateral side
so that every vertebra level was instrumented with
both SF and TPT screws.

In phase 2, the E and T surgeons were available,
and each instrumented 1 cadaver. These 2 surgeons
alternated between TPT and IOI just as in phase 1.
For both phases, the time was recorded from pilot-
hole creation to final placement of each screw. We
evaluated the variability in screw placement time
between surgeons and overall time for each tech-
nique in terms of familiarity with the technique as
well as between techniques for all surgeons. The
implantation sequence, pedicle screw sizes, and
implantation method were kept consistent across
specimens.

Radiographic and Biomechanical Analysis

After instrumentation, a computed tomography
scan identified the direction and magnitude of
pedicle breaches using the Gertzbein scale.”® After
radiographic analysis, each vertebral level was
individually harvested and potted in polyester resin
in preparation for biomechanical evaluation and
visual inspection. Measurements of the lever arm
(VB center of rotation to rod) for TPT were
compared to SF and IOI.

Half of the specimens were used for axial pullout
testing along the axis of the screws (Figure 4A), and
the remaining specimens were subjected to derota-
tional force application perpendicular to each screw
axis (Figure 4B).

Pullout Testing

Each potted specimen was gripped in a 3-axes vise
fixed on an XY table attached to an MTS test
system (MTS Systems Corporation, Eden Prairie,
Minnesota) load cell. The 3-axes vise was adjusted
until the actuator and screw were coaxial. A loading
fixture attached to the actuator was attached to the
screw. Axial load was applied by moving the
actuator under displacement control. Load displace-
ment data were collected. Maximum force required
to pull the screw out was computed.

Derotational Testing

Each potted specimen was gripped in an angular
vise (A) mounted on a fixture. The fixture was
gripped between the jaws of a 3-axes vise (B) fixed
on an XY table attached to an MTS load cell. Vises
A and B were adjusted until the actuator and screw
axis were perpendicular. A loading fixture fixed to
the actuator was attached to the extended sleeve of
the screw. Axial load was applied by moving the
actuator under displacement control at a rate of 30
mm/min. The load was applied from the lateral side
for the left pedicle screw and the medial side for the
right pedicle screw. Load (F) and displacement (D)
data were collected.

Angle (0) for the corresponding displacement of
the actuator and moment were computed using the
above formulas. Angle (0, degrees) versus moment
(Nm) graphs were plotted. The slope of the plot,
rotational stiffness (Nm/degrees), was computed.

No image guidance or other confirmatory tech-
niques were used for screw placement. The tech-
nique was familiar to the 3 individuals who
performed the study, including the experienced
surgeon, who developed it. The S surgeon had some
clinical experience, assisting in approximately 10
cases in which TPT was used prior to the study. The
S surgeon placed primarily convex pedicle screws,
using TPT under the supervision of the E surgeon.
The resident trainee had seen TPT performed
months earlier in a cadaver course. Prior to
instrumenting the cadavers with TPT, both of the
less experienced surgeons were given a brief verbal
tutorial on the technique. After this orientation, the
senior surgeon did not oversee the placement of the
SCTews.

Each screw was categorized in a dichotomous
manner as breach or no breach along with the
breach magnitude. Each breach was scored as a
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Figure 4. Photograph of an MTS actuator set-up for testing (a) axial pull-out strength and (b) rotational forces.

<2-, 2-4-, or >4-mm perforation. These breach
rates were scored by a single graduate research
assistant who was trained by a radiologist to
measure breach rates. As a method of standardiza-
tion, medial or caudal breaches >4 mm were defined
as critical. Accuracy of screw placement was
reported as the percentage of total screws accurately
placed without critical breach. In addition, the
direction of the breach was recorded.

Statistical Analysis

A chi-square test compared the rate of perfora-
tions among the 3 surgeons for each technique.
Fisher exact tests also compared the differences in
the number of critical breaches per group of
instrumented levels (T1-T5, T6-T10, T11-T12). A
¢ test (Wilcoxon rank sum test) was used to compare

time spent on each screw placement for the 3
techniques. Analysis of variance with Bonferroni
correction was used for efficiency comparisons
between surgeons. The pullout and derotational
strength of TPT, SF, IOl pedicle screws were
quantified and statistically analyzed using a ¢ test
and analysis of variance. Post hoc power analysis
was performed to determine the power of the study
using PASS 15.0 (NCSS, LLC, Kaysville, Utah).

RESULTS

The accuracy of screw placement between tech-
niques was comparable (TPT: 92.7%; SF: 97.2%;
10I: 95.8%; P = .415) and did not differ between
surgeons (E: P=.773; S: P=.348; T: P = .419), as
shown in Table 1. There was also no difference
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Table 1. Accuracy (percentage of total screws accurately placed without
critical breach) of screw placement between the 3 surgeons.

TPT SF 101

Within Surgeons

(%) (%) (%) (P Value)
Experienced surgeon 97.2 95.8  100.0 773
Surgeon 83.3 95.8 NA .348
Resident trainee 94.4  100.0 91.7 419

Between surgeons (P value)  .113 .598 .594

Abbreviations: 101, in-out-in; NA, not applicable; SF, straightforward; TPT,
transverse process trajectory technique.

when evaluating the surgeons by experience level per
technique (TPT: P = .113; SF: P = .598; IOl: P =
.594).

In phase 1, all critical breaches by TPT were
medial. For SF, 1 critical breach was medial for the
E surgeon and 1 was caudal for the S surgeon. Of all
lateral breaches, most were associated with the SF
versus TPT (70% vs 7.7%; P = .0009). However,
noncritical medial breaches were more common for
TPT, comprising 92.3% of all noncritical breaches
for this technique compared to only 15% for SF (P
< .0001). There were no differences in the number
of critical breaches per group of levels (P=.461) and
no significant differences in the number of critical
breaches per level (P = .389).

Biomechanical force analysis is shown in Table 2.
Axial pullout strength was comparable between
TPT and SF (TPT: 571 N; SF: 442 N; P=.316) but
was greater for TPT versus IOl in the phase 2
analysis (TPT: 454 N; IOI: 215 N; P =.0156). There
was a trend toward improved derotational force by
TPT compared SF (TPT: 1.07 Nm/degrees; SF: 0.97
Nm/degrees; P = .073) but not for TPT versus 101
(TPT: 1.36 Nm/degrees; 101: 1.23 Nm/degrees; P =
.74). These comparisons were performed indepen-
dently and therefore do not have a direct compar-
ison of SF versus IOI. The differences observed were
not statistically significant.

Comparing the 2 techniques, there was no
difference in the screw placement times in phase 1
for both the E and T surgeons for TPT versus SF (E:
1.32 vs 1.36 minutes; P = .8093; T: 2.43 vs 2.27
minutes; P = .6389). The S surgeon took slightly
longer to place TPT versus SF (TPT: 1.75 minutes;
SF: 1.43 minutes; P = .0331). Evaluating efficiency
times for phases 1 and 2 (Table 3), the resident was
the slowest among the 3 surgeons in screw
placement using TPT and SF (TPT: P =.0349; SF:
P < .0001). However, in phase 2, there was no
difference between the E and T surgeons using 101
(P=.18).

Table 2. Biomechanical forces for phases 1 and 2.

Pullout (Nm/Degrees) Derotational (Nm/Degrees)

Phase 1
TPT 571 1.07
SF 442 0.97
P value 316 .073
Phase 2
TPT 454 1.36
101 215 1.23
P value .0156 .74

Abbreviations: 101, in-out-in; SF, straightforward; TPT, transverse process
trajectory technique.

DISCUSSION

Correction of spinal deformities and anchorage
to the thoracic spine for the treatment of various
pathologies largely relies on pedicle screw instru-
mentation. Improved correction of spinal deformi-
ties, less loss of fixation, and reliable outcomes have
been achieved for adolescent idiopathic scoliosis
(AIS) and other entities with the use of pedicle
screws rather than hooks or hybrid hook-screw
constructs."*” Various techniques for placement
have been used that follow different trajectories into
the pedicle. SF can direct a screw in an orthogonal
or anatomical trajectory, while IOl takes advantage
of the relatively safe costo-transverse and costo-
vertebral corridor. This is particularly useful for
small pedicles; however, the pullout strength testing
characteristics have been shown to be less than the
more common SF technique.**

Despite an abundance of literature pointing to
the benefits of this fixation in the treatment of spinal
deformities, screw misplacement occurs in 2%—15%
of cases.*?* The scoliotic spine in particular poses
challenges for surgeons, as pedicles are often
dysplastic and rotated. The TP may also be
deformed, though to our knowledge this has not
been shown in an anatomic article. This occurs
particularly on the concave curvature, with rotation
of the curve apex requiring adjustments of the
medio-lateral screw trajectory, which can be difficult
to judge clinically without the assistance of cum-
bersome image guidance systems.”® Furthermore,
the value of image guidance systems is unproven due
to a lack of large randomized control trials looking
at screw-related complications and breach rates.?’
Some breaches are asymptomatic, while others
cause neurological complications and the need for
reoperation.'*?’ Reoperation results in a traumatic
experience to the patient, may not result in full
resolution of symptoms, and adds cost.?’
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Table 3. Efficiency of screw placement among the 3 surgeons.

TPT (min) SF (min) 101 (min) P Value
Experienced surgeon 1.44 1.36 1.78 207
Surgeon 1.75 1.43 NA .033
Resident trainee 2.37 2.27 1.68 179
Between surgeons P = .0349 P < .0001 P =18

Resident slowest; no difference between
experienced surgeon and surgeon

Resident slowest; no difference between
experienced surgeon and surgeon

No difference

Abbreviations: 101, in-out-in; NA, not applicable; SF, straightforward; TPT, transverse process trajectory technique.

Another component of accuracy and efficiency of
pedicle screw placement is the learning curve that
has been described for thoracic pedicle screw
placement. This may impact the safety of the
procedure as well as operative time, having a direct
impact on blood loss, possible transfusions, and
infection.®?*?° Future study could include in vitro
cadaver and/or virtual simulations to assess and
overcome the learning curve.

Over the course of doing hundreds of cases and
training residents/fellows, the TP was a reliable
landmark following the trajectory of the pedicle.
Through an iterative process, this technique was
developed first using the standard freehand tech-
nique entrance point into the pedicle while using the
TP as a visual guide to medio-lateral and cephalo-
caudal orientation. Later, the technique was mod-
ified to create a trough into the cephalad one-third
of the TP and, following that, directly into the
pedicle using a drill. Although we have found the
technique to be clinically reliable, the purpose of
this study was to objectively study the anatomic
veracity, accuracy, and potential biomechanical
advantages. We aimed for a worst-case scenario
with no image guidance, senior surgeon oversight,
electromyography, or spinal cord monitoring.

Our data show comparable accuracy rates: 92.7%
for TPT, 97.2% for SF, and 95.8% for 10I. Post
hoc power analysis indicated that our study (n =48)
was not adequately powered to conclude that there
is no difference in accuracy of screw placement
using TPT versus SF (a0 = 0.05). However, accuracy
was similar for all techniques for both the experi-
enced surgeon and the resident trainee although less
so for the less experienced surgeon. These differ-
ences may reflect a learning curve of the technique
that must be respected. Newer technical innova-
tions, such as the use of spinal navigation, can
mitigate any increase in breach rates that a surgeon
in practice might experience for any of the
techniques studied. By the nature of its trajectory,
there is a greater possibility of medial breaches

compared to SF and IOI, but we found this to be
relatively low in this worst-case scenario. In
addition, the technique may be used as a salvage
technique when the traditional SF technique is not
successful.

The biomechanical characteristics of TPT were
not unexpected. Axial pullout strength, a funda-
mental test of adequacy of fixation, showed no
significant difference between TPT and SF. Both
techniques consist of a pedicle screw being in bone
throughout its course. We did not test the potential
benefits of placing longer screws that are afforded a
more lateral starting point for the TPT and may
result in improved pullout strength.>' Pullout
strength was greater for TPT compared to 1Ol as
expected given prior research showing improved
pullout of SF versus I0L.>* Derotational forces were
greater for TPT than for SF, but this did not achieve
statistical significance. Comparing TPT to 101, we
expected improved derotational strength for TPT
given the more lateral starting point and greater
lever arm compared to the other techniques.
Perhaps a clearer advantage would be found had
longer screws been used for the TPT. This latter
biomechanical advantage may prove beneficial in
axial plane correction of scoliosis.

Although this article does not directly show the
learning curve of the technique, we do report the
accuracy with various levels of experience. There
seems to be comparable accuracy rates found for
surgeons of all levels of experience. Both the critical
and the noncritical breach rates did not differ
significantly for any of the surgeons, although the
S surgeon had a larger discrepancy with more
critical breaches by TPT than by SF. There was a
greater tendency for medial breaches to occur for
TPT versus SF as outlined above.

Screw placement time was greater for the T
surgeon as expected compared to the E surgeon for
TPT and SF but not IOI. However, the efficiency of
screw placement did not differ between techniques
for all surgeons. The trainee had experience with SF
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both in clinical residency/fellowship and in cadaver
labs over the years of training.

In summary, TPT can be used as a primary
technique or salvage for difficult screw placement
and can be alternated with SF and IOI as long as
favor-angled screws are used, making it a highly
versatile screw placement technique. It may be
beneficial in educating resident and fellowship
trainees by taking advantage of the TP trajectory
as a guide into the pedicle without expensive and
cumbersome image guidance techniques.’*>°

CONCLUSIONS

We report a new technique for placement of
thoracic pedicle screws that uses the TP as the
corridor for pedicle entry, the TPT. In this study
involving 3 surgeons of different experience levels
and 8 cadavers, there were no significant differences
in critical breaches of the pedicle between TPT, SF,
and IOI. The TPT offers a reproducible method of
pedicle screw placement with similar pullout and
derotational strength as established techniques. This
new technique has similar accuracy, efficiency and
biomechanical profiles as the established SF and
I01. Future approaches should include training and
in vitro simulations to overcome the learning curve.
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