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A b s t r a c t
Background. – Instrumented posterior lumbar fusion with top-loading pedicle screw systems (PSS)
requires fully tightened set screws to achieve a secure ﬁxation and symmetric load condition. This
assumes a complete reduction of the rod by 90◦ , which is not always attainable in situ, especially under
constraint. The objective of this work is to compare the mechanical performance of different innovative
set screw technologies, which should improve the tightening process.
Hypothesis. – The hypotheses of the study are that modiﬁcations to the screw and screwdriver unit can (1)
improve the quality of set screw tightening and (2) increase the axial gripping capacity of the construct.
Materials and methods. – The four set screw technologies under investigation include a standard set screw
with a ﬂat surface (F-S; control group), a set screw with a convex surface (C-S) and a shaft tip method
screwdriver used in combination with both ﬂat (F-STM) and convex set screws (C-STM). The quality of set
screw tightening is categorized as follows: failed = the rod is not completely reduced; reduced = the rod
is successfully reduced but the set screw is not correctly ﬁxed; good = remaining cases. An axial gripping
capacity test is performed by a universal testing machine (Instron® ) with a force capacity of 5 kN.
Results. – Regarding the quality of set screw tightening, comparisons between F-S vs. F-STM, F-S vs. CSTM and between C-S vs. C-STM show statistically signiﬁcant differences (p < 0.001). The axial gripping
capacity test shows mean gripping forces of 1223 N (STD 331) in the F-STM group and of 1724 N (STD
168) in the C-STM group with statistically signiﬁcant differences between both groups (p = 0.003).
Discussion. – Several biomechanical and clinical case studies have identiﬁed possible effects of misaligned
rod-screw interfaces such as screw pull-out during rod reduction, screw loosening, screw or rod breakage,
misalignment, adjacent segment degeneration and worsening of the clinical outcome. C-STM-technology
thus supports controlled ﬁxation in the sense of applying appropriate forces for correction or ﬁxation
during PSS assembly as well as friction-reduced ﬁnal alignment and tightening with the aim to reduce
implant loosening, hardware failure and reoperations, while respecting anatomical and biomechanical
balance.
© 2021 Les Auteurs. Publié par Elsevier Masson SAS. Cet article est publié en Open Access sous licence
CC BY (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Abbreviations: ASD, adjacent segment degeneration/disease
FBSS, failed back surgery syndrome
PSS, pedicle screw system
STM, shaft tip method.
∗ Corresponding author.
Adresse e-mail : martin.hessmann@klinikum-fulda.de (M.H. Hessmann).

Over the past decades, instrumented posterior lumbar fusion
with pedicle screw systems (PSS) has remained the gold standard with increasing numbers of cases in a variety of indications
requiring surgical treatment [1]. Fusion rates range from 85% for
posterolateral fusion to 95% for posterior lumbar interbody fusion
with quite large variations in the literature. However, in a recent
literature review on published results from the 1980s until today
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relatively stable results over the last years were seen [2]. In contrast,
several authors report an incidence of Failed Back Surgery Syndrome (FBSS) of between 10 and 40% [3–7], with risk of revision
increasing with the years reaching well above 20% in recent years
[8]. The FBSS incidence is also known to increase with more complex surgeries [3]. Two years postoperatively, the main reason for
revision after adult spinal deformity surgery is implant failure (incl.
rod and/or screw breakage or loosening), followed by infection,
curve progression, pseudarthrosis, neurological deﬁcit and other
complications. Most of these revision reasons (67%) [8] are probably attributable to mechanical stress. In the long-term, however,
adjacent segment degeneration (ASD) is increasingly relevant, with
ASD rates of 79.8% and re-operation rates due to symptomatic ASD
(adjacent segment disease) of 37.5% at a minimum of 15 years [9] or
respectively an overall annual incidence of 2.5% [10] after lumbar
arthrodesis because of degenerative diseases.
Postoperative factors leading to FBSS include altered biomechanics, which lead to increased stress on adjacent segments
accelerating ASD [4] and, under asymmetric load conditions, to
deformity [11], but also to increased stress on the PSS construct,
possibly causing pedicle screw loosening, rod breakage or construct
disassembly. Recent PSS developments aim to minimize the applied
forces and thus possibly reduce the biomechanical complication
rate after instrumented posterior lumbar fusion surgery.
Conventional top-loaded PSS involve a screw head wherein the
rod is placed into a U-shaped seat and diametrically opposed to this
seat; a threaded set screw tightened into the screw head. Clamping
force of the system is mainly given by the ability of the set screw
to convert the tightening torque applied onto it with a radial force
acting on the rod. The set screw generally has an inner geometry matching with a screwdriver shaft which is used to apply the
tightening torque through a torque limiting device. Therefore, at
a constant torque, axial clamping force on the rod highly depends
on friction within the thread which is the function of its properties, materials in contact, and possible constraints acting on the set
screw.
The rod/screw head tightening process for the PSS construct is
a crucial step for a secure ﬁxation and symmetric load conditions.
To achieve secure ﬁxation of the rod into the screw head with a
top-loading PSS, a complete 90◦ reduction of the rod relative to the
pedicle screw head axis is required. But this step is not always attainable in situ, especially if the rod is under constraint, or if something
is blocking the 90◦ screw head alignment to the rod.
Fig. 1 demonstrates the mechanical principles of standard ﬂat
set screw tightening under constraint:

Fig. 1. Mechanical principle of standard ﬂat set screw tightening under constraint.

2. Materials and methods
2.1. Test material
The four set screw technologies under investigation (Fig. 2)
belong to the Neo Pedicle Screw SystemTM (Neo Medical S.A., Villette, Switzerland), a PSS which comprises a variety of screws and
rods made from titanium alloy as well as single-use instruments
made from high performance polymers.
The standard set screw, commonly used in clinical practice,
(control group) has a ﬂat surface (F-S); in a second version the surface is rounded with a 10.5 mm convex radius (C-S). In the newly
developed shaft tip method (STM), the stainless-steel set screwdriver passes through the set screw and protrudes by about 0.3 mm
(0.1 to 0.4 mm) with its rounded tip, which has a 3 mm radius.
This design ensures that the forces required for reduction are largely transmitted by the screwdriver instead of by the set screw, in
order to avoid constraint in the screw head thread. This technology
is studied with both ﬂat (F-STM) and convex set screws (C-STM).
Polyaxial pedicle screws as well as bent rods with a total length of
100 mm and 5.5 mm in diameter are used for testing. As the axial
gripping capacity is a property of the rod/screw head connection,
the choice of the pedicle screw sizes has no inﬂuence on the test.
In the STM technology, the reduction force is transmitted centrally in the ﬁnal, particularly critical phase of reduction, primarily
via the protruding round stainless-steel set screwdriver (Fig. 3a)
This has four major effects:

• Alignment between set screw/screwdriver and rod =
/ 90◦ ;
• Reduction forces are transmitted asymmetrically via point
contacts between set screw and rod;
• Asymmetrical force distribution on set screw thread results in
tilting and increased friction during tightening;
• Anything limiting the alignment creates stress overload that leads
to elastic deformation of the rod (cross-bow effect);
• Friction and stress overload results in material cold welding;
• Cold welding blocks any further reduction or alignment capabilities, preventing optimum alignment.
The objective of this work is to compare the mechanical
performance of different innovative set screw technologies, the
hypotheses are that modiﬁcations to the screw and screwdriver
unit can:

• the reduction forces acting on the thread of the set screw are
markedly reduced, which results in less friction between titanium
and titanium and reduces the risk for cold welding;
• the centric load transfer prevents the set screw from tilting due
to asymmetrical loading, which again reduces friction;

• improve the quality of set screw tightening;
• increase the axial gripping capacity of the construct.
2
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Fig. 2. Showing the four set screw technologies under investigation: F-S; C-S; F-STM; C-STM.

Fig. 3. Mechanical principle of C-STM technology: (a) end of reduction, and (b) set screw tightening.

• the reduction force is transferred by the round stainless steel tip
of the set screwdriver, which reduces the contact surfaces and
the friction between them;
• the main load is transmitted via a titanium/stainless steel pairing,
which eliminates the problem of cold welding.

Table 1
Quality of set screw tightening by set screw technology.

Failed
Reduced
Good
Total n

When the rod is fully seated in the screw head, perpendicular to
the set screw/screwdriver (Fig. 3a), the set screw disconnects from
the screwdriver shaft and synchronously the screw head is pulled
out from the tower (Fig. 3b). This allows a set screw/rod contact for
the ﬁnal tightening.

F-S (control)

C-S

F-STM

C-STM

9 (75,0%)
3 (25,0%)
0 (0,0%)
12 (100%)

7 (58,3%)
5 (41,7%)
0 (0,0%)
12 (100%)

0 (0,0%)
1 (16,7%)
5 (83,3%)
6 (100%)

0 (0,0%)
0 (0,0%)
24 (100%)
24 (100%)

rod =
/ 90◦ , are classiﬁed as ‘failed’ and those, in which the rod is
successfully reduced to 0◦ but the set screw is not correctly ﬁxed
are classiﬁed as ‘reduced’. All others are classiﬁed as ‘good’. The
axial gripping capacity test is performed for all F-STM and 18 CSTM cases. For this purpose, an axial load is applied to the rod with
a constant speed of 5 mm/min (Fig. 6). The maximum load (axial
gripping force), plotted graphically by the testing machine, which
leads to a permanent displacement of the rod of 1.5 mm relative to
the screw head, is recorded.

2.2. Methods of assessment
The axial gripping capacity is deﬁned as the maximum applied
load across an interconnection mechanism within the ﬁrst 1.5 mm
of permanent displacement between the connected components
[12].
An axial gripping capacity test, inspired by the ASTM F1798-13
standard [12], is performed by a mechanical laboratory (Ruetschi
Technology AG, Muntelier, Switzerland). For this purpose, a universal testing machine (Instron® ) with a force capacity of 5 kN was
used (Fig. 4). Each set screwdriver assembly is placed on a bench
test. The rod is inserted into the U-shaped pedicle screw head under
controlled conditions (5◦ rod angle in the screw head/6.0 mm opening distance from set screw to screw head and 7.5Nm preload on
the rod). Subsequently, the set screw is tightened with the respective set screwdriver until the limited torque of 10Nm is reached
and then removed from the set screwdriver (Fig. 5).
Cases in which the rod is not completely reduced to 0◦ , meaning that the alignment between the set screw/screwdriver and

2.3. Statistical analyses
For comparisons between independent groups, the Fisher’s
exact test is used for proportions and the nonparametric MannWhitney U exact Test is used for mean comparisons. Statistical
signiﬁcance is assumed at a p-value < 0.05.
3. Results
3.1. Set screw tightening
The results of the set screw tightening are classiﬁed by set screw
technology in Table 1 and Fig. 7.
3

G Model
OTSR-102918; No. of Pages 6

ARTICLE IN PRESS

F. Ardura, D. Chenaux, H. Pascal-Moussellard et al.

Orthopaedics & Traumatology: Surgery & Research xxx (xxxx) xxx

Fig. 5. Set screwdriver assembly with pedicle screw and rod.

attainable in situ, especially if the rod is under constraint, or if
something is blocking the 90◦ screw head alignment to the rod.
The present mechanical test results conﬁrm these ﬁndings in so
far as that standard ﬂat set screws fail to achieve full rod reduction
in 75% of tested cases, and a good tightening of the set screw is
achieved only in 25% of all tested cases if a moment of 7.5Nm is
applied to the rod.
Voleti et al. [13] investigated the potential causes of set screw
disengagements in three patients who underwent posterior spinal
fusion surgery for idiopathic scoliosis correction and found speciﬁc
traces in their microscopic analysis of one pair of set and pedicle
screws. These include signs of asymmetric ﬁnal tightening, rod
interface marks and radial marks that indicate cyclic rod movement on the bottom side of the setscrew as well as isolated thread
damage on one side. Marks in the saddle of the pedicle screw suggest that the rod did not have full contact. The authors conclude
that increased forces, such as those found at the distal end of long
fusions, may result in misaligned rod-screw interfaces, preventing
proper tightening of the set screw. Paik et al. [14] observed in their
biomechanical cadaver study that misalignment rates comparable
to those in the present study (5 mm mismatch between the rod and
the pedicle screw head) lead to screw pull-out during rod reduction
in 44% of cases with normal bone and 50% with osteoporotic bone
with a mean reduction in pullout strength of 48%. The clinical study
by Ohba et al. [15] conﬁrms that about 82% of loosened screws were

Fig. 4. Axial gripping capacity test set-up.

Comparative tests are performed for each group against the
control group (F-S) and between C-STM and F-STM with statistically
signiﬁcant differences (p < 0.001) between F-S (control) vs. F-STM,
F-S (control) vs. C-STM and between C-S vs. C-STM.
3.2. Axial gripping capacity
The axial gripping capacity test shows mean gripping forces of
1223 N (830-1794 N, STD 331, n = 6) in the F-STM group and 1724 N
(1400-1997 N, STD 168, n = 18) in the C-STM group. The comparison
of means detects statistically signiﬁcant differences (p = 0.003) between both groups. The distribution of the measures is depicted in
Fig. 8. The axial gripping force can’t be measured for cases in which
the rod reduction failed (F-S; C-S), since the rod is not clamped in
the screw head.
4. Discussion
Achieving secure ﬁxation with the required complete 90◦ reduction of the rod relative to the pedicle screw head axis is not always
4
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Fig. 8. Axial gripping force by STM groups. The axial gripping value is the highest
force applied on the rod for a 1.5 mm displacement.

asymmetrical facet contact pressures of up to 6.3 MPa, indicating
unphysiological and disbalanced joint loads. During ﬂexion, the tissue volume at risk is larger in misaligned cases requiring reduction
than in neutral cases. The authors conclude that even the reduction of relatively small rod/screw mismatches produces substantial
unintended asymmetrical forces that induce a domino effect on
adjacent segments, possibly resulting in a poorer outcome. The
radiographs in Fig. 9 (Prof. Francisco Ardura, University Valladolid,
Spain) show a case with a rod/screw mismatch at the cranial end
of a bi-segmental posterior lumbo-sacral fusion and an asymmetrical rod alignment, indicating a stress overload in the construct.
As can be seen in the 2-month and 6-month radiographs, the
stress is transferred into the surrounding tissue, as indicated by
the adjustment of the rod alignment and the scoliotic deformity,
accompanied by bending, rotation and translation of the spine.
By applying stress-overload and friction to the construct during
the ﬁnal reduction and tightening process, not only the rod alignment and rod/screw interface stability are in question, but the
entire construct and surrounding tissue could be under mechanical stress, which may lead to screw or rod pull-out [14–16], pedicle
screw loosening [14,15], screw or rod breakage, misalignment [16],
adjacent segment degeneration [16], or pain [15,16]. Therefore, a
reduction of the rod to 90◦ with the lowest possible friction is of

Fig. 6. Principle structure of axial capacity test.

pulled out during rod connection. In addition, the clinical results in
terms of ODI and VAS pain demonstrated a signiﬁcantly worse outcome in patients with screw loosening compared to those without
screw loosening.
A ﬁnite element study [16] analyzing the effects of a constrained
connection of misaligned pedicle screws and rods demonstrated
forces of up to 1.0 kN for coronal and sagittal 6 mm mismatch correction. These forces compromise the screw-bone interface and
affect the posture of the total lumbar spine on at least three
levels cranial to the uppermost instrumented level. Concomitant effects observed at cranial adjacent levels, up to three levels
above, are rotation of motion segments and remarkably increased

Fig. 7. Classiﬁcation results of set screw tightening.
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Fig. 9. A/P and lateral x-rays: directly, after 2 and 6 months postoperatively.

particular importance. Convex set screw tips, in which the surface contact and consequently the force transmission is centralized
with increasing reduction, are intended to help overcome these
problems.
According to the results presented herein, the STM technology
shows a signiﬁcantly better construct alignment and stability for
both set screw versions, ﬂat and convex, with signiﬁcantly higher
axial gripping forces of about 40% for the convex version, which
could not be achieved with the design change of the set screw alone.
Thus, STM-technology supports controlled ﬁxation in the sense of
applying appropriate forces for correction or ﬁxation during PSS
assembly as well as friction-reduced ﬁnal alignment and tightening with the aim to reduce implant loosening, hardware failure as
well as reoperation and to respect anatomical and biomechanical
balance.
The weaknesses of the present study are the purely biomechanical approach and the relatively small number of cases. Clinical
studies are needed to conﬁrm the clinical relevance of the biomechanical observations.
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5. Conclusion
To achieve a secure ﬁxation and, if necessary, correction with
a top-loading PSS, it is mandatory to fully tighten the set screw,
which requires a complete 90◦ reduction of the rod relative to the
axis of the pedicle screw head. The latter cannot always be achieved
in situ, especially if the rod is under load. Compared to standard
set screws, C-STM technology shows signiﬁcantly better construct
alignment and stability under constraint with axial gripping forces
being about 40% higher for the convex version in comparison to the
ﬂat. Thus, C-STM-technology supports controlled ﬁxation in terms
of applying appropriate forces for correction or ﬁxation during PSS
assembly with friction-reduced ﬁnal alignment and tightening to
avoid unnecessary mechanical stress acting on the spine. The aim
is to respect the individual anatomical and biomechanical balance
in order to reduce the risk of implant loosening, hardware failure
and reoperations.
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