
applied  
sciences

Article

Partial Threading of Pedicle Screws in a Standard Construct
Increases Fatigue Life: A Biomechanical Analysis

Fon-Yih Tsuang 1 , Chia-Hsien Chen 2,3, Lien-Chen Wu 2,3, Yi-Jie Kuo 4,5, Yueh-Ying Hsieh 2,5

and Chang-Jung Chiang 2,5,*

����������
�������

Citation: Tsuang, F.-Y.; Chen, C.-H.;

Wu, L.-C.; Kuo, Y.-J.; Hsieh, Y.-Y.;

Chiang, C.-J. Partial Threading of

Pedicle Screws in a Standard

Construct Increases Fatigue Life: A

Biomechanical Analysis. Appl. Sci.

2021, 11, 1503. https://doi.org/

10.3390/app11041503

Received: 11 January 2021

Accepted: 4 February 2021

Published: 7 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Surgery, Division of Neurosurgery, National Taiwan University Hospital,
Taipei City 10022, Taiwan; tsuangfy@ntu.edu.tw

2 Department of Orthopedics, Shuang Ho Hospital, Taipei Medical University, New Taipei City 23561, Taiwan;
chiaxian@tmu.edu.tw (C.-H.C.); d98548019@tmu.edu.tw (L.-C.W.); 11154@s.tmu.edu.tw (Y.-Y.H.)

3 Graduate Institute of Biomedical Materials and Tissue Engineering, College of Biomedical Engineering,
Taipei Medical University, Taipei City 11031, Taiwan

4 Department of Orthopedic Surgery, Taipei Municipal Wanfang Hospital, Taipei Medical University,
Taipei City 116, Taiwan; benkuo5@tmu.edu.tw

5 Department of Orthopedic Surgery, School of Medicine, College of Medicine, Taipei Medical University,
Taipei City 110, Taiwan

* Correspondence: cjchiang@s.tmu.edu.tw

Abstract: This study proposed a pedicle screw design where the proximal 1/3 of the screw is
unthreaded to improve fixation in posterior spinal surgery. This design was also expected to reduce
the incidence of mechanical failure often observed when an unsupported screw length is exposed
outside the vertebra in deformed or degenerated segments. The aim of this study was to evaluate the
fatigue life of the novel pedicle screw design using finite element analysis and mechanical testing in
a synthetic spinal construct in accordance with American Society for Testing and Materials (ASTM)
F1717. The following setups were evaluated: (i) pedicle screw fully inserted into the test block
(EXP-FT-01 and EXP-PU-01; full thread (FT), proximal unthread (PU)) and (ii) pedicle screw inserted
but leaving an exposed shaft length of 7.6 mm (EXP-FT-02 and EXP-PU-02). Corresponding finite
element models FEM-FT-01, FEM-FT-02, FEM-PU-01, and FEM-PU-02 were also constructed and
subjected to the same loading conditions as the experimental groups. The results showed that under
a 220 N axial load, the EXP-PU-01 group survived the full 5 million cycles, the EXP-PU-02 group
failed at 4.4 million cycles on average, and both EXP-FT-01 and EXP-FT-02 groups failed after less
than 1.0 million cycles on average, while the fatigue strength of the EXP-FT-02 group was the lowest
at 170 N. The EXP-FT-01 and EXP-FT-02 constructs failed through fracture of the pedicle screw, but a
rod fractured in the EXP-PU-02 group. In comparison to the FEM-FT-01 model, the maximum von
Mises stress on the pedicle screw in the FEM-PU-01 and FEM-PU-02 models decreased by −43%
and −27%, respectively. In conclusion, this study showed that having the proximal 1/3 of the
pedicle screw unthreaded can reduce the risk of screw fatigue failure when used in deformed or
degenerated segments.

Keywords: pedicle screws; partial threading; fatigue life; biomechanical analysis; spinal fixation

1. Introduction

The primary function of pedicle screw systems is to maintain spinal stability while
fusion occurs. However, in weakened or osteoporotic bone, the bone–screw interface is
often poor and prone to failure, resulting in screw loosening or back-out after surgery.
Transpedicular instrumentation in patients with osteoporosis is difficult because of the
challenge in achieving sufficient fixation strength. In addition, biomechanical studies
have shown a reduction in the pull-out strength of pedicle screws in osteoporotic bone,
which can ultimately lead to failure of internal fixation [1–3]. As such, fixation problems
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are common in patients suffering from osteoporosis, and gaining sufficient pedicle screw
fixation is a major challenge for spinal surgeons. Loosening of pedicle screws is a leading
cause of non-union, pseudarthrosis, and back pain after surgery.

One method to improve the interface strength between pedicle screws and sur-
rounding bone in osteoporotic patients is to use a bone-cement-augmented pedicle screw,
which has been shown to increase the pull-out strength [4–6]. However, complications
such as cement leakage outside the vertebral body and difficulty in removing the fixed
screw have been reported. Symptomatic cement leakage with augmented screws has been
reported at up to 17% [7,8], while Mueller et al. indicated that perivertebral cement leakage
occurs in 73.3% of cases, but most are clinically asymptomatic [9]. Besides cement augmen-
tation, changing the screw design, including diameter, length, and thread design, may be
used to improve fixation [10–13]. Because the holding power of the bone–screw interface
is poor in osteoporosis, increasing the diameter of the screw may improve fixation and
stability [14]. However, the maximum diameter of the screw is limited by the anatomical
shape of the pedicle, and so the viable size range for the screw is limited.

A previous study by the authors demonstrated that having the proximal 1/3 of the
pedicle screw left unthreaded significantly improves the pull-out strength and withdrawal
force in comparison to a fully threaded screw [15]. The authors considered that this novel
screw design could also improve the fatigue life of the pedicle screw in cases where only
partial screw insertion is required [16]. Hence, this study aimed to evaluate the fatigue
life and stress distribution of proximally unthreaded screws in accordance with American
Society for Testing and Materials (ASTM) F1717 [17] and using finite element analysis. The
results were compared with those obtained from fully threaded pedicle screws.

2. Materials and Methods
2.1. Mechanical Fatigue Testing

The test constructs were subjected to fatigue testing through dynamic bending in
accordance with ASTM F1717. As shown in Figure 1a, each construct consisted of four pedi-
cle screws (Ti-6Al-4V, 4.0 mm diameter, 30 mm length) and two titanium rods (Ti-6Al-4V,
5.5 mm diameter, 120 mm length) inserted into ultra-high molecular weight polyethy-
lene (UHMWPE) test blocks to simulate a vertebrectomy. Both fully threaded (FT) and
partially unthreaded (PU) pedicle screws were tested, and the screws and rods had been
pre-treated by sandblasting and anodization. For the fatigue test, the UWMWPE blocks
were clamped in an MTS 370 machine (MTS Systems Corporation, Eden Prairie, MN, USA)
and a compressive force applied.Appl. Sci. 2019, 12, x FOR PEER REVIEW 3 of 10 
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Figure 1. (a) American Society for Testing and Materials (ASTM) F1717 standard configuration. (b) Two different setups
were evaluated: (i) pedicle screw fully inserted into the test block with an exposed length of 3.6 mm (EXP-FT-01 and
EXP-PU-01) and (ii) pedicle screw inserted leaving 7.6 mm of the screw shaft exposed (EXP-FT-02 and EXP-PU-02).
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A previous study by our institute [16] determined the critical condition for pedicle
screw insertion as having the threaded portion exposed by 1 or 2 threads to accommodate
rod placement and ensure alignment between the tulip of the screw and the rod. Two
different setups were evaluated (Figure 1b): (i) pedicle screw fully inserted into the test
block with an exposed length of 3.6 mm [16] (EXP-FT-01 and EXP-PU-01) and (ii) pedicle
screw inserted leaving 7.6 mm [16] of the screw shaft exposed (EXP-FT-02 and EXP-PU-02).

Loading was applied in a cyclic sine wave at a frequency of 5 Hz with a load ratio of
0.1 (minimum load divided by maximum load). Static testing was first used to determine
the ultimate load for the EXP-FT-01 model as 340 N [16]. In accordance with ASTM F1717,
loading for fatigue testing should begin at 50% of the ultimate load, which is 170 N for
the EXP-FT-01 construct. Therefore, for all test setups (Figure 1b), loading began at 170 N
and was incrementally increased after every third sample (170 N to 190 N to 220 N) until
either the construct underwent permanent deformation or failed or the number of cycles
reached 5,000,000 cycles. Otherwise, the load level was decreased every 3 samples until
sample run-out. The maximum and minimum loads and the number of cycles sustained
were used to calculate the fatigue strength for each test setup.

2.2. Finite Element Models

Four finite element models (FEM-FT-01, FEM-FT-02, FEM-PU-01, and FEM-PU-02)
were created using the same boundary and loading conditions as the experimental fatigue
test setup detailed above (Figure 2a,b). A vertical load was applied to the analytically
rigid surface, which was inserted within the horizontal hole of the UHMWPE test block;
the lower rigid surface was fixed [16]. These two rigid surfaces were assumed to have
a frictionless contact with the test block. The contact interface between the screws and
rods was bonded [18,19]. All meshing and simulations were conducted using ANSYS
16.0 (ANSYS Inc., Park City, UT, USA). The pedicle screws, support rods, and UHMWPE
test blocks were modeled as linearly elastic materials with the properties detailed in
Table 1 [16]. The rods were meshed using eight-node hexahedral elements, and the screws
used four-node tetrahedral elements. A mesh sensitivity study was performed to ensure the
convergence of the mesh solution. The final model had 72,471 elements in each rod, 38,541
elements in each fully threaded polyaxial screw (8582 and 30,059 for the head and body,
respectively), and 36,437 elements in each proximally unthreaded polyaxial screw (8582
and 27,855 for the head and body, respectively). The UHMWPE block in the FEM-FT-01 and
FEM-PU-01 models had 61,059 elements, and in the FEM-FT-02 and FEM-PU-02 models
had 55,832 elements (Table 2). When placed under a 170 N vertical load, the mesh was
assumed to converge when the change in von Mises stress on the screws and rods was less
than 2%.

Table 1. Material properties of finite element models.

Modulus (MPa) ν

Ultra-high molecular weight polyethylene (UHMWPE) blocks [16] 1050 0.4

Titanium rods [16] 110,000 0.3

Titanium pedicle screws [16] 110,000 0.3

The FEM-FT-01 model was validated by demonstrating that the stiffness of the entire
model (43.18 N/mm) was within the range of experimental data (42.78–43.72 N/mm),
as shown in Figure 2c.
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Figure 2. (a) Finite element model in accordance with ASTM F1717 standard configuration. (b) Pedicle screw inserted
leaving 7.6 mm unsupported length (FEM-FT-02 and FEM-PU-02). (c) The axial displacement and load curve of experimental
data of EXP-FT-01 and finite element model FEM-FT-01.

Table 2. Type of elements, number of elements, and nodes in each part of the finite element models.

Fully Threaded
Polyaxial Screw

(Head/Body)

Proximally
Unthreaded

Polyaxial Screw
(Head/Body)

UHMWPE Block
of FEM-FT-01 and

FEM-PU-01

UHMWPE Block
of FEM-FT-02 and

FEM-PU-02
Rod

Type of elements 4-node tetrahedral 8-node hexahedron

Number of
elements 8582/30,059 8582/27,855 61,059 55,832 72,471

Number of nodes 15,448/54,407 15,448/49,582 109,296 99,381 289,878
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3. Results
3.1. Dynamic Compression Bending Test

Table 3 details the results of the dynamic bending compression test. The EXP-PU-
01 construct was found to have the greatest fatigue strength of 220 N, while both the
EXP-FT-01 and EXP-PU-02 groups had a lower fatigue strength of 190 N. In the fully
threaded (FT) groups, the screw failed where it inserted into the UHMWPE block, whereas
it was the rod that failed in the proximally unthreaded (PU) groups (Figure 3). Under
a maximum load of 190 N, one sample from the EXP-PU-02 group survived to run-out
(>5,000,000 cycles), which was superior to the EXP-FT-02 group, which had an average
cycle count of 1,116,787 cycles.

Table 3. Results of the dynamic compression bending test.

Min. and Max. of
Axial Force 17–170 (N) 19–190 (N) 22–220 (N)

Group No. of samples Cycles No. of samples Cycles No. of samples cycles

EXP-FT-01

1 Run-out 4 Run-out 7 719,021 *

2 Run-out 5 Run-out 8 791,733 *

3 Run-out 6 Run-out 9 736,885 *

EXP-FT-02

10 Run-out 13 1,361,467 * 16 18,209 *

11 Run-out 14 971,656 * 17 21,779 *

12 Run-out 15 1,017,237 * 18 7562 *

EXP-PU-01

19 Run-out 22 Run-out 25 Run-out

20 Run-out 23 Run-out 26 Run-out

21 Run-out 24 Run-out 27 Run-out

EXP-PU-02

28 Run-out 31 Run-out 34 4,152,887 **

29 Run-out 32 Run-out 35 4,001,455 **

30 Run-out 33 Run-out 36 Run-out

* Pedicle screw fracture; ** rod fracture; run-out: run out at 5 million cycles.
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3.2. Maximum Von Mises Stress on Pedicle Screw and Rod

The maximum von Mises stress on the screws in the computational models appeared
at the region where the screws entered the UHMWPE blocks (Figure 4a). The von Mises
stress on the pedicle screws was recorded as 677.23 MPa, 1070.91 MPa, 385.809 MPa,
and 491.50 MPa in the FEM-FT-01, FEM-FT-02, FEM-PU-01, and FEM-PU-02 models,
respectively, when placed under an axial force of 170 N. When the load was increased to
220 N, the FEM-FT-02 model showed the highest von Mises stress on the pedicle screws
(Table 4). For the rod component in the FEM-FT-01, FEM-FT-02, FEM-PU-01, and FEM-
PU-02 models, the maximum von Mises stress was 341.66 MPa, 369.67 MPa, 361.36 MPa,
and 362.24 MPa, respectively, under a 170 N axial load, and the maximum value occurred
at the interface between screw and rod. When the load was increased to 220 N, the FEM-
FT-02 model showed the highest von Mises stress on the rods (Figure 4b and Table 5).
The maximum von Mises stress on the pedicle screws in the FEM-PU-01 and FEM-PU-
02 models was 43% and 54% less than that in the FEM-FT-01 and FEM-FT-02 models,
respectively, while the maximum von Mises stress on the rod component decreased by
1.4% in both models. The stiffness of the FEM-PU-01 (45.09 N/mm) and FEM-PU-02
(30.09 N/mm) models increased by 4.4% and 14.2%, respectively, in comparison to the
FEM-FT-01 (43.18 N/mm) and FEM-FT-02 (26.34 N/mm) models. The stiffness of all FEM
models was found to be similar to the results from the mechanical fatigue test (EXP-FT-01:
42.48 ± 0.42 N/mm; EXP-FT-02: 26.69 ± 0.63 N/mm; EXP-PU-01: 44.96 ± 0.71 N/mm;
EXP-PU-02: 29.52 ± 0.93 N/mm).

Table 4. Maximum von Mises stress on pedicle screws.

Axial Force (N) 170 220

Screw of FEM-FT-01 (MPa) 677.23 875.23

Screw of FEM-FT-02 (MPa) 1070.91 1384.01

Screw of FEM-PU-01 (MPa) 385.89 498.71

Screw of FEM-PU-02 (MPa) 491.5 635.20
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Table 5. Maximum von Mises stress on rods.

Axial Force (N) 170 220

Rod of FEM-FT-01 (MPa) 341.66 440.12

Rod of FEM-FT-02 (MPa) 369.67 475.36

Rod of FEM-PU-01 (MPa) 361.36 465.49

Rod of FEM-PU-02 (MPa) 362.24 468.78

4. Discussion

Fracture of pedicle screws can lead to considerable complications in the spine, such
as loss of curvature and symptomatic pseudarthrosis, which often requires reoperation.
Screw fracture mostly occurs following high-energy impact injuries or metal fatigue from
repetitive stress. Chu et al. [16] demonstrated a reduction in the fatigue life and strength of
pedicle screws when a portion of the screw threads was left exposed outside of the bone.
This is echoed in the results of this study, where the EXP-FT-02 construct clearly had the
lowest fatigue strength of all groups. However, Table 3 also shows that by omitting threads
from the exposed portion of the screw (1/3 proximally unthreaded), the fatigue strength
increased in comparison to a fully threaded screw.

It is worth noting that the fatigue life of EXP-PU-02 was higher than EXP-FT-01,
signifying that the fatigue strength of the proximally unthreaded (PU) screw when not
fully inserted is higher than the fully threaded (FT) screw when fully inserted into the
test block. In addition, whereas the construct with fully threaded screws failed through
screw fracture, the construct with PU screws failed by fracture of the rods. This shows
that the unthreaded portion (shank) of the PU screw plays an important role in the fatigue
life and supports the hypothesis of this study that the fatigue strength would be superior
to a fully threaded screw. A possible contributing factor to the greater fatigue strength is
the diameter of the screw. The smooth shank on the PU screw had a diameter of 4.0 mm,
whereas the inner/minor diameter of the fully threaded screw was 3.0 mm. The second
axial moment of area of the PU screw was greater than the fully threaded screw at the
point where the screws entered the test block. This might contribute to the better fatigue
bending strength.
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According to Chen et al. [20], the most stressed site on a pedicle screw is the junction
between the shank and threads, and the threads at the screw–bone interface tend to be less
stressed than threads outside the interface. This is consistent with the findings of this study.
Whether considering the FT or PU screw, the major stress occurred on the proximal part
of screw, and the maximum von Mises stress occurred at the interface between the screw
and the block. In all of the FT screw groups, the maximum von Mises stress on the screw
exceeded that on the rod. Previous studies [20–22] have demonstrated an increase in stress
at the screw head and a loss in fatigue strength with increasing unsupported screw length,
which is consistent with the findings of this study. The FE model demonstrated that in
comparison to the FT screw, the PU screw design produced a lower maximum von Mises
stress on the screw and provided superior fatigue strength when partially inserted. This
was supported by the fact that it was the rod rather than the screw that fractured during
the dynamical compression test.

Despite the clearly superior results obtained from the proximally unthreaded screw in
this study, there are some limitations to the methods used. (i) The vertebrectomy model
was developed in compliance with ASTM F1717, which is the correct approach to use
for this form of study [22–24]. However, the simplifications incorporated into any such
model cannot truly represent the multidirectional loading conditions in a normal human
spine. (ii) Similarly, the finite element models were subjected to a single vertical load on a
specific point on the test block to validate the models, but again this is a gross simplification
against in vivo conditions in the spine. Future studies may consider incorporating a wider
range of forces. The computational model was also simplified to assign all constructs
with linearly elastic homogeneous isotropic properties with all contact interfaces bonded.
These assumptions are simplifications of the real situation, where the insertion of the
pedicle screw within the UHMWPE block would produce an initial residual stress/damage
on the surrounding of the UHMWPE block (plastic deformed) [23], which increased the
displacement in the experiments and showed non-linear behavior (Figure 2c). These
assumptions also result in a stiffer construct and linear behavior of load displacement
in the finite element model, as shown in Figure 2c. (iii) Different screw sizes or thread
designs were also not considered in this study because the primary goal was to analyze how
incomplete insertion of the proximally unthreaded pedicle screw compared to a standard
fully threaded pedicle screw in terms of stress and fatigue life.

5. Conclusions

The results of this study show that the 1/3 proximally unthreaded (PU) pedicle screw
design offers superior fatigue strength and fatigue life over a traditional fully threaded
pedicle screw during both partial and full insertion. The PU pedicle screw can not only
reduce the risk of screw fatigue failure but also increase implant survival when used in
deformed or degenerated segments where the pedicle screws need to be exposed by one or
multiple threads to accommodate rod placement.
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