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Conclusion  Progressive unloading of the lateral tibi-
ofemoral compartment occurred with increasing DFVO 
correction angles. Clinically, when performing a DFVO 
for valgus malalignment, surgeons should consider over-
correcting the osteotomy by 5° to restore near-normal con-
tact pressures and contact areas in the lateral compartment 
rather than the traditional teaching of correcting to neutral 
alignment.
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Introduction

The young patient with symptomatic unicompartmental 
arthritis is the ideal candidate for a realignment osteotomy 
procedure [8, 14–16, 21]. Although less frequent than iso-
lated medial arthritis due to varus deformities [10], lateral 
compartment arthritis coupled with valgus malalignment is 
a challenging problem. The altered limb alignment leads to 
increased load being distributed to the cartilage of the lat-
eral compartment [3, 10–12, 16]. As a result, the lateral half 
of the tibial plateau supports a significant amount of body 
weight, and the valgus malalignment accentuates the stress 
on damaged articular cartilage, causing further degenera-
tive changes and more angular deformity.

Multiple tibial and femoral osteotomy techniques have 
been developed to transfer abnormal mechanical loads 
from the lateral compartment to a more medial position 
[24]. Unfortunately, most varus-producing high tibial 
osteotomies (HTO) have led to unsatisfactory results as 
shown by Shoji and Insall [18]. A distal femoral varus 
osteotomy (DFVO) is typically utilized in patients with 
moderate to large valgus deformities [11, 14–16] with the 

Abstract 
Purpose  To investigate the biomechanical properties of 
the load shifting following opening-wedge distal femoral 
varus osteotomies (DFVOs) and determine the osteotomy 
correction needed to unload the lateral compartment.
Methods  Five human cadaveric knees were tested with 
a load of 500 N of axial compression. Medial and lateral 
tibiofemoral compartment contact area and pressure were 
assessed utilizing a modified F-scan pressure-sensitive sen-
sor. The knees were tested in their baseline anatomic align-
ment, 10° valgus malalignment and following corrective 
DFVOs of 5°, 10° and 15°. The load shifting effect of the 
various DFVO correction angles was analysed using a one-
way ANOVA to determine the correction angle necessary 
to unload the lateral compartment.
Results  Gradually shifting the loading vector medially 
with increasing DFVO angles resulted in a decrease in the 
mean contact area and mean contact pressures in the lat-
eral compartment with progressive increases in the medial 
compartment. The largest reduction in lateral compartment 
pressure and contact area was seen with the 15° osteotomy 
with a 25 % decrease in mean contact pressure and 20 % 
decrease in mean maximum contact pressure and mean 
contact area when compared to the 10° valgus-malaligned 
knee. For the 10° valgus knee, a 15° correction resulted in 
near-normal contact pressures and areas compared with the 
knee in normal anatomic alignment.
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anteroposterior joint line typically deviated from the hori-
zontal by 10 or more degrees [3]. Recent long-term case 
series report a 10-year survivorship following DFVO 
ranging from 82 to 87 % using conversion to TKA as an 
endpoint [2, 8, 27]. Opening-wedge DFVO has several 
advantages over medial closing-wedge DFVO and medial 
closing-wedge HTO, including technical ease and the abil-
ity to correct large deformities [7, 14, 15]. Intended tibi-
ofemoral correction angles in the literature have ranged 
from the more typical 0° [2, 6, 26, 27] to correction goals 
from 3° of valgus [4] to 3° of varus [20].

Apart from a few clinical outcome studies, there is a 
lack of experimental data on the biomechanical effect of 
the load redistribution produced by the DFVO in the ortho-
paedic surgery literature [2, 6, 13, 17]. The purpose of the 
current study was to investigate the biomechanical proper-
ties of load shifting in DFVOs and determine the osteotomy 
correction needed to effectively unload the lateral compart-
ment. The hypotheses of the study were that increasing the 
degree of correction would shift the contact area and pres-
sures from the lateral compartment to a more medial loca-
tion and that normalization of the contact areas and pres-
sures would occur with a correction that was equivalent to 
the initial deformity.

Materials and methods

Specimen preparation

Five fresh-frozen human cadaveric knees, cut midway on 
the shafts of both the femur and the tibia, were utilized. The 
median age of the donors was 59 years (range 55–66); all 
donors were male. The joints were examined to ensure they 
had not been injured and had not been operated on previ-
ously. Plain radiographs were taken before biomechanical 
testing to exclude joints with advanced osteoarthritis. The 
anatomic lateral distal femoral angle (LDFA) and medial 
proximal tibial angle (MPTA) were measured to ensure 
that all specimens were within the normal range (median 
mLDFA 88°, range 85°–90°; median mMPTA 87°, range 
85°–90°).

After the specimens were thawed overnight, the joints 
were dissected with the removal of the skin and all subcu-
taneous tissue. The joints were opened through a medial 
parapatellar arthrotomy, and the quadriceps muscles and 
the patella were removed. The medial and lateral collateral 
ligaments as well as the cruciate ligaments were left intact, 
as were the posterior joint capsule and the popliteus. There 
were no ligament instabilities and no meniscal lesions pre-
sent in our group of specimens. Evaluation of the cartilage 
revealed very minor patellofemoral degenerative changes, 
but no lesions on the tibiofemoral surfaces. Ten centimetres 

of the proximal femur and 10  cm of the distal tibia were 
freed from all soft tissues, and the bone ends were embed-
ded into steel pipe sections using Bondo acrylic cement 
(Maplewood, Minnesota, USA). The pipe on the femur was 
attached to a proximal composite femur (Sawbones Gener-
ation 3, Vashon, WA) and adjusted so all specimens had the 
same length. The femoral head was held in a custom-made 
jig that allowed rotation but no translation. The custom-
made jig for the tibia was held in an angle vise that was 
used to simulate a valgus malalignment of 10°.

Each specimen was attached to the MTS machine 
(MTS, Eden Prairie, MN) and aligned at an anatomic 
position by positioning the vise before fixing to the base 
so that the centre of the femoral head lay over the cen-
tre of the knee (Fig. 1). The specimens were then loaded 
by axial compression to 500  N. Pressure measurements 
were taken after 1 min of loading to allow the soft tissues, 
cartilage and meniscus to equilibrate. Five different test-
ing configurations were utilized, with the first configura-
tion being the control specimens in which the knees were 
tested in their normal anatomic position with the knee in 
full extension. This was followed by testing with the knee 
placed in the 10° simulated valgus malalignment and then 
repeat testing. The testing concluded with each 10° valgus-
malaligned knee undergoing sequential corrective distal 

Fig. 1   Experimental set-up. A custom-made fixture was used to 
simulate different loading situations of the lower leg by varying the 
mechanical alignment angle of the distal tibia. A proximal femur 
prosthetic fixture was attached to the proximal femur bone stump, and 
loads were directly applied to the femoral head to mimic mechanical 
alignment. The F-scan system was used to measure the changes in the 
pressures in the medial and lateral compartments
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femoral lateral opening-wedge osteotomies of 5°, 10° and 
15°, respectively, followed by testing after each correction 
[1, 26].

Surgical technique

The distal femoral osteotomy was made with an oscillat-
ing saw under fluoroscopic guidance in a lateral to medial 
direction, from a proximal point on the lateral cortex, 3 cm 
above the lateral epicondyle to the medial side just proxi-
mal to the medial epicondyle perpendicular to the femoral 
axis leaving a 1-cm hinge of bone medially [26]. Align-
ment correction was performed using one of three different 
cut wedges of varying degrees (5°, 10° and 15°) made from 
solid urethane foam (density of 0.80  g/cm3, Sawbones, 
Vashon, WA) inserted into the osteotomy site and secured 
with a lateral plate and screws (Synthes LCP 5 Hole Distal 
Femoral Plate; West Chester, PA).

Tibiofemoral cartilage pressure assessment

A modified F-scan pressure-sensitive sensor (F-Scan; Tek-
scan, Boston, MA) was used for contact pressure analysis. 
The F-scan sensors were 0.18 mm thick and were cut to a 
width of 22 mm for insertion into the medial and lateral tib-
iofemoral compartments. The sensors were preconditioned 
and calibrated according to the standardized protocol as 
suggested by the manufacturer. The F-scan system has been 
established for dynamic force and contract pressure analy-
sis, measuring pressures at a range of 0.10–17.20 MPa with 
a resolution of 0.07 MPa and contact areas with an accu-
racy of 0.05 cm2 [1]. The F-scan sensors were inserted into 
the medial and lateral tibiofemoral compartments from 
anterior to posterior, being carefully pulled into the joint 
space on top of the cartilage and menisci using number 1 
silk sutures passed in inside-out fashion through the pos-
terior and medial and lateral joint capsule. Care was taken 
to ensure that the sensors were well seated on the cartilage 
surface without wrinkles and completely covered the tibial 

plateau articular surfaces and menisci [1]. Contact area 
(CA; measured in cm2), contact pressure (CP; measured 
in MPa) and maximum contact pressure (MCP; measured 
in MPa) were extrapolated from the software. Two meas-
urements were taken for each condition with the mean 
reported for each measurement.

Statistical analysis

One-way ANOVA with alpha set at 0.05 was undertaken to 
test for differences amongst the varying valgus–varus posi-
tions of the knee. Statistical Analysis Software version 9.3 
(SAS Institute Inc., Cary, NC) was used to perform all sta-
tistical measures and analyses.

Results

Anatomic knee

Testing of the knees at baseline anatomic alignment dem-
onstrated a mean contact pressure (mCP) of 0.53  MPa in 
the medial compartment and 0.42 MPa in the lateral com-
partment. The mean maximum contact pressure (mMCP) in 
the medial compartment and the lateral compartment was 
0.71 and 0.55  Mpa, respectively. The mean contact area 
in the medial compartment was 7.84 cm2 compared with a 
mean contact area of 6.76 cm2 in the lateral compartment 
(Table 1).

Distal femoral lateral opening‑wedge osteotomy

Mean contact pressures (mCP)

The mean contact pressures in the medial compartment 
progressively increased as the knee alignment was cor-
rected from 10° of valgus malalignment with an increasing 
amount of varus opening (Fig.  2). As expected, the shift 
towards increased pressures in the medial compartment 

Table 1   Mean contact pressures and contact areas of anatomically aligned knees and knees in 10° of valgus malalignment

Values for the mean contact pressure (mCP), mean maximum contact pressure (mMCP) and contact area for the knee specimens in anatomic 
alignment and in 10° of valgus malalignment, demonstrating reversal of compartment pressures and contact areas in the setting of valgus mala-
lignment. The values above represent the means of the five specimens that were tested

Medial compartment of knee Lateral compartment of knee

Anatomic alignment 10° of valgus malalignment Anatomic alignment 10° of valgus malalign-
ment

Mean (MPa) SD Mean (MPa) SD Mean (MPa) SD Mean (MPa) SD

mCP (MPa) 0.53 0.07 0.30 0.06 0.42 0.06 0.58 0.04

mMCP (MPa) 0.71 0.07 0.51 0.07 0.55 0.08 0.73 0.05

Contact area (cm2) 7.84 0.85 6.24 0.92 6.76 0.69 8.43 0.92
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coincided with decreased mean contact pressures in the lat-
eral compartment of the valgus-aligned knees.

Mean maximum contact pressures (mMCP)

The mean maximum contact pressures of the medial com-
partment increased from 0.51 ± 0.07 MPa in the 10° val-
gus-malaligned knee to a value of 0.70 ±  0.08  MPa fol-
lowing the 15° corrective DFVO (p < 0.05). Similar to the 
mCP measurements, the lateral compartment demonstrated 
a gradual decrease in mMCP from the valgus alignment to 
the increasingly varus alignments (Fig. 3).

Contact areas

A progressive decrease was noted to be present with 
respect to the contact area in the lateral compartment of 
the knee as the corrective lateral opening-wedge osteotomy 
was increased from 5° to 15° and subsequently shifted the 
load to the medial compartment. Furthermore, there was 
an increase in the contact area of the medial compartment 
of the knee as the knee shifted from valgus alignment to 
increasingly varus alignments. More specifically, the mean 
total contact area of the five specimens was found to be 

14.52 ± 1.12 cm2 with the majority of the total contact area 
in the lateral compartment area of the knees in 10° of val-
gus malalignment (8.43  cm2 lateral vs. 6.24  cm2 medial). 
As the degree of the corrective DFVO was increased in 
the valgus-aligned knee, the majority of the contact area 
reversed to the medial compartment (7.42 cm2 medial vs. 
6.92 cm2 lateral) (Fig. 4).

Discussion

The most important finding of the present study was 
that over-correcting valgus deformity may serve to bet-
ter unload the lateral compartment and better recapitulate 
the normal biomechanics of the native joint than correct-
ing to neutral alignment which is the traditional thinking 
during distal femoral osteotomy. In theory, any shift from 
a neutral or collinear alignment of the hip, knee and ankle 
affects the load distribution in the knee joint [22]. The 
lateral shift of the load-bearing axis in a valgus knee has 
resultant increases in the moment arm and compartment 
pressures in the lateral compartment. Numerous animal 
model and surgical-based studies [3, 12, 22] have demon-
strated the critical importance of knee alignment as a pre-
dictor of outcomes following surgical procedures of the 

Fig. 2   Mean contact pressure. The graph demonstrates clear unload-
ing of the lateral compartment as the valgus-malaligned knee was 
corrected with increasing distal femoral varus osteotomies. An open-
ing-wedge osteotomy of 15° led to a normalization of the medial 
and lateral mean contact pressures (0.50 and 0.43 MPa) to near ana-
tomic medial and lateral mean contact pressures (0.53 and 0.42 Mpa, 
respectively), and this finding was found to be statically significant 
(p < 0.05)

Fig. 3   Mean maximum contact pressure. The graph demonstrates 
clear unloading of the lateral compartment as the valgus-malaligned 
knee was corrected with increasing distal femoral varus osteoto-
mies. An opening-wedge osteotomy of 15° led to a normalization of 
the medial and lateral mean maximum contact pressures (0.70 and 
0.59 MPa; both are significant p < 0.05) to near anatomic medial and 
lateral mean maximum contact pressures (0.71 and 0.55 Mpa, respec-
tively)
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knee. Varus-producing osteotomies of the distal femur are 
a good surgical option for the purpose of unloading the 
affected lateral compartment and correcting underlying 
valgus malalignment in high-demand active patients with 
symptomatic unicompartment gonarthrosis [9, 13, 19, 23, 
25]. Numerous retrospective studies have shown the value 
of DFVOs in appropriately selected patients. Survivorship 
with a primary endpoint of conversion to TKR has been 
demonstrated to range from 64 to 90 % at 10 years [2, 6, 16, 
26, 27] and 45 to 79 % at 15 years [2, 23]. While clinical 
studies have demonstrated successful outcomes following 
DFVOs in the treatment of lateral compartment osteoarthri-
tis, to date there have not been any studies investigating the 
biomechanical effect of the load redistribution produced by 
the DFVO in the orthopaedic surgery literature.

The current study found that by simulating 10° valgus 
malalignment, the intra-articular mean contact pressure 
(mCP) in the lateral compartment exceeded that in the 
medial compartment by approximately 50  %, a greater 
than twofold reversal in compartment pressures when com-
pared to normal anatomic alignment controls. Additionally, 
there was a complete reversal in peak pressures in the 10° 
vaglus-malaligned knee compared with our controls, with 

MCmMCP and LCmMCP of 0.71 and 0.55  MPa in our con-
trol group, respectively, versus MCmMCP and LCmMCP of 
0.51 and 0.73 MPa in our 10° valgus malalignment model, 
respectively. Similarly, there was a twofold reversal in con-
tact area (CA) distribution in our 10° vaglus malalignment 
model compared with our normal anatomic controls, with 
the shift occurring from predominantly medial in the nor-
mal model to predominantly lateral in the valgus malalign-
ment model.

Gradually shifting the loading vector medially by per-
forming corrective distal femoral lateral opening-wedge 
osteotomies of 5°, 10° and 15° resulted in progressive 
increases in mCP and mCA in the medial compartment 
with proportional decreases in the lateral compartment. 
The largest decreases in lateral compartment pressure 
and area measurements were seen following a 15° correc-
tive DFVO, whereby there was a 25 % decrease in mCP, a 
20 % decrease in mMCP and a 20 % decrease in CA when 
compared to measurements from the knee in the setting of 
10° valgus malalignment. Similarly, there was an approxi-
mate 66 % increase in medial compartment mCP, with an 
approximate 40 % increase in mMCP and an approximate 
20 % increase in CA.

Interestingly, it was only with the 15° corrective distal 
femroal varus osteotomy (where MCmCP exceeding LCmCP 
by 14 %) that equalization of compartment pressures and 
mean contact areas was obtained that was most consistent 
with measurements obtained in normal anatomic alignment 
(where MCmCP exceeded LCmCP by approximately 20 %). 
This is further supported when comparing measurements 
between the 10° and 15° corrective DFVOs. The increase 
from 10° to 15° resulted in a shift from greater mCP and 
mCA in the lateral compartment relative to medial com-
partment following the 10° corrective DFVO, to greater 
pressures and contact areas in the medial compartment 
relative to the lateral compartment following the 15° cor-
rective DFVO. These data suggest that a 15° correction into 
varus is ideal for decompression of the lateral compart-
ment in the setting of 10° valgus malalignment, assuming 
that the pressure distribution after an osteotomy is identi-
cal to these experiments. One may extrapolate from these 
data that over-correcting valgus deformity may serve to 
better unload the joint and better recapitulate the normal 
biomechanics of the native joint. These data contribute to 
the paucity of information regarding correction goals in the 
context of DFVO; current clinical studies [2, 4–6, 11, 15, 
20, 27] vary with regard to their recommended correction 
of valgus malalignment with no uniform trend towards any 
particular correction goal being definitive [17].

However, it is important to note that the present study 
has several limitations. Given the nature of this cadaveric 
biomechanical study, the model is not physiologic and 
the assessment was based on a single static application of 

Fig. 4   Mean contact areas. The combined medial and lateral com-
partment mean contact areas remained relatively stable in all align-
ment simulations. The lateral and medial compartment mean con-
tact area gradually approached anatomic mean contact area as the 
valgus-malaligned knee was corrected with increasing distal femoral 
varus osteotomies. The anatomically aligned knee medial and lateral 
compartment contact areas were 7.84 ±  0.85 and 6.76 ±  0.69 cm2, 
respectively. The corrective 15° varus opening-wedge osteotomy 
significantly shifted medial and lateral compartment contact areas 
closely to anatomic values 7.42 ± 0.8 and 6.92 ± 0.51 cm2, respec-
tively (p < 0.05)
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load. There are no dynamic muscular and soft tissue forces 
incorporated into the model which likely play a role in joint 
loading. Additionally, as there are no prior biomechanical 
studies investigating the impact a distal femoral osteotomy 
has on the contact pressures and areas in the tibiofemoral 
compartment, the experimental model is based on prior 
studies looking at high tibial osteotomies. In these studies, 
the axial load applied ranged from 450 to 1000  N with-
out much rationale for the applied load utilized. The cur-
rent study utilized a single 500 N axial load to replicate the 
forces seen during the initial stance phase of gait. Future 
studies will attempt to improve the model by incorporating 
dynamic and rotational forces to the experimental set-up in 
addition to investigating cyclic loading and its impact on 
contact pressures and areas.

Conclusion

Increasing the correction angle of lateral opening-wedge 
DFVO leads to decreased contact pressure and area in 
the lateral compartment of knees in valgus malalignment. 
These results suggest that patients with early lateral com-
partment osteoarthritis in the setting of valgus malalign-
ment who are not good candidates for joint replacement 
surgery may benefit from a corrective opening-wedge distal 
femoral osteotomy. Clinically, when performing a DFVO 
for valgus malalignment, surgeons should consider over-
correcting the osteotomy by 5° to restore near-normal con-
tact pressures and contact areas in the lateral compartment 
rather than the traditional teaching of correcting to neutral 
alignment.

Conflict of interest  No conflicts of interest exist for any authors 
related to the current study.
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