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Abstract

Background: Lateral tibial split fractures (LTSF) usually require surgical therapy with screw or plate osteosynthesis.
Excellent anatomical reduction of the fracture is thereby essential to avoid post-traumatic osteoarthritis. In clinical
practice, a gap and step of 2mm have been propagated as maximum tolerable limit. To date, biomechanical studies
regarding tibial fractures have been limited to pressure measurement, but the relationship between dissipated energy (DE)
as a friction parameter and reduction accuracy in LTSF has not been investigated. In past experiments, we developed a new
method to measure DE in ovine knee joints. To determine weather non-anatomical fracture reduction with lateral gap or
vertical step condition leads to relevant changes in DE in the human knee joint, we tested the applicability of the new
method on human LTSFs and investigated whether the current limit of 2mm gap and step is durable from a biomechanical
point of view.

Methods: Seven right human, native knee joint specimens were cyclically moved under 400 N axial load using a robotic
system. During the cyclic motion, the flexion angle and the respective torque were recorded and the DE was calculated.
First, DE was measured after an anterolateral approach had been performed (condition “native”). Then a LTSF was set with a
chisel, reduced anatomically, fixed with two set screws and DE was measured (“even”). DE of further reductions was then
measured with gaps of 1mm and 2mm, and a 2mm step down or a 2mm step up was measured.

Results:We successfully established a measurement protocol for DE in human knee joints with LTSF. While gaps
led to small though statistically significant increase (1 mm gap:ΔDE compared with native = 0.030 J/cycle, (+ 21%),
p = 0.02; 2 mm gap:ΔDE = 0.032 J/cycle, (+ 22%), p = 0.009), this increase almost doubled when reducing in a step-
down condition (ΔDE = 0.058 J/cycle, (+ 56%), p = 0.042) and even tripled in the step-up condition (ΔDE = 0.097 J/
cycle, (+ 94%), p = 0.004).

Conclusions: Based on our biomechanical findings, we suggest avoiding step conditions in the daily work in the
operating theatre. Gap conditions can be handled a bit more generously.
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Introduction
Lateral tibial split fractures (LTSF) occur mainly in young
patients in the context of high-energy traumas (mostly
road accidents) and are often serious injuries. Surgical
therapy is required in most cases and two groups of surgi-
cal treatment options are available: State of the art treat-
ment is open reduction and internal fixation. This is

usually achieved by performing an anterolateral approach
combined with an angle-stable plate osteosynthesis or
screws. In selected cases a minimally invasive procedure
with screws in conventional two-screw osteosynthesis
technique or jail-technique can be performed [1]. Reduc-
tion control can thereby be done fluoroscopically or
arthroscopically [2]. Depending on the fracture classifica-
tion, the surgeon selects the appropriate procedure.
One prior aim of surgery is the anatomical reduction

of the fracture [3]. Non-anatomical reduction with gap-
or step-condition leads to increased cartilage wear and
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in the further progression to cartilage damage and post-
traumatic osteoarthritis. In daily practice, anatomical re-
duction can be challenging and is not achieved in all
cases [4], especially in complex fractures or large soft tis-
sue damage.
In the last decades various works had been published

which tried to address the question, how good reduction
of the fragments needs to be from a clinical point of
view. Older data from Blokker et al. described a residual
step of less than 5 mm on the weight-bearing area as a
satisfactory result [4]. Others tolerated tibia plateau wid-
ening up to 10 mm [5]. In the last 10 years several stud-
ies were published which propagate a gap and a step of
maximum 2mm as tolerable limit [6–8]. Interestingly,
increased histological cartilage damage was already
found by Goetz et al. in an animal study with minipigs
after reduction with a 2 mm step-off, compared with
anatomical reconstruction in distal tibia fractures [9].
Defining the maximum of acceptable step-off therefore
seems to remain an unsolved problem.
To date, biomechanical studies regarding tibial frac-

tures have been limited to pressure measurements [10,
11] or histological staining [9, 11]. The effect of mala-
lignment after reduction on actual joint friction in tibial
plateau fractures has so far not yet been investigated.
We had previously demonstrated in a sheep model,

that different cartilage defect levels can be characterized
by measuring the dissipated energy (DE) using a 6 de-
gree of freedom robotic system [12]. Advantage of this
experimental system is that it allows a friction calcula-
tion in a whole knee joint with the total joint surface
and all friction properties in their individual joint envir-
onment including the ligaments and the synovial fluid
[13]. Previous studies in our lab had established the DE
as a suitable system to describe the friction properties in
the knee joint [13, 14].
Aim of the present study was to transfer our sheep

model for characterizing cartilage defects to human
joints with split fractures of the lateral tibial plateau.
Furthermore we wanted to investigate the effect of dif-
ferent types of reduction with screw osteosynthesis using
DE as experimental outcome parameter. Based on the
current recommendations, we measured DE for anatom-
ical reduction and malreduction with a horizontal gap of
1 or 2mm and a vertical step of plus and minus 2mm.
From previous data in the sheep model with osteochon-
dral transplant positioning (unpublished data) we hy-
pothesized that especially the vertical step-up reduction
would lead to increased friction in the joint.

Methods and material
Specimens
Seven right human, native and non-fixed knee speci-
mens with soft tissue and skin were used for the

experiments. These were stored at − 18 °C and thawed for
the investigations slowly during 12 h at room temperature.
The specimens were administered via Science Care (SCI-
ENCE CARE, Arizona Headquarters, 21,410N. 19th Ave.,
Suite 126, Phoenix, AZ 85027, United States, Fax:
602.331.4344).

Robot
A robotic 6-degree-of-freedom setup (KUKA KR 60–3
robot, Augsburg, Germany; reproducibility: ±0.06 mm)
including a universal force/torque sensor (ATI UFS:
Theta SI1000–120; resolution: 0.25 N and 0.025 Nm)
was used to perform axially loaded knee flexion.

Screws
4.5Mm cannulated, self drilling screws with long thread,
available in lengths from 20 to 80mm (article number
X14.620–672, Synthes GmbH, Oberdorf, Switzerland)
were used for screw osteosynthesis

Experimental procedure
Osteotomies of the femur and tibia were performed 25
cm above / below the joint space. At a distance of about
8 cm distal / proximal to the osteotomy, the bones were
completely cleaned of periosteum and embedded in 2-
component resin (RenCast© FC 53 isocyanate/FC 53
polyol, Gößl & Pfaff GmbH, Karlskron, Germany) (see
Fig. 1). The settings of the robot used for previous stud-
ies with non human specimens [13] were adapted to the
larger human knee joints. Fixation within aluminum cyl-
inders in the robot, axes definition and recording of the
passive path remained unchanged as described in previ-
ous studies [13, 14].
First, an antero-lateral approach to the knee joint was

performed as is usually done in lateral tibial fractures, to
prevent access-related falsification of the measured
values [15]. Then the approach was closed by suture to
prevent dehydration during the measurement. In the
next step recording of the individual passive flexion path
was performed [16, 17], which is required for further
measurements. Passive path is described as a flexion way
of minimal resistance unique for each knee joint [16].
Axial compressive load of 400 N (approximate half of

the body weight) was applied to the femur during the re-
cording (higher loads leads to specimen failure). Subse-
quently, the first measurement of the DE was performed
on the ‘native’ knee, traversing the measured path and
plotting friction torque against the flexion angle. From
the area enclosed within the hysteresis curve the DE can
be calculated.
Second, we reopened the joint and prepared the lateral

soft tissues in order to induce a lateral tibial split frac-
ture (AO: 41-B1, Schatzker Typ I [18], Tscherne u.
Lobenhofer P1 [19]) After pre-drilling, two screws were
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inserted from the lateral side into the intact bone and
were removed after fluoroscopic control. The resulting
screw holes later enabled optimal fracture reduction.
The fracture zone was marked with Kirschner wires
exactly in the center of the lateral compartment under
fluoroscopic control, because a too lateral fracture plan-
ning resulted in a covering of the fracture by the menis-
cus and too medial approach resulted in complex tibial
fractures in preliminary experiments.
Subsequently, the bone fracture was induced using a

chisel: Initially, the chisel was inserted in a sagittal plane
into the lateral tibia without affecting the lateral cortical
bone or the joint. Rotation of the chisel then resulted in
fracture of the chondral and subchondral structures, as
well as the lateral cortical bone. Great care was taken
not to touch the surface structures with the chisel to en-
sure a fracture line as realistic as possible and to avoid
intra-articular injuries with the chisel, which might later
influence the measured DE.
Third, the fracture was reduced anatomically and the

screws inserted into the existing holes (see Fig. 2a). The DE
could thus in a next step be measured in the condition we la-
belled ‘even’. Thereafter, the fracture gap was simulated with
two 1mm washers, which were inserted anteriorly and pos-
teriorly into the fracture gap (see Fig. 2b) and the DE mea-
sured for this condition called ‘1mm gap’. To enlarge the
fracture gap, a further washer was added in each side (‘2mm
gap’) and again DE was measured (see Fig. 2c).
Finally, we removed the screws and enlarged the screw

holes in the lateral fragment in an oblong direction to
obtain a displacement distance of the fragment of 4 mm.
Subsequently, the fragment was fixed again in the ‘step
up’ / ‘step down’ condition with the screws and washers
and we carried out the corresponding measurement (see

Fig. 2d). During the whole experiment, for each meas-
urement, the approach was closed again with sutures to
prevent the dehydration of the specimen and to preserve
the synovial fluid.

Data analysis
The knee flexion movement varies for ±10° about the
central flexion angle of approximately 60°. The axis of
rotation varies with the vertical load, the reduction con-
dition and with the flexion angle. The intersegmental
force and moment are functionally meaningful if they
are defined at the “joint center” that lies on the axis of
rotation [20]. Therefore the screw axis identification
method was used to determine the instantaneous screw
axis parameter for each displacement from pos-
ition to using the robot coordinates of the
tool center point. The point on the helical axis and the
unit vector of the helical axis with reference to Pn are
then transformed back to Cartesian base coordinates.
This is done for a complete cycle in flexion angle steps
of 1°. The median helical axis defines the lateral axis of
the new reference system. The wrench vectors consisting
of the forces and moments at the base frame are trans-
formed to the new reference frame. The calculations
were done using an open source robotics toolbox for
MATLAB [21].
A low pass filter was used to plot the torque values of

the force / torque sensor. Figure 3 shows the torque-
time diagram and the corresponding hysteresis curve for
the condition ‘step up’. The DE is represented by the
area within the hysteresis curve. The DE for one cycle is
calculated with Formula. The measurement was done
for 40 cycles. The first two cycles were omitted in the
calculation of the mean dissipated energy per cycle. The
integral was calculated using the Simpson integration
rule from unfiltered torque values since the white noise
compensates during integration and the median DE of
38 cycles was calculated for further analysis using SPSS-
Statistics (IBM, Version 25.0.0.1).
Formula

E disð Þ ¼ ∮φM dφ

E (dis): dissipated energy.
M: torque.
φ: flexion angle.
Formula 1: Calculation for the dissipated energy

Results
All experimental conditions could be measured in four
specimens. In the fifth specimen screw failure occurred
during the measurement of the condition ‘step down’.
For this specimen only the conditions ‘native’, ‘even’, ‘1
mm gap’ and ‘2 mm gap’ are available. Therefore we

Fig. 1 Specimen after preparation and fixation with intact skin and
soft tissue. Tibia and femur are embedded in resin and covered with
an aluminum cylinder. The tibia was resected at the level of the
lower soft tissue border
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Fig. 2 Representation of the different conditions. Correct reduction (even) with 2 parallel set screws (a). Gap of 1 mm with a 1mm washer directly
under the cartilage surface (b), of 2 mm with two 1mm washers (c), and a 2mm step down with a split below the meniscus (d)

Fig. 3 Measurement registration of the experimental set-up. Representative time plot for knee motion during several measurement cycles with
flexion angle [degree] (blue) and resulting torque force [Nm] (green] (a) and the corresponding hysteresis curve (b) for the condition ´step up`.
The dissipated energy is represented by the area enclosed within the hysteresis curve
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measured in the sixth knee only the conditions ‘native’,
‘even’, ‘2mm step down’ and ‘2 mm step up ‘to get a
complete dataset for five specimens. In one cadaveric
knee we accidentally induced a complex proximal tibial
fracture during the first measurement cycles with the
axial force of the robot so that this sample was com-
pletely excluded.
First, we investigated if the measurement of the DE is

also possible in the human joint under fracture condi-
tions. The measurement stability of the system was ex-
amined by comparing the values obtained from the
native knees (M = 0.140 J/cycle, SD = 0.062, n = 5) with
those in the condition ‘even’ (M = 0.165, SD = 0.067, n =
5) after the fracture had been induced and anatomical
reduction been performed, with both conditions showing
similar results (p > 0.999). Therefore we do not consider
interfering factors, such as microfragments or dehydra-
tion caused by the procedure to be of relevance.
Second, we investigated if a horizontal gap in the tibial

plateau after fracture reduction leads to a change in DE
in the knee joint (Table 1).
Therefore, as described above, DE was measured for

the conditions ‘native’, ‘even’, ‘1 mm gap’ and ‘2 mm
gap’ (Fig. 4a). The DE of the four defect grades were not
normally distributed, as assessed by the Shapiro-Wilk
test (p < 0.001). To compare treatment effects DE data
were analysed with the nonparametric Friedman’s test
[14]. The four conditions (native, even, 1 mm gap, 2 mm
gap) showed significant changes in DE (Friedman test
χ2(3) = 13.560, p = 0.004, n = 5). Subsequently the results
of Friedman’s test underwent Dunn’s pairwise post hoc
tests and Bonferroni adjustments of the p-values. The
level of significance was chosen as p = 0.05. Significant dif-
ferences were found between ‘native’ and ‘1mm gap’ (p =
0.02; Δ DE = 0.030 J/cycle), as well as ‘native’ and ‘2mm
gap’ (p = 0.009; Δ DE = 0.032 J/cycle). The effect sizes (r)
were calculated using the formula r = z/√n (z = test

statistic, n = number of pairs). A strong effect (r > 0.50)
was found for ‘native’ vs. ‘1mm gap’ (r = 0.98) and ‘native’
vs. ‘2mm gap’ (r = 1.06). Interestingly a higher gap size did
not result in also higher DE as measured in the conditions
‘1mm gap’ (M = 0.170 J/cycle, SD = 0.983) and ‘2mm gap’
(M = 0.172 J/cycle, SD = 0.826) (p > 0.999).
Finally we asked if a vertical step in the tibial plateau

after fracture reduction leads to a change in DE in the
knee joint. The conditions ‘2 mm step-up’ (Δ DE com-
pared with ‘native’ 0.097 J/cycle) and ‘2 mm step-down’
(Δ DE compared with ‘native’ 0.058 J/cycle) showed sig-
nificant changes in DE when compared to the conditions
‘native’ and ‘even’ (Friedman test χ2(3) = 14.04, p = 0.003,
n = 5). In Dunn-Bonferroni post-hoc tests significant dif-
ferences with strong effect sizes were observed between
‘native’ and ‘2 mm step-down’ (p = 0.042; r = 0.90) and ‘2
mm step up’ (p = 0.004; r = 1.14) after Bonferroni adjust-
ments of the p-values. No significant differences were
found between any other conditions.

Discussion
The main function of synovial fluid is the lubrication of
the cartilage in synovial joints [22, 23]. Especially the lu-
bricant molecules hyaluronan and proteoglycan 4 [24]
are indispensable to reduce the friction in the joint. De-
hydration during the experiment leads to loss of synovial
fluid which in turn could lead to an increase of DE dur-
ing the experiment. Therefore, we took great efforts to
preserve the synovial fluid and reclosed the approach by
suture after every surgical step. In the comparison of the
original ‘native’ condition and the ‘even’ condition of the
anatomical reduction situation no significant changes in
DE could be detected, but rather a comparabel level of
DE was measured. Our results thus confirmed that the
sheep model for characterizing cartilage defects can be
translated to human knee joints with lateral tibial split

Table 1 Values for gap (a) and step (b) conditions. Different values for ‘native’ and ‘even’ in (a) and (b) resulting from different
datasets caused by specimen failure

N Mean Standard
deviation

Minimum Maximum percentile

25. 50. (Median) 75.

a

native 5 0.1207 0.06169 0.02 0.18 0.0629 0.1399 0.1691

even 5 0.1339 0.06748 0.02 0.19 0.0693 0.1648 0.1830

gap_1mm 5 0.1660 0.09830 0.03 0.29 0.0787 0.1703 0.2510

gap_2mm 5 0.1587 0.08262 0.03 0.23 0.0797 0.1720 0.2310

b

native 5 0.1021 0.06821 0.02 0.18 0.0345 0.1033 0.1691

even 5 0.1143 0.07035 0.02 0.19 0.0458 0.1141 0.1830

2 mm step down 5 0.1471 0.08844 0.04 0.25 0.0571 0.1612 0.2300

2 mm step up 5 0.1897 0.12590 0.04 0.35 0.0659 0.1999 0.3084
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fractures. No major difficulties could be detected during
the technical adjustment.
In a previous study we had detected a significant in-

crease of DE in only small cartilage lesions [12]. Isaac
et al. also described chondrocyte damage after a single
impact without fracture in rabbit tibiofemoral joints
[11]. These examples document the sensitivity of cartil-
age in high energy overload. Consequently, when per-
forming the fracture, we avoided direct contact of the
chisel with the cartilage surface. As mentioned before,
we found no significant difference in the DE before and
after fracture.
In biomechanical testing, the described DE method

has three main advantages: First we receive a natural
testing environment by using the whole joint with all
ligaments, menisci and the synovial fluid [13]. Other
biomechanical studies concerning this topic are working
without soft tissue [25] or with synthetic bone [26].

Second we can adapt robotic motion to a realistic situ-
ation by recording the passive path [14]. This is an ad-
vantage compared with other studies working with
different flexion states (0° and 30°) [10]. Third, with
measuring DE we can determine a friction parameter,
different from studies measuring pressure parameters
[10, 27, 28]. Friction is directly associated with wear of
the cartilage, as Jay et al. could demonstrate in Lubricin-
lacking mice [29]. Therefore the DE might illustrate a
more realistic view on the joint surface to predict post-
traumatic arthritis, compared with pressure
measurements.
When analysing the data from our study, we interest-

ingly found only a very small increase in DE in the setup
with the current tolerance limit of a horizontal 2 mm
gap in lateral tibial split fractures. One explanation for
this could be the femoral roll back between the femur
and meniscus, so the tibial plateau fracture hardly affects

Fig. 4 Dissipated energy (DE) for the different measurement conditions. Boxplots displaying the DE [J/Cycle] measured in the native condition
and lateral tibial plateau fractures reduced with different horizontal gaps (a), and vertical fracture displacement (b). While no major difference can
be seen between a horizontal one and two mm gap, DE strongly increases in the step-down reduction and is threefold increased in the step-up
condition. * denotes a significant difference (p < 0.05) after Friedman’s group test with Bonferroni correction
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the friction: The meniscus has four properties, in our
opinion mediating the compensation of the fracture.
First, the meniscus makes the joint more congruent [30],
so the small gap is equalized. Second, the largest dis-
tance in the fracture line is covered by the meniscus,
caused by the anatomical situation in the lateral knee.
The menisci occupy 70% of the contact area between
femur and tibia and the lateral meniscus has a free per-
iphery not attached to the capsule or tibia in its poster-
ior half. Therefore the lateral meniscus gains more
mobility compared with the medial meniscus [27]. Third,
most of the load acting on the lateral tibia is translated
through the meniscus, especially under higher loads
[31], resulting in a further compensation of the fracture.
Finally, the excellent lubrication function of the menis-
cus leads to an even lower friction coefficient than when
directly articulating cartilage surfaces, which is rarely in-
fluenced by the gap in the tibial head. This is supported
by the fact, that a higher friction coefficient could be
measured after Meniscectomy [30].
These results are also supported by clinical trials: Ste-

vens et al. found no significant difference in the
WOMAC (Western Ontario and McMaster Universities
Osteoarthritis Index) Score and the SF-36 Score (Short
Form (36) Health Survey) between patients with ana-
tomical and non-anatomical reduction in operatively
treated tibial plateau fractures, but mentioning the small
non-anatomic reduction group [32].
As key result of our study, we found a significant in-

crease in DE when investigating the current tolerance
limit of 2 mm step under vertical mismatch conditions.
In a step-down condition the difference to native is al-
most doubled compared with the difference of DE in
gap condition and when reducing the fracture in a step-
up condition even tripled. However, there was no signifi-
cant difference between the two conditions. Regarding
this clear result with an obvious difference in DE a step
up reduction should be avoided in daily practice.
When using other parameters to address the question

of fragment position after reduction such as contact
pressure or histological cartilage degeneration, similar
findings were obtained: Bai et al. showed a significant in-
crease in average contact pressure in rising step condi-
tions (0–6 mm) in the lateral compartment in tibial
plateau fractures. They described a significant increase
in pressure even at a 1 mm step in 0° flexion [10]. These
findings corroborate a sensitive change in the parame-
ters regarding step condition. Histological cartilage de-
generation is also induced by step conditions as Goetz
et al. could demonstrate in an animal study. They com-
pared anatomic reduction with a vertical 2 mm mis-
match reduction in distal tibial fractures and found a
more severe cartilage degeneration in the 2 mm step
group 12 weeks after fracture, using the Mankin-Score

for histopathological classification of the severity of
osteoarthritic lesions of cartilage [9]. Nevertheless, no
significant differences were found in the investigation of
other parameters (peak vertical force and vertical pulse)
between 2mm step group and anatomical reduction
group in this animal model.

Study limitations
The measurements in the in-vitro model are limited to the
moment after surgery. Long time effects like cartilage repair
with fibroblasts [33] and the the bony fracture healing might
reduce the DE and lead to different results. Especially in a
non-anatomical reduction, the biomechanical and clinical
outcomes are probably better than the results of DE in our
study suggest, due to the mentioned healing effects.
To perform the study, only a limited number of speci-

mens were available and we had to measure several con-
ditions on the same joint. Therefore, statistical power of
DE is limited and the tests previously made on the same
specimen may affect the result.
Moreover, the necessary high load combined with the

joint movement can - as in two specimens in our study -
induce specimen failure. While our experimental setup
can offer measurement conditions very close to the ones
encountered in the native joint, when compared with
other studies using static loads [10], we could only meas-
ure a reduced amount of conditions. Due to the bio-
mechanically demanding stress on the joint during
testing, especially the step-up conditions of 2 mm led to
screw loosening and further fractures.

Conclusion
We established a 3D kinematic test system that allows
measurement of DE in human knee joints. When meas-
uring DE in LTSF, small horizontal gaps with 2mm in
the lateral tibial plateau did not lead to a strong increase
in DE. Interestingly, vertical gaps of the same size lead
to a statistically significant and most probably clinically
relevant increase in DE, with the step-up condition lead-
ing to the worst DE values. Based on our biomechanical
findings we suggest to avoid especially vertical step con-
ditions in the daily work in the operating theatre when
reducing tibial head fractures. Horizontal gap conditions
can be handled a bit more generously.
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