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Abstract

Objective External fixators are important for correcting length discrepancies and axis deformities in pediatric or trauma
orthopedic surgery. Pin loosening is a common pitfall during therapy that can lead to pain, infection, and necessary revisions.
This study aims to present clinical data using calcium titanate (CaTiO3) Schanz screws and to measure the fixation strength.
Patients and methods 22 titanate screws were used for external fixators in 4 pediatric patients. Therapy was initiated to
lengthen or correct axial deformities after congenital abnormalities. The maximum tightening torque was measured during
implantation, and the loosening torque was measured during explantation. In addition, screws of the same type were used in
a cadaver study and compared with stainless steel and hydroxyapatite-coated screws. 12 screws of each type were inserted in
four tibias, and the loosening and tightening torque was documented.

Results The fixation index in the in vivo measurement showed a significant increase between screw insertion and extraction
in three of the four patients. The pins were in situ for 91 to 150 days, and the torque increased significantly (P = 0.0004)
from insertion to extraction. The cadaveric study showed lower extraction torques than insertion torques, as expected in this
setting. The calculated fixation index was significantly higher in the CaTiO3 group than in the other groups (P = 0.0208 vs.
HA and P <0.0001 vs. steel) and in the HA group vs. plain steel group (P = 0.0448).

Conclusion The calcium titanate screws showed favorable fixation strength compared to HA and stainless steel screws and
should be considered in long-term therapy of external fixation.
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Graphical Abstract

X-ray of screws in situ

1 Introduction

External fixation is a key tool in both traumatology and
reconstructive orthopedic surgery. Advantages include fast
and simple application, minimal soft tissue damage, and the
possibility of individual adjustment after surgery [1]. The
technique can be used to correct congenital or acquired
deformities, non-unions, or soft tissue defects. However,
external fixation is associated with serious complications,
especially when prolonged therapy is necessary. Common
complications include pin tract infections, pin loosening,
and osteomyelitis. Pin loosening or infection occurs in
approximately 10% of pins when implanted in a lower
extremity [2]. Some authors associate improved fixation
strength with a lower rate of pin tract infection [3]. Stainless
steel screws are still the worldwide standard for external
fixation, even though prospective and randomized studies
have shown that hydroxyapatite (HA)-coated screws are
clinically effective in improving the strength of fixation of
the bone-pin interface [4, 5]. HA coatings can increase the
attachment of bone to metal implants and bioactive surfaces
and demonstrate osteoconductive properties [6, 7]. How-
ever, the coated layer is not stable in living bone for long
periods and can debond from the metal surface [8]. HA
debris may have adverse effects on integration and stability.

A new innovation is a surface modification with calcium
titanate (CaTiOs3). The idea is to induce apatite formations
on the surface in living bone, leading to improved bonding
[9]. The material is bioactive and osteoconductive like HA,
but the calcium is incorporated into the titanium so that
there is no risk of flaking.
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The aim of this study is to evaluate the osseous inte-
gration and fixation strength of calcium titanate Schanz
screws in long-term treatment and to compare the material
with stainless steel and HA screws. The screws were used
in vivo when a long-term therapy for external fixation was
indicated. All screws were also tested in a cadaver study to
evaluate the biomechanical effects on the fixation strength.
The working hypothesis predicted a higher stability with
lower complication and loosening rates due to the favorable
integration of the calcium titanate design.

2 Patients and methods
2.1 In vivo study

To evaluate the fixation of the new calcium titanate mate-
rial, Epical™ Screws (Merete GmbH, Berlin, Germany)
were used in a monolateral external fixator (ABS External
Fixator, Orthofix, Lewisville, USA). The patients were
treated for congenital and post-traumatic length dis-
crepancies or deformities in the lower or upper extremities.
A total of 22 screws were inserted, and the maximum
insertion and extraction torque was measured using a torque
wrench. To eliminate several variables that are relevant to
the fixation strength, such as the diameter, cone, and thread,
the contact area between the screw and bone in the Fixation
Index was determined. The Fixation Index is the quotient of
maximum extraction torque over maximum insertion torque
and allows us to appreciate the specific fixation strength as
published before by this group [10]. The study was
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approved by the local institutional review board (Ethics
Committee No. AZ 67/16).

2.2 Patients and operative technique

Four pediatric patients between 2 and 14 years old were
included. Three patients had deformities of the lower
extremity, and one had a deformity of the upper extremity.

Patient 1 showed a proximal femoral focal deficiency
(PFFD) of the left leg with a leg length difference of 5 cm.
The therapy of choice was a callus distraction after osteot-
omy of the femoral shaft (Fig. 1). The external fixator was
left for 112 days, and the age during index surgery was
three years. No complications could be detected during
therapy.

Patient 2 was a 10-year-old female with a complex
deformity of the lower leg due to damage of the lamina
epiphysialis after Waterhouse-Friedrichsen syndrome. The
leg showed a combined varus and rotational deformity that
was addressed by a focal-dome osteotomy (FDO) and
external fixation for 150 days. Two screws showed clinical
signs of infection (Checketts-Otterburn Grade 3) [11] and
were exchanged during a revision surgery.

Patient 3 showed a congenital patella agnesis with further
agenesis of the anterior crucial ligament and loss of 90° of
extension in the knee joint. To restore full extension, a so-
called parallelogram fixator was used with consequent daily
external distraction until 0° extension in the joint was seen
after 95 days of therapy.

Patient 4 was the oldest patient at 15 years of age and the
only one who showed an axial malalignment of the upper
extremity due to a fibrous dysplasia of the right humerus.

Fig. 1 X-ray of patient no 1.

a AP view of the left femur.
Three schanz screws were
inserted proximally and distally
of the osteotomy area. b Lateral
view of the left knee. All screws
were inserted bicortically

Therapy included a multidimensional corrective osteotomy
and application of an external fixator.

The basic operative technique was similar in all cases.
Two or three screws were inserted proximally and distally
of the osteotomy area. A small skin incision was made after
radiological orientation of the bone structure. The under-
lying fascia was dissected to prevent interference with the
pins. A drill guide was used to protect the soft tissue, and
both cortexes were penetrated. The selected screw was then
inserted using a T-handle. After penetrating the second
cortex, the insertion torque was measured by a torque meter
(Fig. 2). After therapy, the fixators were removed under
anesthesia, and the first rotation was measured using a
torque meter to quantify the extraction torque.

The number of pin tract infections was documented and
classified using the Checketts-Otterburn grading system
[1, 11]. Table 1 shows the grading system and the recom-
mended treatment option for each grade.

2.3 Cadaver study

For the cadaver study, four human tibias were provided by
the Institute of Anatomy at our institution. The same type
Epical Screws as in the clinical trial were used. 6.5-mm HA
and common steel screws were used in comparison
(Orthofix, Lewisville, USA). Three screws of each type
(Epical, HA, steel) were inserted in random order on every
tibia. Figure 3 shows an example of the three products. As
recommended by the manufacturer, the cavity was pre-
drilled bicortically with a 4.1-mm drill. The screws were
introduced manually using a T-handle. After piercing
through the second corticalis, a torque meter was used to
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measure the maximum tightening torsion moment (Fig. 2).
The screws were left for 24 h and then removed using the
same torque meter to determine the maximum loosening
torque. As in the clinical trial, the quotient of both values
was computed to subtract possible inaccuracies due to

Fig. 2 Torque meter, Gedore Torque Tech. The shown torque meter
has a measuring range of 0—4 Nm. A second device was used in the
study with a range of 0-20 nm

Table 1 Checketts-Otterburn classification of the pin site infection

various insertion points and bone diameters. Figure 4 shows
the setup for the cadaver study.

2.4 Statistical analysis

Data from cadaveric torque measurements were gathered
in Microsoft Excel 365 (Microsoft Corporation, Rich-
mond, VA, USA), and the fixation index was calculated as
described by this group [10]. The data were then trans-
ferred to GraphPad Prism v8.0.1 (GraphPad, LaJolla, CA,
USA) for statistical analysis. The Gaussian distribution
and equal standard deviation of insertion, extraction, and
index results between the three screw types were con-
firmed using the D’Agostino & Pearson test and the
Brown-Forsythe test, respectively. The data were then
analyzed for significant differences between the screw
types using an ordinary one-way ANOVA followed by a
post-hoc analysis with Tukey’s multiple comparisons test.
An adjusted P-value of P<0.05 was -considered
significant.

In vivo data of insertion and extraction were also
recorded in MS Excel and analyzed in Prism, and the
fixation index was calculated. To assess for statistical sig-
nificance between insertion and extraction torque, multiple
Wilcoxon matched-pairs signed rank tests with a Sidak-
Bonferroni correction for multiple testing were calculated
for each patient separately and for pooled data. Again, a
P-value of P<0.05 was considered significant.

3 Results

The torque measurements and fixation indices of the cada-
veric study are summarized in Table 2. The extraction tor-
ques were generally lower than the insertion torques, as
expected in a cadaveric setting with no chance of biological
integration. This effect was more distinct with the steel

Grade Characteristics Treatment
Minor infection: slight redness, little discharge Improved pin site care
Minor infection: redness, discharge, pain, and tenderness in the soft tissue Improved pin site care, oral antibiotics
Minor infection: grade 2 but not improved with oral antibiotic Affected pin or pins are resited, and external
fixation can be continued
4 Major infection: severe soft tissue infection involving several pins, sometimes with External fixation must be abandoned

associated loosening of the pin

Major infection: grade 4 but also involvement of the bone. Also visible on radiographs

Major infection: occurs after fixator removal. The pin track heals initially but

External fixation must be abandoned
Curettage of the pin track

subsequently breaks down and discharges at intervals. Radiographs show new bone

formation and sometimes sequestra

Grades 1-3 describe minor infection, whereas Grades 4-6 describe major infection. An important advantage of the classifications are the listed
treatment recommendations for each grade for improved conservative pin site care

@ Springer
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Fig. 3 The three screw types. On the left, the golden and macroporous
CaTiO; can be seen. The screw in the middle is the HA screw, also of
a macroporous design. On the right, the stainless steel screw can
be seen

Fig. 4 Example of a left tibia with six screws inserted from ventral
side. The Schanz screws were inserted bicortically after predrilling as
recommended by the manufacturer

screws and the HA-coated screws than in the
CaTiO3 screws, but the differences between insertion and
extraction did not achieve statistical significance in any
group (P =0.361 for CaTiO3, P = 0.063 for HA, P = 0.059
for steel).

We also found no significant differences in the insertion
and extraction torques between the three screw types;
however, the CaTiO; screws showed a tendency toward
higher extraction torques (see Fig. 5a, b). The calculated
fixation index was significantly higher in the CaTiO3;
group than in the two other groups (P =0.0208 vs. HA

Table 2 Descriptive statistics of insertion and extraction torques of the
different screw types in cadaveric bone

Insertion [Nm] Extraction [Nm]  Fixation index

Mean 95% CI Mean 95% CI Mean 95% CI
CaTiO; 3.233 2.57-3.90 2.617 2.04-3.16 0.8067 0.75-0.86
HA 3417 2.70-4.14 2300 1.62-2.99 0.6575 0.57-0.75
Steel 3.058 2.024.10 1.642 0.96-2.32 0.5050 0.42-0.59

and P <0.0001 vs. steel) and in the HA group vs. plain
steel group (P = 0.0448) (Fig. 5¢).

The in vivo measurements (see Figs 6 and 7) showed a
significant increase in torque measurements between screw
insertion and extraction in three of the four patients and a
positive fixation index. The pins were in situ for 91 to
150 days. Patient 2—150d, with no significant increase in
torque, had severe pin infections in two out of six pins,
which were loose and therefore could not be included in the
analysis. There was no relevant correlation between the time
in situ and increases in the fixation index in this small
collective.

4 Discussion

This paper focuses on testing calcium titanate screws for
long-term therapy using external fixation for deformity
correction. Common complications during therapy are pin
tract infections and osteomyelitis. Pin loosening can also
occur, leading to a secondary loss of reduction or axial
correction. To prevent these complications, an enduring
fixation strength with stable osseous integration might be
beneficial [12, 13]. The fixation index was therefore mea-
sured in vivo and in an additional cadaver study. Our results
showed a significantly higher fixation strength in three out
of four patients treated for 91 to 150 days with the goal of
limb lengthening or correction. The pooled measurements
of all four patients showed significantly increased torque
(P =0.0004) from insertion to extraction.

The cadaver study supported the results, showing that the
fixation index was significantly higher in the CaTiO3 group
than in the two other groups (P =0.0208 vs. HA and P <
0.0001 vs. steel) and in the HA group vs. plain steel group
(P =0.0448).

Antibacterial and bioactive properties have been reported
in calcium titanate-enriched metal surfaces [14]. Further-
more, CaTiOj3 can act as an apatite growth promoter [15]. A
research group compared cylindrical calcium titanate
implants with standard implants (TigAl4V surface) that were
brought into the femurs of white rabbits. After 4, 12, and
36 weeks, the pull-off forces were measured. Compared to
untreated implants (median = 16.68 Nm), the treated

@ Springer
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Fig. 5 Torque measurements of the three screw types in the cadaveric
study for insertion (a) and extraction (b), and the calculated fixation
index (c). Box and whisker plots show the median and quartiles at the
box, and whiskers indicate minimum to maximum significance as *p <
0.05 and ****p <0.0001

implants (median = 25.36 Nm) showed significantly higher
pull-off forces (p =0.043). The authors saw calcium tita-
nate surfaces as a promising alternative for usage in total
joint replacements to accelerate osseointegration, especially

@ Springer

in patients with poor bone quality [16]. The applied HA and
CaTiOj3 pins in this study had a macroporous surface to
allow bone ingrowth, leading to long-term stable fixation of
the implants. The bone trabeculae interweaved with the pore
struts established a large contact area, improving the load
transfer and strengthening the implant/bone interface [17].
The surface modification might explain the favorable results
for HA and CaTiO; implants even in cadaver bone com-
pared to polished stainless steel screws.

Pin tract infections and loosening are the most common
complications when using external fixation. While some
authors view infection as an almost inevitable complication
that leads to loosening, other surgeons view the infection as
a consequence of progressive pin loosening [1, 3, 18]. A
recent review article investigating possible care protocols to
reduce the incidence of pin site infections found no general
or valid strategy to prevent infection but recommended the
implementation of a standardized algorithm [19]. The rate
of pin site infection ranged from 10 to 100%, whereas the
reported incidence of chronic osteomyelitis ranged from 0.4
to 4% [20-22]. Of course, further parameters such as age,
comorbidities, poor nutritional status, or bone quality also
influence the rate of complication. The pin sites are essen-
tially wounds, and wound healing cannot be achieved as
long as the therapy via external fixation continues [23].
There is no gold standard yet, but almost all treatment
protocols include frequent pin inspection and the use of
antiseptic materials such as saline, iodine solutions, or
impregnated gauzes [24-26]. In addition to pin care, the
technique can be an influencing factor. A higher incidence
of pin site infections has been observed with monolateral
and hybrid fixators compared to ring fixators [22].

Biomechanical evaluations of different external fixator
configurations showed a significantly higher stability in
biplanar fixation compared to uniplanar fixation. However,
a uniplanar fixation is easy to apply and showed favorable
conditions at the site of bone fracture healing. Good sta-
bility in the transversal plane and compensation of rota-
tional forces could be seen when using multiplanar fixators
[27-30].

While most studies discuss pin care and the operation
technique, few focus on the characteristics of the implants
used. One possible approach is the antibacterial coatings of
the pins. The use of iodine-supported titanium pins shows
low infection rates of 3.6% compared to the reported rates
in the literature [31]. However, similar to HA-coated
screws, debonding may occur, leading to a remaining per-
centage of 42% iodine after 0—4 months of therapy. Another
coating option to reduce potential bacterial colonization is
silver. A reduction of pin tract infection of 22% is reported
when using silver-coated pins compared to uncoated pins
[32]. Moroni et al. tested 76 screws in 19 patients using
either HA-coated, titanium, or steel pins. The authors found



Journal of Materials Science: Materials in Medicine (2019) 30:124

Page 7 of 8 124

B Index @ Extraction [ Insertion

In-vivo CaTiO; pin fixation

67 . ns . o r1s n
| [ — g
£ 44 E L10 S
= 5
()] Qo
=1 [v]
g ﬁi E fal
S 27 F5 T
- x
(=
= g _-8 = g
= 2,

0- Lo

T T T T
1-112d 2-150d 3-91d 4 -98d

Fig. 6 In vivo torque measurements of the four patients. Torque
measurements (white and light gray) are plotted on the left y-axis, and
the fixation index (dark gray) is plotted on the right. The x-axis shows
the patient number and number of days the pins were in situ. ***%p <
0.0001, ns: not significant. Two specimens of Patient 2 were excluded
due to pin infection and loosening
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Fig. 7 Pooled torque measurements of all four patients; the torque
increased significantly (P = 0.0004) from insertion to extraction. Two
specimens were excluded due to pin infection and loosening

an elevated extraction torque in both cancellous and cortical
bone using HA-coated pins. Further investigation of the pin-
bone interface showed no deterioration, leading to optimal
pin-bone contact [33]. There are numerous other reported
coatings such as ultrahigh molecular weight polyethylene or
tobramycin-impregnated polymethylmethacrylate with pro-
mising results regarding fixation strength and infection rate,
but none have become a standard method [34, 35]. Like
other authors [22], we believe that there is a close rela-
tionship between the motion of loose pins and infection.
Accordingly, a high fixation strength is of utter importance.
Lawes et al. tested the relation of the maximum insertion
torque of external fixation pins with osseo-mechanical
integration in an animal experiment [36]. The authors stated
that a higher insertion torque optimized the mechanical
stability in vivo. A torque higher than 7 Nm showed a
measurable extraction torque in all screws and a torque
higher than 5 Nm in 98% of tested screws. Another group
tried to find a boundary value for the insertion torque and
found a 69% loosening rate when the initial torque

resistance was less than 0.68 Nm compared to only 9% of
pins with an initial torque greater than 0.68 Nm [37]. As the
link between the bone and the implanted material, the pin-
bone interface is both the anchoring point and the weakest
site of mechanical stability. Aro et al. investigated the
cortical bone reaction at the interface of half-pins under
loading conditions in a canine model. Remodeling of new
bone structure was seen in 43% of the intercortical space
along the pin tract but showed a massive porosity of cortical
bone compared to intact bone value. Subsequently, micro-
motion and time-related decrease of pin removal torque was
seen [38]. The results underline the importance of avoiding
postoperative dynamic stress on the external fixation con-
struct. Further histological examinations of the pin-bone
interface found that, in general, tight pin tracts are char-
acterized by a lack of bone resorption and sparse develop-
ment of new bone, whereas the cortex around grossly loose
pins showed a mostly resorbed bone structure (75% com-
pared to 14%) [37].

One limitation of this study is the small sample in the
in vivo group due to the rarity of long-term therapy using
external fixation. Another limitation is the missing control
group using screws of a different material in vivo. There is
also no standardized method for measuring the fixation
strength of pins for external fixation.

Considering factors like infection rate and fixation
strength, the new calcium titanate pins promise favorable
properties and are a promising alternative for use in external
fixation. Our results showed a good practicability of cal-
cium titanate screws for long-term therapy of external
fixation. Use in short-term therapy does not seem practical
due to the higher cost of materials and lack of time for
osseointegration. Further randomized and prospective stu-
dies are necessary to evaluate the attributes of different
screw types and to develop generally accepted therapy
algorithms.
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