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Abstract

Pedicle screw loosening has been implicated in recurrent back pain after lumbar spinal fusion, but the degree
of loosening has not been systematically quantified in patients. Instrumentation removal is an option for
patients with successful arthrodesis, but remains controversial. This study measured pedicle screw insertion
and/or removal torques in one hundred and eight patients (age 47 + 11 years) who experienced pain
recurrence despite successful fusion after posterior lumbar interbody fusion (L2-S1). Between implantation and
removal, pedicle screw torque was reduced by 58%, indicating significant loosening over time. Extent of
loosening correlated with screw placement as measured by EMG stimulus threshold, and an analytical stress
analysis revealed increased local stresses in pedicles with decreased pedicle-screw clearance. Loosening was
greatest in vertebrae at the extremities of the fused segment, with reduced biomechanical stability.
Instrumentation removal also significantly reduced patient pain. These data indicate that pedicle screws can
loosen significantly in patients with recurrent back pain, which may be ameliorated by instrumentation removal

following successful arthrodesis.
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Introduction

Chronic low back pain is the second most-
common reason for visits to a physician in the United
States, and interbody fusion is common in patients
non-responsive to non-surgical options [1]. In 2012,
over 413,000 lumbar fusions were reported in the
US, and demand for surgical treatment continues to
rise [2,3]. Improvements in surgical approaches [4],
as well as fixation instrumentation [4,5] and inductive
bone formation agents [2,6,7] have improved patient
outcomes, reduced the frequency and extent of
complications, and have collectively made lumbar
spinal fusion a common procedure that has improved
quality of life for millions of patients.

However, reoperation secondary to recurrent
back pain has been reported in approximately 14-
27% of patients [8], with complications including
improper instrumentation placement, loss of fixation,
fatigue and bending failure, dural tears, nerve root
injury, infection, and pedicle screw loosening [9,10].
While successful fusion is correlated with a desirable
clinical outcomes [11], recurrent pain can occur even
in patients with solid arthrodesis, which may be
associated with instrumentation loosening, requiring
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revision or removal.

Over the past ten years, posterior pedicle screw
systems have increased in strength and rigidity
[12,13], increasing pre-fusion stability and decreasing
the incidence of pseudarthrosis [13,14]. However,
this has also increased the loads present at the
bone-screw interface, even after successful fusion
due to increased load-sharing, which may contribute
to pedicle screw loosening [15]. Surgical removal of
pedicle screws has been much discussed [10,16],
and remains controversial due to the associated risks
of secondary surgery. However, when unexplainable
recurrent pain is severe, screw removal has been
recommended [17-20], and may also reduce risks of
metal toxicity and hypersensitivity [21].

Importantly, the loosening of pedicle screws in
vivo has not been thoroughly evaluated, and the
ability of pedicle screw removal to alleviate recurrent
pain remains understudied. Therefore, the aims of
this study were to quantify pedicle screw loosening in
patients with recurrent back pain following successful
posterior instrumented lumbar fusion (PILF) surgery
and determine whether instrumentation removal can
ameliorate secondary pain.
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Methods
Patients

A total of 108 patients (75 male, 33 female), 29-
78 years of age (mean 47, SD 11), were voluntarily
enrolled in this retrospective cohort study. Each had
been diagnosed with degenerative spinal stenosis
with associated instability, degenerative
spondylolisthesis, or annular tears and discogenic
pain that had failed conservative treatment for at
least one year. All subjects gave informed consent to
participate, and the study was approved by Sterling
Institutional Review Board, Atlanta, GA (#5187).
Patients received 2- to 5-level spinal fusion of lumbar
vertebrae between L2 and S1, and only patients with
successful arthrodesis were selected for evaluation.
Measurements at insertion were taken in seventy-two
patients (44 male, 28 female). Subsequently,
seventy-three patients (43 male, 30 female), of whom

thirty-seven (12 male, 25 female) had been
measured at insertion for paired assessment,
received instrumentation removal and torque

measurement at 266 + 73 days post-implantation.

Surgical approach

Patients received anterior lumbar interbody fusion
with posterior pedicle instrumentation (Figure 1A).
Briefly, patients were placed prone on a Jackson
operating table, prepped, and draped in usual sterile
fashion. After open exposure of the pedicles, pedicle
holes were tapped using the 3D system by
Medtronic® and pedicle screws were inserted. Holes
were tapped 1mm diameter smaller than the screw
size, yielding a pedicle-screw interference (dg) of 0.5
mm.

After the fusion was solid as diagnosed by
computed tomography (CT) scan, patients with
recurrent back pain were returned to the operating
room no sooner than 6 months after insertion and up
to 3 years after the initial procedure. Instrumentation
was exposed in routine fashion, and side connectors
and rods were removed. The fusion was evaluated
by CT scans at the time of pedicle screw removal
and was verified solid either anterior or anterior and
posterolateral.

Pedicle screw insertion and removal torque

Pedicle screw insertion (N = 467) and removal (N
= 477) torques were measured using a customized,
sterilizeable, manual mechanical torque wrench, with
N = 139 paired insertion and removal measurements
in the same patients. To ensure changes in torque
between insertion and removal surgeries did not
occur due to hole tapping by the insertion screw,

pedicle screw back-out torque (at the time of
insertion) was also measured (N = 204).

Evoked EMG stimulus threshold

Evoked electromyographic (EMG) stimulus
threshold through the screw hole were measured at
insertion (N = 394) and removal (N = 430) [22].
Paired stimulus threshold measurements at insertion
and removal were taken in N = 98 screws.

Pedicle and screw measurements

Vertebra level, screw type, diameter, and length
were recorded for each sample. Pedicle thickness
was measured from pre-operative digital CT scans
(Figure 4A), and pedicle-screw clearance, defined as
pedicle thickness minus screw diameter, was also
computed.

Stress analysis
A 2D analytical analysis of monotonic cantilever
loading induced by lumbar extension and press fit
loading caused by screw insertion was performed.
Peri-implant pedicle bone was assumed to have an
effective modulus of 300 MPa and a Poisson ratio of
0.3 [23-25]. For the press fit analysis, the interface
pressure, p, was defined as
p = ___ %
;_;(r32+‘r5§+v3)
where &§; = (pedicle screw diameter — screw hole
diameter)/2, is the screw-hole interference, rs is the
radius of the screw hole, rz is the radius of the
pedicle screw, Ez=300 MPa is the bone elastic
modulus, and vg =0.3 is the Poisson’s ratio [23-25].
The radial stress was defined as o, = —p and the
circumferential stress as oy =—p . The stress
resulting from transverse loading of the pedicle screw
was defined as:

Eqgn. 1

TBZ—TS

_Ft
Dol Eqgn. 2

where F; is the applied transverse force, Ds is the
diameter of the screw, and Ls is the length of the
screw. The octahedral (von Mises) stress, ou, was
defined using oi=o++0;, 02=0s, and o3=0 and
calculated as:

O'f=

1 1
OH =75 [(o1 — 02)* + (02 — 03)* + (03 — 01)*]2 Eqn. 3
The contributions of §; (Figure 4D) and F, (Figure 4C)

to local octahedral shear stress were computed and
varied as a function of pedicle-screw clearance
(p-s.c. = (pedicle thickness — screw diameter)/2).

Visual analogue scale assessment of patient pain
Finally, to evaluate the effect of instrumentation
removal on patient perception of lumbar pain,
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patients (N = 31 complete responders) were self-
assessed using the visual analog scale (VAS; 0-100
mm) prior to fusion surgery, 1 month after insertion,
prior to removal, 0-3 months after removal, and 3-6
months after removal. Self-reporting of the degree of
analgesic medicine use and activity were also
assessed using the same VAS approach.

Statistical analysis

Differences between groups were evaluated by
two-tailed Student’s t-test or analysis of variance
(ANOVA) followed by Tukey’s post-hoc test for single
and multiple comparisons, respectively, when
assumptions of normality and homoscedasticity were
met by D’Agostino-Pearson omnibus normality and F
tests, respectively. Otherwise, non-parametric Mann-
Whitney and Kruskal-Wallis followed by Dunn’s
multiple comparison tests were used. P-values less
than 0.05 were considered significant. For paired
measurements, differences were analyzed by paired
Student’s t-test or Wilcoxon’s matched-pairs signed
rank test. Correlations between

groups were
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assessed by linear regression using Pearson’s
coefficient of determination (R?).

Results:
Insertion and removal torque
Paired insertion and removal torque

measurements revealed a significant 58.1% lower
removal torque compared to insertion of those same
screws (p < 0.0001), with only 9% of screws
loosening by less than 15% (Figure 1B). To ensure
that this reduction in torque between insertion and
removal was not simply due to tapping of the screw
hole upon insertion of the screw, the single-rotation
back-out torque was also evaluated at the time of
insertion. The immediate torque loss between
insertion and back-out was 1.4 £ 5.6% (Figure 1C; p
= 0.68, B > 0.98). Samples were clustered at a
percent change of 0% (Figure 1C, right).
Quantification of insertion and removal torque in
unpaired pedicle screws, enabling a higher sample
size, exhibited a similar 68% difference in torque
between insertion and removal (p < 0.0001, Figure
1D).
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Figure 1. Measurement of pedicle screw loosening by insertion and removal torque. (A) X-ray images pre-
operative, post-fusion, and post-removal. (B) Insertion and removal torque with paired samples connected by gray lines
(N = 139 pairs), and scattergram of percent torque loss for those same pairs. (C) Insertion and immediate back-out
torque (N = 204 pairs). (D) Unpaired insertion and removal torque (N = 467 and 477 for insertion and removal,
respectively). Box plots show median line and 25" and 75" percentiles, with whiskers at 5™ and 95" percentiles, respectively.

Mean values indicated by + symbol.

Scattergrams show mean values indicated by blue line. Statistical differences

assessed by paired (A, C) and unpaired (E) two-tailed Student’s t-test. **** p < 0.0001, NS not significant.
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Figure 2. Evoked EMG stimulus threshold at insertion and removal. (A) Insertion and removal stimulus threshold
with paired samples connected by gray lines (N = 98 pairs). (B) Unpaired insertion and removal stimulus thresholds (N =
394 and 430 for insertion and removal, respectively). (C) Percent torque loss for paired samples with stimulus threshold
less than (purple) or greater than (brown) the 11 mA cutoff indicative of Eedicle screw placement quality [22]. Box plots
show median line and 25", and 75" percentiles, with whiskers at 5" and 95" percentiles, respectively. Mean values indicated
by + symbol. Statistical differences assessed by paired (A) and unpaired (B,C) two-tailed Student’s t-test. * p < 0.05, ****

p < 0.0001, NS not significant.

Evoked EMG stimulus threshold

For paired samples, the difference in stimulus
threshold at the screw hole was not significant
between insertion and removal (p > 0.05, B = 0.89;
Figure 2A). However, for unpaired measurements the
stimulus threshold at screw removal was 15% lower
than the stimulus threshold at insertion (p < 0.0001,
Figure 2B). Torque loss in samples with less than 11
mA threshold at insertion, which has been identified
as an indicator of screw placement and pedicle
cortex violation [22], was significantly greater than
those with insertion threshold above 11 mA (p < 0.05,
Figure 2C).

Correlation analysis

To determine whether insertion torque, removal
torque, or insertion stimulus threshold loss correlated
with pedicle screw loosening, the torque loss
percentage in paired samples was regressed against
these parameters in matched samples. Linear
regression demonstrated a significantly positive
correlation (p < 0.01) between torque loss and
insertion torque, with a Pearson’s coefficient of
determination (R?) of 6% (Figure 3A). Regression of
torque loss against removal torque revealed a
significantly negative relationship (p < 0.0001), with a
Pearson’s coefficient of determination of 79% (Figure
3B).

Paired torque loss and unpaired removal torque
were regressed against pedicle screw diameter and
length, pedicle thickness, and pedicle screw
clearance (defined as difference between pedicle
thickness and screw diameter, Figure 4A). These
measures were then combined to define pedicle-
screw clearance as a measure of geometric pedicle
integrity post-insertion (Figure 4A,B). Torque loss
was significantly negatively correlated with pedicle-
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Figure 3. Linear regression analysis of pedicle screw
loosening for intraoperative measurements.
Correlation of percent torque loss with: (A) insertion
torque (N = 139 pairs), (B) removal torque (N = 139 pairs)
screw clearance (p< 0.05, R? = 22%, Figure 3D).
Correlations of additional measurements were also
evaluated, and are reported in the appendix
(Appendix Figure 2).

Stress analysis

Analytical models varying transverse screw load and
screw-hole interference (Figure 4) revealed similar
trends between local von Mises stress and measured
torque loss, with improved agreement with the data
compared to simple linear regression (Figure 3D).
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Figure 4. Analysis of von Mises (octahedral shear) stress (o) induced by transverse screw load (F;) and screw-
tap difference (5g) as a function of pedicle-screw clearance. Analytical stress analyses shown on the right y-axis,
overlaid on the torque loss data from Figure 3D on left y-axis. (A) CT scan illustrating pedicle-screw clearance (p.s.c.).
(B) Variables used for analysis of oy at point A. (C) Percent torque loss and oy vs. p.s.c. with variable F,. Fincreases
from O N, in red, to 500 N, in purple. (D) Percent torque loss and oy vs. p.s.c. with variable 8g. &g increases from 0 mm in

red to 1 mm in purple.

Pedicle-screw clearance substantially influenced
local stress values, dependent acutely on screw-hole
interference (Figure 4D), but less on transverse
screw load (Figure 4C). Increases in applied
cantilever load (varied from 0-500 N) increased the
von Mises stress, but did not dominate behavior,
while increased screw hole interference (varied from
0 — 1 mm) dramatically increased the local stress
adjacent to the screw.

Loosening by vertebra level

The percent torque loss by vertebra level in
paired samples (Figure 5A) and removal torque in
unpaired samples (Figure 5B) were evaluated at five
levels of vertebrae from L2-S1. Both analyses
exhibited similar trends, with the greatest degree of
loosening in L2 and S1, and the least in L4.

Patient pain perception

While pain perception was significantly reduced
by 19% within 1 month after surgery, pain was
recurrent, and returned to 89% of pre-surgery levels,
causing patients to return for instrumentation removal
surgery (Figure 6A). Following removal, mean VAS
pain scores decreased again, to 5.8 mm below the
levels reported post-insertion. Three to nine months
after removal surgery, mean VAS pain scores

continued to decline to 27% lower than the pre-fusion
levels. No differences were found in patient-reported
use of analgesics or physical activity between any
time points (Appendix Figure 3A,B).

Discussion

Taken together, these data indicate that pedicle
screws may loosen dramatically over time, even after
successful fusion in patients with recurrent back pain.
Though insertion torque has been reported as a
better predictor than bone mineral density [26-28],
this correlation is weak (R®=0.04-0.4) for predicting
linear pullout strength [29,30]. In the present study,
insertion torque correlated significantly with torque
loss, but the predictive power was poor (R* = 6% for
N = 140 pairs), indicating that intraoperative
measurement of pedicle screw insertion torque is not
uniquely sufficient to predict the degree of loosening,
consistent with a prior pilot report [31].

Evoked EMG stimulus threshold is used to detect
screw placement and pedicle cortex violation [22,32].
Intraoperative EMG measurements indicated that
poorly-seated screws have a greater likelihood of
loosening; however, EMG stimulus threshold could
not linearly predict the degree of loosening, so
surgeons cannot rely on this measure alone to
predict pedicle screw loosening.
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show median line and 25", and 75" percentiles, with
whiskers at 5" and 95" percentiles, respectively. Mean
values indicated by + symbol. Significance indicator letters
shared in common between or among vertebra level
groups indicate no significant difference.

The degree of loosening was vertebra level-
dependent in a biphasic manner, with the least
amount of loosening in the middle of the range of
operated segments, and increased loosening in
vertebrae at the extremities of the fused segments,
suggesting that presence of adjacent fused vertebrae
enhanced biomechanical stability.

Several potential biomechanical mechanisms can
contribute to pedicle screw loosening. One possibility
is instrumentation-induced stress shielding and
subsequent disuse osteopenia. A decrease in bone
mineral density has been seen in both canine [33,34]
and human [35] implanted fixation devices. Another
likely contributor is local plastic deformation at the
bone-screw interface caused by the insertion and
cyclic loading of the pedicle screws, resulting in
screw loosening. Pedicle screw insertion induces
residual stresses and stress concentrations that
superimpose with cyclic loads to contribute to local
tissue failure. These stress concentrations are
highest at the cap-rod-screw interface [36,37]. We
therefore used this location for further analytical
analysis, using the von Mises stress as a measure of
failure propensity. Calculated maximal stresses
reached the reported vyield stress of 95.6 MPa for
trabecular bone [38], suggesting local stresses may
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Figure 6. Patient assessment of pain. Visual Analog
Scale (VAS; 0-100mm) assessment of pain (N = 31). Box
plots show median line and 25" and 75" percentiles, with
whiskers at 5" and 95" percentiles, respectively. Mean
values indicated by + symbol. Significance indicator letters
shared in common between or among vertebra level
groups indicate no significant difference.

contribute to loosening through load-induced
toggling. These values are consistent with prior
reports of static vertebral von Mises stresses up to
100 MPa at the pedicle body junction [36].

Based on the stress analysis, transverse screw
load is not the sole driver of acute loosening, though
may increase in importance with cyclic fatigue.
However, there was a distinct correlation between
pedicle-screw clearance and local stress: as pedicle
screw clearance decreased, local stress increased
with intraoperative torque loss. This suggests
selection of optimal pedicle screw interference may
be improved by accounting for pre-operative pedicle
thickness measurement.

This model did not account for bone remodeling
induced by local damage or biological responses to
the implant, which progress over time [39]. High
static stresses, combined with cyclic loading, may
drive local stress above the yield point and cause
loosening over time. These observations together
suggest that increasing screw size relative to either
pedicle thickness or initial hole diameter may impair
long-term stability. It is therefore recommended that
pedicle-screw clearance be maximized to decrease
the local stresses that may cause screw loosening
and pain. For patients with small pedicle thicknesses,
increased loosening is likely, and careful observation
or augmentation may be recommended.

Finally, observations of patient pain perception
are in agreement with several studies, suggesting
that pedicle instrumentation removal following
successful arthrodesis may relieve recurrent pain
[17-20], potentially caused by pedicle screw
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loosening. Further research will be necessary to fully
evaluate clinical and pain outcomes and to establish
pedicle screw loosening as a causative factor.
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Appendix Figure 1. Linear regression analysis of pedicle screw loosening for intraoperative stimulus
threshold measurements. Correlation of percent torque loss with (A) percent stimulus threshold loss for paired
samples (N = 84 pairs), (B) insertion stimulus threshold (N = 98 pairs), (C) correlation of percent torque loss with
removal stimulus threshold (N = 114 pairs). p > 0.05 indicates the slope of the regression line is not significantly
different from zero.
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Appendix Figure 2. Additional linear regression analysis of pedicle screw loosening for screw
and pedicle size. (A) Correlation of removal torque with screw diameter (N = 236). (B) Correlation of
insertion torque with screw diameter (N = 467). (C) Correlation of percent torque loss with screw
diameter for paired samples (N = 139 pairs). (D) Correlation of removal torque with screw length (N =
236). (E) Correlation of removal torque with screw length (N = 236). (F) Correlation of percent torque
loss with pedicle thickness for paired samples (N = 52 pairs). (G) Correlation of removal torque with
pedicle thickness (N = 146). (H) Correlation of removal torque with pedicle-screw clearance (N = 142).
(I) Correlation of stimulus threshold loss with pedicle-screw clearance (N = 52 pairs). (J) Correlation of
torque loss with removal torque (N = 139 pairs). p < 0.05 indicates the slope of the regression line is
significantly non-zero.
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Appendix Figure 3. Analgesic use and activity VAS scores. (A) VAS analgesic medicine use
assessment. (B) VAS physical activity assessment.
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