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Abstract
Background: To investigate the effect of residual varus and valgus deformity on the stress distribution of
knee joint after distal femoral fracture malunion.

Methods: Fourteen adult cadaver specimens with formalin were selected to establish the femoral
fractures models, which were �xed subsequently at neutral position (anatomical reduction) and malunion
positions (at 3 degrees, 7 degrees, 10 degrees valgus positions and 3 degrees, 7 degrees, and 10 degrees
varus positions). The stress distribution on the medial and lateral plateau of the tibia was quantitatively
measured using ultra-low pressure sensitive �lm technology. The change of stress distribution of knee
joint after femoral fracture malunion and the relationship between stress value and residual varus varus
or valgus deformity were analyzed.

Results: Under 400 N vertical load, the stress values on the medial and lateral plateau of the tibia at the
neutral position were 1.162±0.114 MPa and 1.103±0.144 MPa, respectively. When compared with the
stress values measured at the neutral position, the stress on the medial plateau of tibia were signi�cantly
higher at varus deformities and lower at valgus deformities, and the stress on the lateral plateau was
signi�cantly higher at valgus deformity and lower at varus deformities (all P<0.05). The stress values on
the medial plateau of tibia were signi�cantly higher than the corresponding data on the lateral plateau at
neutral and 3 degrees, 7 degrees, 10 degrees varus deformities, respectively (all P<0.05), and signi�cantly
lower than the corresponding data on the lateral plateau at 3 degrees, 7 degrees, 10 degrees valgus
deformities, respectively (all P<0.05).

Conclusions: Residual varus and valgus deformity after femoral fracture malunion can cause obvious
changes of the stress distribution of knee joint. Therefore, the distal femoral fracture should be
anatomically reduced and rigidly �xed to avoid residual varus-valgus deformity and malalignment of
lower limbs.

Background
The incidence of distal femoral fractures due to high-energy trauma increased gradually, accounting for
1% of all fractures and 4–6% of femoral fractures[1-4]. Currently, patients with distal femoral fractures are
primarily treated with early surgical intervention. The most common options include distal femur locking
plates, compression plates, variable angle locking plates, and less invasive stabilization system (LISS)
plates[5-6]. In recent years, continuous improvement of internal �xation devices and surgical techniques
has improved the therapeutic effect of femoral fractures. However, malunion of the distal femoral
fracture and malalignment of lower extremities still occur[7-8]. Studies have shown that nonunion rates
for distal femoral fractures can be as high as 34 percent and present a huge challenge to the orthopaedic
surgeon[9-10]. Phillips et al.[11] showed that the incidence of symptoms of mild arthritis of the lower limb
knee joint in patients with femoral fracture malunion and malalignment was signi�cantly higher than that
in the healthy side, and more obvious symptoms of traumatic arthritis (TA) of the knee joint may occur in
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long-term follow-up[12]. Nonunion or malunion of fractures can disrupt normal joint movement, leading
to non-physiological stress and TA of the knee[13-14].

In order to identify the pathogenesis of traumatic arthritis and the effects of different interventions for
traumatic fractures of lower extremities, some scholars have done a lot of researches using techniques
such as imaging, biomechanics and �nite element analysis[15-17]. Palmu et al.[18] investigated and
studied femoral fracture patients over 10 years old, and found 6 cases of residual deformity after fracture
healing, which is positively correlated with knee arthritis. It is not infrequent for early knee fractures in
patients with previous distal femoral fractures to develop severe arthritis and require total knee
arthroplasty. Accordingly, improved biomechanical understanding of tibial varus or valgus malunions will
help to formulate improved treatment algorithms.

Therefore, a biomechanical study was conducted using the cadaver models of middle and lower femoral
fractures. The fractures were �xed at different varus and valgus deformities, and the stress distribution
on the medial and lateral plateau of the tibia under weight-bearing load were measured. The study was to
investigate the changes of the stress on the medial and lateral plateaus after femoral fracture malunio by
comparing with the normal stress, and to identify the relationship between the stress on the plateaus and
the residual varus or valgus deformity.The ultimate goal is to hopefully remind the surgeon to reduce the
risk of residual varus or valgus deformity during the treatment of femoral fractures.

Methods
This study has been reviewed and approved by the Institutional Review Board (IRB) of the Third Hospital
of Hebei Medical University and that it conformed to the provisions of the Declaration of Helsinki. The
experimental �owchart of this biomechanical study was summarized in Fig. 1.

Specimen preparation

Fourteen formalin-soaked specimens were all adult male donated bodies( Provided by the department of
human anatomy, Hebei Medical University). The body height of the specimen was 172 cm on average
(range, from 163 to 182 cm). The age when donated was 55 years on average (range, from 40 to 65 years
old). Samples from those who had rheumatism, tuberculosis, or tumors were excluded. The specimens
were then examined with digital radiography and excluded if they were identi�ed to have osteoporosis,
pathological or anatomical deformity, irregular joint surface, or other imaging abnormalities. All samples
were required to have intact ligaments and tendons around knee joint and unbroken joint capsule. The
muscular tissue of each specimen was removed. Then, the upper part of the femur and the distal part of
the tibial and �bula were resected. The remaining femur and tibial and �bula were both about 25 cm in
length. The specimens were maintained in standby packages to prevent dehydration, and kept at -20°C
for cryopreservation.

Establishment of femoral fracture malunion model
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The cadaver specimens were thawed at room temperature for 12 hours before the experiment. The middle
and lower femoral fracture models were created, and �xed using locking plate and screws at various
residual valgus deformity (3 degrees, 7 degrees, 10 degrees), neutral position (0 degrees, anatomically
reduced), or varus deformity (3 degrees, 7 degrees, 10 degrees), respectively. A horizontal incision about
3-4cm in length was made at the level of the joint space on each side. The subcutaneous fat was
separated, the bursa was cut, and the joint space was exposed. The anterior and posterior cruciate
ligaments and the medial and lateral menisci were preserved so as not to affect the normal distribution of
the contact stress of knee joint.

Specimen assembled to biomechanical testing machine

The specimen was �rstly erected, and the femur end was �xed perpendicularly to the homemade clamp
with the use of denture base resin and solution (Type II self-setting dental powder and tray water). After
the dental powder and tray water solidi�ed, the tibial end of the specimen was �xed in the same way.
Then the two-ends of the clamp were assembled to the biomechanical testing machine (Electroforce
3520-AT, Bose company, USA), and the �xed position of the femoral and tibia stumps was adjusted to
make the lower limb mechanical axis close to the position when standing naturally (Fig. 2). 

Stress measurement and data collection

An ultra-low pressure sensitive �lm (0.5 to 2.5 MPa) was used to measure the contact pressure on the
medial and lateral plateaus of the tibia. The pressure sensitive �lm is trimmed into a suitable shape and
sealed in a polyethylene �lm bag. The total thickness of the pressure sensitive �lm and the polyethylene
�lm bag is controlled to 250 μm. The �xed specimen was loaded with a tension of 200 N to pull the knee
joint, and the pressure sensitive �lms were carefully placed under the knee meniscus separately through
the medial and lateral incisions (Fig. 3). The incisions were then sutured tightly to close the joint capsule.
After stabilization, the specimen was pressurized to 200N at 10 N/s to eliminate creep. A vertical load
was applied on the specimen at a rate of 10 N/s to 400 N for 2 min. Then, the pressure sensitive �lm was
carefully removed from the knee joint. As the pressure-sensitive �lm material varies with the humidity and
temperature, the color development is also different. Therefore, humidi�ers and air conditioners are used
in the experiment to keep the indoor temperature at 25~30℃ and the relative humidity at 35% RH~ 80%
RH.

The stress values of the ultra-low pressure sensitive �lms were read with the use of FPD-305E
densitometer and FPD-306E pressure transducer (Fuji Company, Japan). The contact area of each
pressure sensitive �lm was divided into four quadrants (front outer, front inner, rear inner and rear outer).
Five points were selected in each quadrant for stress value reading. A total of 20 values in each �lm were
recorded, and the average was calculated for �nal analysis.

Statistical analysis
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SPSS 21.0 software (SPSS, Chicago, IL, USA) was applied for statistical analysis. The variables in this
study include stress values and angles of varus or valgus deformity. The normality of the stress data is
veri�ed using the Shapiro-Wilk test, and the variance consistency is veri�ed using the Levene
test. Normally distributed measurement data was recorded as mean ± standard deviation. The stress
values on the medial and lateral plateau of the tibia at different positions were calculated and recorded,
respectively. The analysis of non-parametric methods was used to compare the stress values on the
medial or lateral plateau at different angles of femur varus or valgus deformity under vertical load. The
Student-Newman-Keuls (SNK) test was applied to make pairwise comparisons between the multiple
sample measurements. Differences in the stress data between medial and lateral plateaus were tested
using the paired samples t test. A P-value less than 0.05 indicated a statistically signi�cant difference.

Results
The stress distribution on the medial plateau of tibia measured at different varus and valgus deformities 

The stress values on the medial plateau of tibia measured at different varus and valgus deformity under
400 N vertical load are summarized in Table 1. Our results revealed statistically signi�cant differences in
the stress values on the medial plateau among different varus and valgus deformities (including the
neutral position) (P<0.001). SNK test revealed statistically signi�cant differences in the stress values on
the medial plateau between pairwise comparisons among 10 degrees, 7 degrees and 3 degrees varus
deformities, neutral position (0 degree) and 3 degrees, 7 degrees, 10 degrees valgus deformities. The
stress values on the medial plateau measured at 3 degrees, 7 degrees and 10 degrees varus deformities
were signi�cantly higher than that measured at neutral position (P=0.019, P<0.001, P<0.001,
respectively). On the contrary, the stress values on the medial plateau measured at 3 degrees, 7 degrees
and 10 degrees valgus deformities were signi�cantly lower than that measured at neutral position
(P=0.002, P<0.001, P<0.001, respectively). From 10 degrees of valgus deformity to 10 degrees of varus
deformity, the stress values on the medial plateau of the tibia increased proportionably (Fig. 4, Fig 5).

The sress distribution on the lateral plateau of tibia measured at different varus and valgus deformities

The stress values on the lateral plateau of tibia measured at different varus and valgus deformity under
400 N vertical load are recorded and summarized (Table 1). Our results revealed statistically signi�cant
differences in the stress values on the lateral plateau among different varus and valgus deformities
(including the neutral position) ( P<0.001). There were statistically signi�cant differences between
pairwise comparisons among 10 degrees, 7 degrees and 3 degrees varus deformities, neutral position
and 3 degrees, 7 degrees, 10 degrees valgus deformities according to SNK test. The stress values on the
lateral plateau measured at 3 degrees, 7 degrees and 10 degrees valgus deformities were signi�cantly
higher than that measured at neutral position  (P=0.020, P<0.001, P<0.001, respectively). Conversely, the
stress values on the lateral plateau measured at 3 degrees, 7 degrees and 10 degrees varus deformities
were signi�cantly lower than that measured at neutral position  (P=0.045, P<0.001, P<0.001, respectively).
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From 10 degrees of valgus deformity to 10 degrees of varus deformity, the stress values on the lateral
plateau of the tibia decreased proportionably (Fig. 6, Fig 7).

Comparison of the stress values between medial and lateral plateaus of the tibia

Under 400 N vertical load, the stress on the medial plateau of the tibia was 1.162±0.114 MPa at the
neutral position, and the value of 1.103±0.144 MPa on the lateral plateau of the tibia. However, there was
no statistical difference between the medial plateau and the lateral plateau in the neutral
position(t=1.741, P=0.094). Under 400 N vertical load, the stress values on the medial plateau of tibia
were signi�cantly higher than the corresponding values on the lateral plateau at 3 degrees, 7 degrees, 10
degrees varus deformity positions, respectively (all P<0.001), and signi�cantly lower than the
corresponding values on the lateral plateau at 3 degrees, 7 degrees, 10 degrees valgus deformity
positions, respectively (all P<0.001).

Discussion
Femoral fractures are common injuries in traumatic orthopedics. Open or closed reduction and internal
�xation is the standard treatment options for displaced femoral fractures. However, during the closed
reduction and intramedullary nailing, the fractures can not be always reduced anatomically, and various
residual fracture deformity and complications may occur. Winquist et al.[19] reported that 520 cases of
femoral fractures were treated with intramedullary nail, and 8% of the patients had external rotation
deformity of more than 10 degrees. Braten et al.[20] measured the anteversion angle of bilateral femur in
110 patients with interlocking intramedullary nails for unilateral femoral fractures, and 21 (19%) of them
had rotation deformity. The change in the mechanical axis of the lower limbs after fracture malunion can
lead to the changes in the tension of the ligaments and joint capsules, and patella malacia in a long time.
If not corrected in time, it can affect the biomechanical characteristics of knee and ankle joints and
ultimately result in TA, following impaired knee function. Maquet[21] also believed that the uneven
distribution of stress on the joint surface and the excessive stress concentration is one of the important
causes of traumatic arthritis of the knee. Therefore, malunion and malalignment of the lower limb is an
important contributing factor to traumatic arthritis of knee joint.

When malunion and malalignment occurs after femoral fracture, the contact characteristics of knee joint
will be altered. In patients with knee varus deformity, the mechanical axis of the lower limbs inclines from
the center of the knee to the medial plateau, which causes the stress distribution within the joint to be
redistributed, so that the load is mainly concentrated on the medial plateau of the knee. Our �ndings
reveal that the stress on the medial plateau of tibia is signi�cantly higher at varus deformities when
compared with those measured at the neutral position, and signi�cantly higher than the corresponding
stress values on the lateral plateau. When the knee is at valgus position, the mechanical axis is offset
laterally and the lateral compartment load increases. We also �nd that the stress on the lateral plateau is
signi�cantly higher at valgus deformities than the stress on the lateral plateau measured at neutral
position as well as the corresponding data measured on the medial plateau. Studies have shown that the
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high stress load on joints can increase the damage pressure of articular cartilage, accelerate the wear of
articular cartilage, and is an important factor leading to cartilage degradation[22]. Therefore, in order to
reduce the risk of long-term arthritis in patients, orthopedic surgeons should reduce the fractures
anatomically to avoid the malalignment and malunion of lower limbs fractures[23].

Varus or valgus deformity around the knee can cause knee progressive degeneration. Brouwer et al.[24]
analyzed the data of 1501 patients (2664 lateral knees), and found that there was a signi�cant
correlation between malalignment of lower extremities and the occurrence and progression of arthritis,
especially in overweight patients. However, Some studies have found that the deformity of varus or
valgus within 5 degrees can be accepted after treatment. Brown and Sarmiento et al.[25] found 5 degrees
of varus or valgus at any level to be cosmetically and functionally acceptable. When Bryant [26] studied
the biomechanical effect of residual deformity after total knee arthroplasty, they found that the deformity
angle of 5 degrees had no effect on the patellofemoral contact characteristics. Our research showed that
the stress change of the knee joint was not remarkable within the deformity angle of 3 degrees, but highly
remarkable at 7 or 10 degrees of valgus or varus deformity (table 1). Therefore, our data supported
postoperative corrective deformity within 3 degrees to maintain necessary biomechanical balance of
knee joint. It is a pity that we had no data on the 5 degrees of deformity. In the future, clinical cohort study
with long-term follow-up data are needed to ascertain our �nding, to continue investigation of the
relationship between deformity extent and the responsive traumatic arthritis, and to de�ne the more
reasonable and clinically applicable cut-off value for deformity. 

Alignment of the lower limb is a prerequisite for ensuring a reasonable distribution of joint stress. Under
normal conditions, the lower limb mechanical axis is from the center of the hip joint to the center of the
ankle joint, passing through the center of the knee joint, so that the load and stress on the knee joint can
be reasonably dispersed [27]. However, in a human gait, the center of body gravity will move to the
contralateral side during the stance phase, with resultant increase of compressive force in the medial
compartment of knee. Our study found that the stress at the knee joint at the 7-degree and 10-degree
valgus deformity of the lateral knee joint is signi�cantly less than the stress at the corresponding
deformity angle of the medial platform (both P<0.05), but not signi�cant when the deformity is 3 degrees.
We also found that as the deformity angle increases, the increase in the medial platform is more
prominent than that of the lateral platform. Therefore, it is likely that this imbalanced stress change
between medial and lateral platforms cause the �nal skewed stress distribution and the secondary
osteoarthritis. Moreover, during this process, a varus deformity plays a more critical role, compared to
valgus deformity. Therefore, in orthopaedic practice, varus deformity should be corrected or avoided as a
priority, with aims to prevent the occurrence of potential osteoarthritis.  

In biomechanics research, the contact position, contact area and contact stress between joint surfaces
are often measured. At present, there are a variety of experimental measurement methods for joints,
including 3D photoelastic measurement, pressure sensing and �nite element analysis[28-29], but these
methods have a large error in the measurement of joint stress and the operation method is relatively
complex. Therefore, we choose pressure-sensitive �lm technology, which can not only directly measure
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the pressure value, but also can measure the contact area, intuitively see the distribution of pressure, has
obvious advantages.

This study has some limitations. Firstly, the sample size is small due to the limited source of specimens,
which will reduce the credibility of experimental data (type II error). Secondly, this study is based on
cadaver specimens and can not take the action of muscles into consideration.  Thirdly, dynamic load on
the knee joint was not taken and the current model can not simulate the stress distribution during knee
motion. However, the current �ndings guarantee further biomechanical studies on the stress distribution
of knee joint under dynamic load, clinical studies on the quantitative relationship between residual
malunion and traumatic arthritis, and the endeavor to reduce complex fractures anatomically in closed
fashion or minimally invasive way.

Conclusions
In conclusion, femoral fracture malunion with residual varus or valgus deformity can lead to signi�cant
changes in the stress distribution and contact characteristics of the knee joint. Therefore, orthopedic
surgeons should reduce the fractures anatomically to avoid malunion of the fractures and malalignment
of the affected lower extremities, accordingly improving the functional recovery and reducing the risk of
traumatic arthritis in the long term.
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Deformity Angle Medial plateau
(n=14)

Lateral plateau
(n=14)

statistic P-value

Valgus 10 degrees 0.743±0.092 1.567±0.158 16.79 <0.001c

Valgus 7 degrees 0.890±0.137 1.367±0.101 10.42 <0.001c

Valgus 3 degrees 1.007±0.127 1.244±0.136 4.767 <0.001c

Neutral position
(0 degree)

1.162±0.114 1.103±0.144 1.741 0.094c

Varus 3 degrees 1.277±0.121 1.059±0.239 -3.048 0.005c

Varus 7 degrees 1.447±0.145 0.898±0.164 -9.374 <0.001c

Varus 10 degrees 1.652±0.153 0.809±0.118 -16.31 <0.001c

statistic 70.418 83.903    

P-value <0.001a <0.001b    

Note: a: Comparison of differences in the stress data on the medial plateau of
femur at different deformed angle. b: Comparison of differences in the stress
data on the lateral plateau of femur at different deformed angle. c:
Comparison of differences in the stress data between medial and lateral
plateau of femur at different deformed angles.
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Figure 1

The experimental �owchart of the biomechanical study on the stress distribution of knee joint after
malunion of femoral fracture.
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Figure 1

The experimental �owchart of the biomechanical study on the stress distribution of knee joint after
malunion of femoral fracture.
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Figure 2

The specimens were assembled to the BOSE Electroforce 3520-AT biomechanical testing machine.
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Figure 2

The specimens were assembled to the BOSE Electroforce 3520-AT biomechanical testing machine.
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Figure 3

The pressure sensitive �lms were carefully placed under the meniscus.
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Figure 3

The pressure sensitive �lms were carefully placed under the meniscus.
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Figure 4

Color changes of the ultra-low pressure sensitive �lms on the medial plateau at different angles of varus
and valgus deformities of the femur. a, valgus 10 degrees; b, valgus 7 degrees; c, valgus 3 degrees; d,
neutral position 0 degree; e, varus 3 degrees; f, varus 7 degrees; g, varus 10 degrees.
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Color changes of the ultra-low pressure sensitive �lms on the medial plateau at different angles of varus
and valgus deformities of the femur. a, valgus 10 degrees; b, valgus 7 degrees; c, valgus 3 degrees; d,
neutral position 0 degree; e, varus 3 degrees; f, varus 7 degrees; g, varus 10 degrees.



Page 20/23

Figure 5

From 10 degrees of valgus deformity to 10 degrees of varus deformity, the stress values on the medial
plateau of the tibia increased proportionably.
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Figure 5

From 10 degrees of valgus deformity to 10 degrees of varus deformity, the stress values on the medial
plateau of the tibia increased proportionably.

Figure 6

Color changes of the ultra-low pressure sensitive �lms on the lateral plateau at different angles of varus
and valgus deformities of the femur. a, valgus 10 degrees; b, valgus 7 degrees; c, valgus 3 degrees; d,
neutral position 0 degree; e, varus 3 degrees; f, varus 7 degrees; g, varus 10 degrees.
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Figure 6

Color changes of the ultra-low pressure sensitive �lms on the lateral plateau at different angles of varus
and valgus deformities of the femur. a, valgus 10 degrees; b, valgus 7 degrees; c, valgus 3 degrees; d,
neutral position 0 degree; e, varus 3 degrees; f, varus 7 degrees; g, varus 10 degrees.

Figure 7

From 10 degrees of valgus deformity to 10 degrees of varus deformity, the stress values on the lateral
plateau of the tibia decreased proportionably.
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Figure 7

From 10 degrees of valgus deformity to 10 degrees of varus deformity, the stress values on the lateral
plateau of the tibia decreased proportionably.


