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Abstract

Background: The Carolina Neurosurgery Spine Biomechanics Laboratory has pre-
viously validated a 3D printed synthetic bone model for biomechanical testing. This
model has demonstrated comparable biomechanical properties to cadaveric vertebrae,
but with improved reproducibility and standardization. This study aims to investigate
the biomechanical properties of pedicle screw reinsertion along the same trajectory in
this model.

Methods: Twenty biomimetic 3D printed PLA models of lumbar vertebrae were
printed, and twenty screws were placed into each arm. Pullout strength, screw stiffness,
and strain energy were calculated. Statistical analysis was performed using a two-tailed
t-test to generate p-values.

Results: Mean pullout strength demonstrated 760 +/- 70 N in the control arm vs
725 +/- 66 N in the test arm(p=0.3). Mean stiffness showed 538 +/- 83 N vs 539 +/-
133 N (p>0.9). Mean strain energy showed 1821 +/- 445 Nmm vs 1823 Nmm + /- 327
Nmm (p>0.9). There was no significant difference between pullout strength, stiffness,
or strain energy.

Conclusions: This experiment demonstrates there is no loss of pedicle screw pur-
chase when a screw is removed and reinserted along the same trajectory. This experi-
ment shows the highest precision of any prior study in a low-cost highly-reproducible
model.
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0.1. Introduction

Pedicle screw fixation has been utilized in an increasing manner for the surgical man-
agement of various spine diseases since it’s general adoption in the 1990s. Key early
studies evaluating their effectiveness and robustness have remained a steady undercur-
rent of the steady advancements that have enabled expansions of use and the extension
of meaningful surgical correction of increasingly complex pathologies. Outside of clin-
ical trials, the most instrumental and influential studies have sought to define the
biomechanical parameters that can most effectively be augmented to increase their
effectiveness. Studies have since identified and centered around maximizing screw pur-
chase within the bone, decreasing the propensity for the screw to break, and decreasing
the chance for the screw to pullout of the bone or loosen. These are the most common
failure points for screw-rod constructs and are known to lead to both pseudoarthrosis
and mechanical back pain, often leading to the need for revision surgery or extension
of constructs.

The pullout strength of a screw is a biomechanical parameter that encompasses all of
these principles in a meaningful way. Additional measures that have been previously
analyzed for correlation to pullout strength include the stiffness of the construct, which
is a measure of a screws resistance to deformation, the insertional torque (a sign of
increased screw purchase), and the strain energy associated with removal (useful to
compare for screw constructs of varying stiffness).

These fundamental biomechanics underpinning pedicle screw fixation have been in-
vestigated for decades. Among the investigations of these fundamental studies have
directly led to innovations including cement augmentation, cortical bone trajectory
placement, and a plethora of screw and tulip head variations. Since these initial
breakthroughs however, impactful biomechanics studies have decreased and meaning-
ful results have diminished.

The rate of surgical device innovation has only accelerated in the meantime, and with
the increasing implementation and evolution of techniques such as navigated systems,
it is clear that an improved model with better reproducibility and generalizability is
necessary. Additionally with the forecasted wave of osteoporosis and metastatic tumor
due to increasing patient age and survivability with cancer diagnoses, we can expect
an increased number of screw adjustments and revisions from initially poor placement
in the coming years as surgeons adapt to new learning curves.

With these coming tribulations, there are new critical questions that will arise that are
lacking a clear paradigm for investigating. An example of this question is, regardless
of technique placing a screw, if a surgeon places a screw, removes said screw to assess
the integrity of the pedicle, and finding it suitable, places the screw back into place
via the same trajectory and angle, is this screw inherently weaker? This question has
been investigated by only a handful of biomechanics labs, which should be lauded for
continuing this research and providing compelling evidence of their results in varying
substrate. However, the inherent cost of these models, the lack of generalizability,
and ultimately the wide variation in the primary outcomes of each study makes it
incredibly difficult to correct for sampling bias and to reject the null hypothesis.



A novel 3D printed model of a lumbar vertebral body has previously been validated,
with demonstrations of similar resistance to load, closer reproduction of screw place-
ment feel, as well as possessing a generalizabilty to the population at large in an
increasingly globalized world with ready access to 3D printers. This study aims to
provide a robust analysis of the biomechanics of pedicle screw reinsertion, and we hy-
pothesize that there is no difference in strength when the reinsertion trajectory is the
same.

0.2. Methods

Institutional review board approval and patient consent was not required because no
patients were involved in this study. This study was performed within the Carolina
Neurosurgery and Spine Biomechanics Laboratory utilizing a 3D printed biomimetic
model of a lumbar vertebrae, previously described and validated by Hani et al. A
lumbar vertebra was converted to an “stl” file from a high-resolution CT prior to
utilization of Simplify3D(citation) to isolate and standardize a pedicle trajectory for
all models used in this study. A was used to print every model used as a polylactic
acid (PLA) mounting block based on the initial “stl” file. All lumbar vertebral models
were printed from the same .stl files and were anatomically identical.

Twenty models were designed and printed via this technique, and 10 were placed into
a control arm and testing arm each. Ten screws were then placed into a control arm
and a testing arm. In the control arm. Every screw used in the study was . Each
screw was inserted to <was undertapping used?>. In the control arm the screws were
inserted once prior to pullout. In the testing arm, the screws were unscrewed once
prior to being re-screwed in and pulled out. Both arms measured force [N], displace-
ment [mm] and time [s], while the testing arm also measured insertional and removal
torque. In these models, a through direct force applied along the same trajectory as
insertion. Measurements included pullout strength, displacement, and initial and sec-
ondary insertional torques. Force-displacement graphs were generated for each screw.
The Mesur Gauge software was used for collection.

This study utilized a validated 3D printed synthetic vertebral body model as de-
scribed in prior work. Twenty identical models were printed using polylactic acid
(PLA) material on an Ultimaker 2+ 3D printer (Ultimaker B.V., Netherlands).

Pedicle screws were placed into the L4 vertebral body models. The control arm
(n=10) involved inserting screws to full depth before immediate removal. The test
arm (n=10) involved inserting screws to full depth, controlled removal, reinsertion to
the same depth along the original trajectory, then forcible removal via direct axial
pulling.

Outcomes included maximum pullout force, stiffness, and total strain energy to pull-
out. Stiffness was calculated from the linear elastic region of the force-displacement
curves. Welch two sample t-tests were performed in RStudio to compare outcomes
between arms. Statistical significance was set at alpha = 0.05. Statistical analysis and
data visualization was performed using RStudio, R language .
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0.3. Results

A total of 20 screws were tested, with 10 screws in the control arm and 10 screws in
the testing arm. One screw from each arm was excluded from analysis due to errors in
data collection (Screw 05 and Screw 13) leaving a total of 18 screws for analysis. These
screws are still demonstrated in Figs 1-3 for transparency. The mean pullout strength
was 760N =+ 70 for the control arm (n=9) and 725N + 66 for the testing arm (n=9). A
Welch two-sample t-test showed no statistically significant difference in mean pullout
strength between the two arms (p=0.3). The mean stiffness was 538 N/mm + 83 for
the control arm and 539 N/mm =+ 133 for the testing arm. A Welch two-sample t-test
revealed no statistically significant difference in mean stiffness between the two arms
(p>0.9). Finally, the mean strain energy was 1,821 Nmm =+ 445 for the control arm
and 1,823 Nmm =+ 327 for the testing arm. Again, a Welch two-sample t-test showed
no statistically significant difference between the two arms (p>0.9).

0.4. Discussion

Biomechanical analyses are by no means new, underpin many of the advancements
in spine surgery, and are largely under-appreciated and underutilized. Our study
shows definitively that there is no difference in pullout strength in a healthy volunteer
vertebral body when a screw is removed and reinserted along the same track The
under-utilization biomechanical studies could be explained by the poor precision and
reproducibility of results as demonstrated by the wide variety of types of materials used
calf, pig, cadaver vertebrae that has been frozen or heated, or recent non-reproducible
synthetic materials that have been proposed. The huge standard deviations present
that have likely held back research progression due to the inability to assess significant
small factors that could have an additive effect overall. Similar studies investigating
reinsertion pullout have shown largely consistent but still conflicting results. Our study
provides clarity and further validation of a reproducible, cost-effective model, that can
serve as a template for models internationally. Limitations include the number of
screws, and the lack of accounting for BMD differences as this model is not intended
to demonstrate osteoporosis or sclerotic bone, but instead a normal healthy volunteer
as demonstrated by our comparable pullout strengths to these other studies.

0.5. Conclusion

This study provides strongly compelling evidence that removal of a screw prior to
its reinsertion along the same trajectory and to the same depth, does not diminish
the pullout strength of the screw. The 3D printed model used demonstrates compa-
rable biomechanical properties to the literature which consists of human cadaver or
animal vertebrae, but with much improved reliability, reproducibility, and capability
for standardization.
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