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Intramedullary nailing in opening wedge high tibial
osteotomy—in vitro test for validation of a method of fixation
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Abstract
Purpose Opening wedge high tibial osteotomy (HTO) as a treatment in unicompartimental osteoarthritis of the knee can
significantly relieve pain and prevent or at least delay an early joint replacement. The fixation of the osteotomy has undergone
development and refinements during the last years. The angle-stable plate fixator is currently one of the most commonly used
plates in HTOs. The angular stable fixation between screws and the plate offers a high primary stability to retain the correction
with early weight-bearing protocols. This surgical technique is performed as a standard of care and generally well tolerated by the
patients. Nevertheless, some studies observed that many patients complained about discomfort related to the implant.
Methods Therefore, the stability of two different intramedullary nails, a short implant used in humeral fractures and a long device
used in tibial fractures for stabilization in valgus HTOs, was investigated as an alternative fixation technique. The plate fixator
was defined as reference standard. Nine synthetic tibia models were standardly osteotomized and stabilized by one of the fixation
devices. Axial compression was realized using a special testing machine and two protocols were performed: a multi-step fatigue
test and a load-to-failure test.
Results Overall motion, medial, and lateral displacements were documented. Fractures always occurred at the lateral cortex.
Axial cyclic loading up to 800 N was tolerated by all implants without failure. The tibia nail provided highest fatigue strength
under the load-to-failure conditions.
Conclusions The results suggest that intramedullary nailing might be used as an alternative concept in HTO.
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Abbreviations
HSS Hospital for special surgery
HTO High tibial osteotomy
IKDC International Knee Documentation Committee
NSAID Nonsteroidal anti-inflammatory drugs

Introduction

Osteoarthritis of the knee occurs in 10–18% of all adults aged
over 60 [1]. The resulting morbidity reduces quality of life,
and without treatment, osteoarthritis often leads to significant
physical disability [2, 3]. Conservative treatments to relieve
pain and inactivity include therapy with NSAIDs, physical
activity, braces, and injections of steroids or hyaluronic acids.
When conservative approaches become insufficient, the pa-
tients often request surgery. Surgical treatment options include
arthroscopic debridement and lavage, high tibial osteotomy
(HTO), and unicompartimental or total knee arthroplasty [4].
Especially total knee replacement has progressed to a well-
established treatment option, enabling patients to return to
normal activities with a pain-free knee after recovery from
surgery [5]. Despite actual progresses in knee surgery, youn-
ger age is still associated with increased revision rates after
primary knee replacements [6]. For this patient population,
prevention strategies such as early joint-conserving surgical
interventions are of high importance. Therefore, considering
appropriate indication, precise planning, and accurate surgical
skills, HTO has progressed to a well-accepted procedure in
younger patients with unicompartimental osteoarthritis and
pathologic mechanical axis [7].

Currently, many different implants from different manu-
facturers are available for HTO. The current state-of-the-art
fixation system is an angle-stable plate fixator. This angular
stable locking plate enables a reliable fixation, with a safe
bone union and a long-term maintenance of the correction
[8, 9]. The surgical fixation allows early weight-bearing pro-
tocols after surgery and major procedure-specific risks such
as infections, dislocation, mal-union, and thrombosis are low
[10–12]. Modifications with a longer shaft portion and the
possibility to apply compression to the lateral hinge have
further increased the stability and reduced complications
due to implant failure. Nevertheless, a high proportion of
patients reported discomfort in relation to the implant.
Niemeyer and colleagues reported that 40.6% of patients that
underwent opening wedge HTOs and were stabilized with a
plate fixator complained about pain related to the implant in a
three year follow-up survey [13].

The main objective of this study was to analyze whether
intramedullary nails that have been designed to reduce local
tissue irritation and pain caused by extramedullary devices
could be used in HTO. Using intramedullary nails might pre-
vent secondary surgical treatment to remove a potentially

pain-causing extramedullary fixation device. Therefore, two
different intramedullary nails—a short nail designed to stabi-
lize fractures of the proximal humerus and a longer nail de-
signed to stabilize fractures of the proximal tibia—were used
to test HTO mechanical stability in a synthetic tibia model.

Materials and methods

Experimental setup

The mechanical testing system was set up according to the
work published by Agneskirchner and colleagues in 2006
[8]. The Tomofix® Medial High Tibial Plate (DePuy
Synthes, Zuchwil, Switzerland) served as the reference stan-
dard. Nine (n = 9) left composite tibia synthetic bones (Model
3401-1, Sawbones Europe AB, Malmö, Sweden) with a 10°
varus to simulate the axis deviation were used. Synthetic
bones are considered to have similar structural and mechanical
properties like natural bones [14, 15]. Synthetic bones were
mounted into a specially designed fixture (Fig. 1a) which
allowed to guide an axial loading with a 62% lateral offset
from the centre of the joint according to the procedure de-
scribed by Fujisawa and colleagues [16]. A typical biplanar
osteotomy with a horizontal cut of the posterior 2/3 of the
tibia, leaving 10 mm of lateral bone intact and a second com-
plete cut in the frontal plane (110°) behind the tibial tuberosity,
was performed [17]. A special sawing device was used to
guarantee that all osteotomies were performed similarly
(Fig. 1b). After pre-operative planning using the MediCad®
software package (Hectec GmbH, Altdorf bei Landshut,
Germany), a standardized opening wedge osteotomy of
10 mm was created in all synthetic bones. Three bone-
implant-combinations were tested and experiments were run
in triplicates. The same surgeon, certified by the German Knee
Society, performed each osteosynthesis. After osteosynthesis,
the bonemodels were embedded in a grouting compoundwith
their proximal and distal ends without compromising the
osteotomy gap (Ren-Cast® FC 53, Huntsman Advanced
Materials GmbH, Basel, Switzerland). Ren-Cast® FC 53 with
its high stiffness was used in order to prevent errors by a
possible cushioning effect. Then, models were mounted in
the versatile material testing system MTS 810® (MTS
Systems GmbH, Berlin, Germany) (Fig. 1a). The system is
able to generate a maximal force of 50 kN. The load was
applied to the tibial plateau through a ball joint, which allowed
complete freedom of rotational motion (Fig. 1c). A cylinder
attached to a universal joint at the distal end of the tibia
allowed frontal- and sagittal-plane rotation but restricted axial
rotation. Two lasers (M5L/10®, MEL Mikroelektronik
GmbH, Eching, Germany), attached at the medial and lateral
sides of the osteotomy gap, measured the motion between the
proximal and distal bone segment (Fig. 1a). Data were
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recorded by a data acquisition system HBM QuantumX®
(Hottinger Baldwin Messtechnik GmbH, Darmstadt,
Germany). The data from the MTS 810® were analyzed by
the digital controller MTS Star IIs® (MTS Systems GmbH,
Berlin, Germany).

Implants

Two different intramedullary nails were compared: Targon TX®
(B. BraunAesculap AG, Tuttlingen, Germany), which is used to
stabilize proximal fractures of the tibia and Targon PH® (B.
Braun Aesculap AG, Tuttlingen, Germany), which is used to
stabilize fractures of the proximal humerus. In spite of different
implant designs, the same bone canal entrance points could be
used. Tomofix® Medial High Tibial Plate (DePuy Synthes,
Zuchwil, Switzerland) was used as the reference device.

Targon TX® Targon TX® is a titanium intramedullary nail with
an anatomically curved shaft, 200 mm long (short version),
and with a diameter of 8 mm with multidirectional angle-
stable epiphyseal fixation capabilities. For the opening wedge
HTO procedure, three proximal screws were inserted
monocortically (with the most distal screw inserted just above
the osteotomy) and three screws were inserted bicortically
through an aiming device distal of the osteotomy (Fig. 2a).

Targon PH® Targon PH® is a titanium intramedullary nail with
a straight shaft, 150-mm long, and with a diameter of 8 mm
with four proximal interlocking screws inserted proximal to
the osteotomy. Compared to the Targon TX, the two distal
transfixation holes are located closer to the distal edge of the
osteotomy. Four proximal screws were inser ted
monocortically and two distal screws were inserted
bicortically (Fig. 2b).

Fig. 1 a Experimental setup with the mounted bone model (asterisk) and
the two lasers (right-pointing arrow) for measurement of displacement
between the proximal and distal bone segment. Lasers are located on
the medial and the lateral side of the osteotomy gap. b Special sawing

unit with a solid clamping device (asterisk) for the synthetic bonemodels.
Sawing was guided by a kerf (right-pointing arrow). c Mounting device
for guaranteed adjustment of the load axis

Fig. 2 Bone implant constructs
with different fixation devices: a
Tomofix®, b Targon PH® with
grouting compound, and c Targon
TX®. Because of an oblique
projection, the osteotomy gap of
image a seems to be smaller, but
all gaps were performed
identically by using a special
fixation device
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Tomofix® medial high tibial plate Tomofix® medial high tib-
ial plate is a 115-mm-long (standard version) and rigid T-
shaped titanium internal fixator with uniaxial locking system.
The edges of the plate are rounded to reduce irritation of
surrounding tissues. Four proximal screws as well as the most
distal screw were inserted monocortically. The three screws
directly below to the osteotomy were inserted bicortically
(Fig. 2c).

Testing protocols

Two protocols were performed: a multi-step load-controlled
fatigue test (I) and a load-to-failure test (II). The continuous
load test was used to simulate a post-operative patient, partial-
ly weight-bearing (e.g., using crutches). Therefore, axial load
was applied for 20,000 cycles at 2 Hz (axial cyclic load),
beginning at a loading level of 250 N. Then, cyclic loading
was increased to 800 N, simulating a patient of a normal
weight of 80 kg. The load was then further increased stepwise
to 960, 1120, 1280, 1440, and 1600 N. After the multi-step
fatigue test, the load-to-failure test was performed. All of the
three synthetic bones, each one of them with a different im-
plant for osteosynthesis (see above), were loaded until fractur-
ing. Stability provided by the implants was defined as the
displacement between the bone fragments at different loca-
tions (the lateral cortex of the osteotomy, the medial gap of
the osteotomy, and the overall motion between the proximal
and the distal bone fragment).

Statistics

Statistical analysis was performed with statistical software
package SPSS® Version 24 (IBM, Armonk, North Castle,
NY, USA). Groups were compared using one-way analysis
of variance (ANOVA) followed by Dunn’s post hoc test with
Bonferroni correction for multiple testing. Group size was
determined by a power calculation using G-Power®
(Heinrich-Heine-University of Düsseldorf, Düsseldorf,
Germany). Kaplan-Maier curves were generated from surviv-
al data of the implants and groups were compared using the
Tarone-Ware test, the log-rank test, and the modified
Wilcoxon test. A P value of less than 0.05 was considered
significant.

Availability of the data and materials Data are available via
the corresponding author.

Results

In summary, 54 measurements were performed. Power calcu-
lation with an estimated effect size of 0.6, an alpha level of

0.05, and the power of 0.8 the software recommended to have
a total sample size of at least 30 cases.

Mean values of interfragmentary displacement as a param-
eter for stability of the three different bone-implant-
combinations were compared at three locations: the lateral
cortex (hinge) of the osteotomy, the medial gap of the
osteotomy, and the overall motion between the proximal and
the distal bone fragment (Table 1). Overall displacement of the
proximal and distal bone fragments was similar between each
tested fixation device (Fig. 3a). On the medial osteotomy gap,
the Tomofix® implant which stabilizes directly the medial
cortex of the tibia showed less displacement and therefore a
higher stability than the Targon PH® nail when the bone
models were loaded according to test protocol I but did not
differ compared to the Targon TX® (Fig. 3b). In contrast,
when stability of the lateral hinge was measured, the Targon
PH® and the Targon TX® demonstrated a significantly higher
stability than the Tomofix® implant (Fig. 3c). Taken together,
these results demonstrate that the tibia nail Targon PH® pro-
vided the highest stability of all three implants. Only for sta-
bility of the medial gap, the Tomofix® implant showed similar
results.

To detect the load that is necessary to fracture the bone
models, the load-to-failure test was performed (test protocol
II). In all nine models, failure always occurred at the lateral
hinge. The failure limit of the Targon TX® long nail was
consistently higher compared to the failure limit of the
Targon PH® short nail and both nails improved upon the
Tomofix® plate fixator (Fig. 4 and Table 2). Taken together,
these results demonstrate that the Targon TX® long nail pro-
vided a greater prevention against implant failure compared to
the Targon PH® and the Tomofix® locking plate.

Discussion

In this study, two intramedullary nails (Targon PH® and
Targon TX®) were investigated for stability in opening wedge
HTO and compared to the current gold standard, an angle-
stable plate fixator (Tomofix®). The current analysis demon-
strated that (1) axial cyclic load imitating full weight-bearing
up to 800 N was tolerated by all implants without failure, (2)
the Targon TX® nail provided the highest fatigue strength
when tested for maximum load until failure, and (3) all the
tested bone implant constructs failed in fatigue at the lateral
cortex.

The experimental setup and protocol were based on the
study published by Agneskirchner and colleagues, which
compared the static and dynamic fatigue fixation stability pro-
vided by four different medial opening wedge HTO plates [8].
The loading of an osteotomized tibia model in a standing
patient (800 N) was simulated and well tolerated by all tested
implants. However, the authors could not test the vertical
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tibiofemoral contact force that occurs in slow walking of a
patient weighing 80 kg and is represented by a load close to
2400 N [18]. In the current study, we could demonstrate that
both intramedullary nails withstood a static load of 2400 N. In
contrast, the Tomofix® plate fractured at a load of 1120 N.
Comparing medial and lateral movements within the
osteotomy, the plate showed a similar (compared to Targon
TX®) or higher (compared to Targon PH®) stability for the
medial movement, whereas both nails demonstrated higher
stability at the lateral cortex. Because failure in all of the bone
models occurred at the lateral cortex, this area appears to be

the weakest point in an axial cyclic loading on a corrected
knee joint line. Therefore, the use of intramedullary nails
might be superior in clinical stability compared to the
Tomofix® plate.

Comparing plates designed for HTOs with different
length, Agneskirchner and colleagues found that also the
length of the implant contributed significantly to the sta-
bility of the osteosynthesis [8]. In concordance, the longer
Targon TX® showed a higher stability during axial cyclic
loading and higher resistance to failure than the shorter
Targon PH®.

a

c

b

Fig. 3 Stability measurements of high tibial osteotomy (HTO) performed
with Tomofix® (red), Targon PH® (orange), and Targon TX (blue). a
Overall displacement of the proximal and distal bone fragments in mm
related to continuous load in Newton (N), b displacement of the proximal

and distal bone fragments in millimeter on the medial osteotomy gap
related to fatigue load range in Newton, and c displacement of the
proximal and distal bone fragments in mm on the lateral osteotomy gap
related to fatigue load range in Newton

Table 1 Mean values of
displacement at the three
measured regions including the
standard deviation (SD) and
statistical analysis of the
comparisons of the nails the
reference Tomofix®

Tomofix®

Mean ± SD

Targon PH®

Mean ± SD

Targon TX®

Mean ± SD

Tomofix®
vs. Targon
TX®

p value

Tomofix®
vs. Targon
PH®

p value

Targon TX®
vs. Targon
PH®

p value

Medial 0.066 ± 0.043 0.167 ± 0.076 0.141 ± 0.063 0.166 0.039 1.000

Lateral 0.576 ± 0.235 0.257 ± 0.115 0.207 ± 0.089 0.003 0.010 1.000

Overall 0.598 ± 0.237 0.548 ± 0.235 0.488 ± 0.205 1.000 1.000 1.000
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Intramedullary nail devices are a standard of care for the
treatment of long bone fractures with a high success rate and
safety profile [19]. Previous studies comparing intramedullary
and extramedullary fixating devices in tibia fractures have
demonstrated that dependent on the individual clinical setting,
each system has specific advantages and disadvantages [20,
21]. Intramedullary nailing shows a faster wound healing with
reduced local tissue irritation and a lower rate of superficial
infections [22, 23]. Fixation with a plate appears to be superior
to prevent anterior knee pain and mal-union of the bone seg-
ments [24]. In a clinical study, Meena and colleagues com-
pared intramedullary nail systems with proximal plating in
extra-articular proximal tibial fractures, a condition very sim-
ilar to HTO. However, a significant difference in the mal-
union rate was not detected [25]. Furthermore, Viberg and
colleagues investigated the biomechanical stability of nail fix-
ation systems versus plate fixation systems in complex tibial
plateau fractures. They demonstrated that nail fixation and a

dual plating technique provided a similar rigid intraarticular
stability [26]. Data from the present study suggest that insuf-
ficient stability with concordant mal-union of the osteotomy
gap appears not to be a relevant problem after implantation of
a Targon® TX nail. However, these data are based on an
experimental bone model and contributing forces and stabi-
lizers such as muscles and ligaments that significantly affect
knee biomechanics were not simulated.

For translational approaches of the current data, it needs to
be considered that the angle-stable plate fixator already
showed a sufficiently high stiffness and strength in previous
clinical studies [9, 27, 28]. So Pape and colleagues compared
a spacer plate vs. a plate fixator for HTO. They found a sig-
nificant micromotion only in the spacer plate group in
radiostereometric analysis (RSA) and suggested a shorter de-
lay of weight-bearing following plate fixator fixation com-
pared to a spacer plate [28]. Another prospective, randomized
evaluation on early weight-bearing versus partial weight-
bearing after opening wedge HTO with an angular locking
plate reported an earlier improvement of clinical outcome pa-
rameters such as Lequesne, Lysholm, HSS, and IKDC scores
for early full weight-bearing [11]. So far, there is no standard-
ized postoperative guideline for HTOs yet. However, in clin-
ical practice, most surgeons recommend a period of protected
weight-bearing for the first two to six weeks after surgery [17].
One reason for this recommendation might be that biome-
chanical studies demonstrated that forces generated by early
weight-bearing patients seem to exceed the fatigue strength of
an angular locking plate. However, as stated earlier, results
from biomechanical testing might not fully reflect the biome-
chanical conditions that are present in the clinical setting [26].
Furthermore, data of this study is limited by the small number
of samples of the tested bone implant models. However, the
main objective of this study was not to find an implant with
higher stability compared to the current gold standard, but
rather to test intramedullary nails as an alternative approach.
The use of intramedullary nails might have advantages in
reducing post-interventional soft tissue irritation such as the
medial collateral ligament and pes anserinus tendons

Table 2 Mean values of implant survival including standard deviation (SD) and statistical validation of the Kaplan-Maier curves

Mean values of implant survival including standard deviation Mean ± SD

Tomofix® 1249 ± 411 N

Targon PH® 3299 ± 835 N

Targon TX® 4539 ± 787 N

Statistical validation of the Kaplan-Maier curves Log-rank Wilcoxon Tarone-Ware

Tomofix® vs. Targon PH® 0.025 0.034 0.029

Tomofix® vs. Targon TX® 0.025 0.034 0.029

Targon PH® vs. Targon TX® 0.110 0.118 0.112

Fig. 4 Survival of the high tibial osteotomy performed with Tomofix®
(red), Targon PH® (orange), and Targon TX (blue) when loaded with an
applied static load in Newton (N) until failure
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associated with the implantation of an external fixation system
in HTO, which is considered by the developers (Tomofix®)
too [29]. A reasonable cause of this irritation could have been
seen in the tight anatomical relations (ligaments and tendons)
at the medial aspect of tibial head (Fig. 5). Nevertheless, this
suggestion has not been analyzed in the literature yet. Further
research, e.g., with human cadavers including the knee joint in
a kinematic analysis, could validate our findings and
hypothesis.

Irritated tissue is more likely to become infected and causes
a delay in wound healing. Infection rates of 4–5% have been
reported in opening wedge HTO [30, 31]. A more convenient
implant could possibly further reduce the risk of infection.
With diligent surgical technique, usually wound healing is
not compromised. However, tissue irritation around the im-
planted plate might still cause significant postoperative pain
and a high percentage of patients (40.6%) need revision sur-
gery to remove the plate after consolidation [13]. Therefore,
intramedullary nails could prevent the pain related to soft tissue
irritation by a prominent subcutaneous plate. Nevertheless, this
suggestion was not confirmed in the international literature yet.
Unfortunately, postoperative knee pain is a common compli-
cation of the use of intramedullary nails in tibial fractures
[32–34]. Therefore, although intramedullary nails appear to
be an interesting option in stabilizing HTO, the risk of postop-
erative knee pain from intramedullary nails has to be carefully
balanced against the benefit of avoiding soft tissue irritation
caused by a plate fixation system in the clinical setting.

Completing limitations to the present new fixation option
for HTO need of removal of a nail (e.g., total knee
arthroplasty) should be considered too. But with a ten year
survivorship of HTO frequency of conversion to a total knee
arthroplasty is still low after HTO [35, 36]. While plate re-
moval is an easy procedure mostly, nail extraction could be

tricky. Nevertheless, there has not been stated a high notable
risk according to these implant removals [37–39].

Conclusion

In conclusion, the tested intramedullary nails showed a
sufficient strength on static and fatigue loading, equiva-
lent to, or in the case of an applied overload, even
surpassing the stability of the angle-stable plate fixator.
The tibial nail Targon TX® turned out to be a promis-
ing fixation device to stabilize an HTO similar to an
extra-articular proximal tibial fracture. Further research
on clinical application, surgical technique, and biome-
chanical design of intramedullary nails is necessary to
test this promising new surgical approach for opening
wedge HTO. In particular, the anatomical relation be-
tween different fixation devices and soft tissue like lig-
aments or tendons should be a subject of further re-
search such as human cadaver studies.
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