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Abstract 

Background: Combined medial and lateral plate fixation is recommended for complex tibial plateau fractures with 
medial fragments or no cortical bone contact. Although such fixation is adequate to resist forces during range of 
motion, it may be insufficient to support immediate postoperative weightbearing. Here, we analyzed displacement, 
stiffness, and fixation failure during simulated full weightbearing of bicondylar tibial plateau fractures treated with 
combined medial and lateral locking plate fixation.

Methods: We used 10 fresh-frozen adult human cadaveric tibias and mated femurs. Osteotomies were performed 
with an oscillating saw and cutting template to simulate an AO Foundation and Orthopaedic Trauma Association (AO/
OTA) 41-C2 fracture (simple articular, multifragmentary metaphyseal fracture). Specimens were anatomically reduced 
and stabilized with combined medial and lateral locking plates (AxSOS, Stryker, Mahwah, NJ). Specimens were loaded 
axially to simulate 4 weeks of walking in a person weighing 70 kg. The specimens were cyclically loaded from 200 N 
to a maximum of 2800 N. Then, if no failure, loading continued for 200,000 cycles. We measured displacement of each 
bone fragment and defined fixation failure as ≥5 mm of displacement. Construct stiffness and load at failure were 
calculated. Categorical and continuous data were analyzed using Chi-squared and unpaired t-tests, respectively.

Results: Mean total displacement values after 10,000 loading cycles were as follows: lateral, 0.4 ± 0.8 mm; proxi-
mal medial, 0.3 ± 0.7 mm; distal medial, 0.3 ± 0.6 mm; and central 0.4 ± 0.5 mm. Mean stiffness of the construct was 
562 ± 164 N/mm. Fixation failure occurred in 6 of 10 specimens that reached 5 mm of plastic deformation before 
test completion. In the failure group, the mean load at failure was 2467 ± 532 N, and the mean number of cycles 
before failure was 53,155. After test completion, the greatest displacement was found at the distal medial fracture site 
(2.3 ± 1.4 mm) and lateral fracture site (2.2 ± 1.7 mm).

Conclusions: Although combined medial and lateral plate fixation of complex tibial plateau fractures provides 
adequate stability to allow early range of motion, immediate full weightbearing is not recommended.
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Introduction
Fractures of the tibial plateau are often caused by high-
energy mechanisms and involve major injury to bone 
and soft tissue. Complication rates are high because of 
the diversity and complexity of fracture patterns and the 
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thin soft-tissue envelope around the knee [1–3]. There-
fore, treatment and treatment planning are extraordinar-
ily challenging for these fractures [4]. Goals of surgical 
treatment of displaced bicondylar tibial plateau fractures 
include anatomic reduction of the articular surface, res-
toration of alignment in the coronal and sagittal planes, 
and stable fixation to enable early knee motion. To pro-
vide the stability needed to safely permit early range of 
motion (ROM) and basic strengthening exercises, many 
surgeons use combined medial and lateral plating. Many 
surgeons also use delayed-weightbearing protocols after 
fixation of bicondylar tibial plateau fractures with meta-
physeal comminution because of concern about fixation 
failure or articular displacement. In 2007, Higgins et  al. 
[5] performed a biomechanical study comparing dual 
plate fixation (medial and lateral) with lateral locked plate 
fixation alone in bicondylar fractures. Specimens were 
subjected to cyclic loading, simulating forces encoun-
tered during early postoperative range of motion (ROM) 
exercises or activities of daily living [5]. Dual plate fixa-
tion produced significantly less subsidence compared 
with locked lateral plate fixation alone. However, lateral 
locking plate fixation alone was deemed sufficient in 
cases with a large medial fragment with good cortical 
contact and no coronal fracture line. Otherwise, dual 
plating was recommended. In biomechanical studies [5–
7], combined medial and lateral plate fixation effectively 
resisted forces encountered during ROM. However, none 
of these studies reported on fracture displacement or loss 
of fixation when implementing an early/immediate (at 
2 weeks) full weightbearing protocol.

To our knowledge, no biomechanical study has simu-
lated full weightbearing in bicondylar tibial plateau frac-
tures treated with combined medial and lateral plate 
fixation. Our purpose was to analyze displacement, stiff-
ness, and fixation failure during simulated full weight-
bearing of bicondylar tibial plateau fractures treated 
with combined medial and lateral locking plate fixation. 
We simulated full weightbearing in AO Foundation and 
Orthopaedic Trauma Association (AO/OTA) 41-C2 frac-
tures (simple articular, multifragmentary metaphyseal 
fracture). Our model represents a simple articular pat-
tern without articular depression but with metaphyseal 
comminution necessitating dual plating. We hypoth-
esized that combined medial and lateral plate fixation, 
although adequate to resist forces during ROM, would be 
insufficient for immediate full weightbearing.

Materials and methods
We conducted a biomechanical study using 10 fresh-
frozen adult human cadaveric tibias and mated femurs. 
All specimens were screened via radiography for varus/
valgus deformities, previous fractures, bone defects, and 

osteolysis. Bone mineral density (BMD) measurements 
were obtained from the proximal femur using a dual-
energy x-ray absorptiometry scanner (Lunar iDXA, GE 
Healthcare, Madison, WI, USA). The mean (± stand-
ard deviation) BMD of all specimens was 1.1 ± 0.1 g/
cm3. There was no significant difference in mean BMD 
of specimens in the failure group versus the non-failure 
group (Table 1).

Specimen preparation
Specimens were prepared according to the methods of 
Gösling et  al. [8], modified by the addition of a vertical 
fracture line in the medial fragment (Fig.  1a). A cutting 
template was designed to recreate standardized osteoto-
mies (Fig. 1b), which were performed with an oscillating 
saw. To achieve exact positioning, we fitted the template 
to a perpendicular orientation wire. The first cut was 
directed from a point 2 cm distal to the intercondylar 
eminence to the medial cortex with a 20° angle to the 
tibial axis. A second cut was directed toward the lateral 
cortex with a 35° angle to the tibial axis. A third cut was 
made along the connecting line between the most distal 
medial and lateral cortical intersection. The final cut was 
a sagittal cut of the medial fragment parallel to the tibial 
axis to simulate a small medial fragment. We modified 
the fracture pattern to simulate an injury that lacks artic-
ular depression (AO/OTA 41C2) but has metaphyseal 
instability necessitating dual fixation. All fracture models 
were created by 1 fellowship-trained orthopaedic trauma 
surgeon.

Reduction and fixation
All specimens were anatomically reduced under direct 
visualization. A K-wire was placed for temporary fixa-
tion. Subsequently, combined medial and lateral fixation 
was applied using 6-hole, 4.0-mm proximal medial and 
lateral tibial plates (AxSOS, Stryker, NJ, USA). On the 
medial side, the plate was secured with the proximal 3 
subchondral screws, 3 screws in the shaft, and the angled 

Table 1 Comparison of bone mineral density and stiffness 
between the human cadaveric tibia specimens that withstood 
loading up to 200,000 cycles and those that failed

a Six specimens reached 5 mm of plastic deformation before test completion: 4 
specimens failed at 2800 N, 1 failed at 2000 N, and 1 failed at 1600 N

Parameter Mean ± Standard Deviation P

Failure 
 groupa 
(N = 6)

Non-failure 
group (N = 4)

Bone mineral density, g/cm3 1.1 ± 0.1 1.1 ± 0.1 0.90

Stiffness, N/mm 616 ± 81 482 ± 236 0.23



Page 3 of 7Thamyongkit et al. BMC Musculoskeletal Disorders           (2022) 23:86  

midportion screw. On the lateral side, the plate was 
secured with 4 proximal screws, 3 screws in the shaft, 
and the 2 angled screws in the middle. All screws were 
locking (Fig. 2).

Biomechanical testing
The femur was mounted in an inverted position in a 
7.6-cm-diameter polyvinyl chloride pipe and stabilized 
with polyester resin. Femoral condyles were leveled hori-
zontally for proper axial loading. Subsequently, the tibia 
was mounted in a cylindrical metal clamp, which was 
later attached to the loading piston of the material test-
ing frame (MTS 858 Mini-Bionix; MTS Systems, Eden 

Prairie, MN, USA). This loading model simulated the 
normal load distribution of each pair of specimens with 
the joint line parallel to the floor [9, 10]. Four MDVRT-9 
differential variable reluctance transducer sensors (Lord 
MicroStrain, Williston, VT) were mounted across the 
fracture sites (Fig.  3). Displacement between fragments 
was measured in millimeters at 4 fracture sites: lateral, 
central, proximal medial, and distal medial.

Specimens were then placed on the MTS loading 
frame and cyclically loaded between 20 N (minimum) 
and 200 N (maximum) for 2000 cycles at a frequency of 
3 Hz. Load was then incrementally increased by 200 N to 
a maximum of 2800 N, each load increment being run for 

Fig. 1 a: Illustration showing the osteotomy positions and angles used to recreate an AO Foundation and Orthopaedic Trauma Association 41-C2 
fracture (simple articular, multifragmentary metaphyseal fracture) in a human cadaveric specimen. (Green line, cutting line as in the study by 
Gösling et al. [8] Blue line, additional medial cutting line. Red line, tibial axis.) b Template used to perform the osteotomies. The template was fitted 
to the tibia, and K-wires were fitted along the tibial axis and used to secure the template and assure standardized osteotomies

Fig. 2 a–c. a Medial, b lateral, and c anterior view of a fresh-frozen human cadaveric tibia specimen after anatomical reduction and combined 
medial and lateral plate fixation with locking screws. The tibial fracture was reduced and fixed with a 6-hole, 4.0-mm proximal medial tibial plate 
(AxSOS, Stryker, NJ) for the medial side and a 6-hole, 4.0-mm proximal lateral tibial plate (AxSOS, Stryker)
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2000 cycles. Fixation failure was defined as ≥5 mm of dis-
placement of the fracture fragments at any fracture site. If 
no failure was observed, the specimen was incrementally 
loaded to 2800 N for a total of 200,000 cycles to simulate 
4 weeks of walking [11]. Studies have established that 
healthy adults take approximately 5000 to 7000 steps per 
day [11–13], and the forces transmitted across the knee 
joint during normal walking are 2 to 3 times body weight 
[12, 14]. Thus, we used this testing protocol to simulate 
approximately 4 weeks of walking in a healthy person 
weighing 70 kg. The parameter of interest was displace-
ment of bone fragments at the proximal medial, distal 
medial, center, and lateral fracture sites in response to the 
applied load. The initial stiffness of the entire construct 
was calculated at the 100th cycle for all specimens.

Statistical analysis
According to Horwitz et al. [15], the sample size needed 
to detect a 2-mm difference with a power of 80% and a 
significance level of 5% was 6 specimens. Categorical and 
continuous data were analyzed using Chi-squared and 
unpaired t-tests, respectively. P < 0.05 was considered to 
be significant.

Results
The mean initial stiffness of the construct was 
562 ± 164 N/mm. All combined medial and lateral lock-
ing plate constructs maintained the integrity of the 
fixation in cyclic loading to 1000 N after 10,000 cycles. 
Mean total displacement values after 10,000 cycles 
were as follows: lateral, 0.4 ± 0.8 mm; proximal medial, 

0.3 ± 0.7 mm; distal medial, 0.3 ± 0.6 mm; and central 
0.4 ± 0.3 mm (Table 2).

Four specimens withstood loading up to 200,000 cycles. 
The other 6 specimens reached 5 mm of plastic defor-
mation before completing the test: 4 specimens failed 
at 2800 N, 1 failed at 2000 N, and 1 failed at 1600 N. The 
mean cyclic load at failure was 2467 ± 532 N, and the 
mean number of cycles to failure was 53,155 (Table 3). At 
the end of testing (either failure or after 200,000 cycles), 
mean displacement was greatest at the distal medial 
fracture site (2.3 ± 1.4 mm) and lateral fracture site 
(2.2 ± 1.7 mm). No significant difference was found in 
stiffness between the failure and non-failure groups 
(Table 1).

Discussion
The purpose of our biomechanical study was to assess 
the ability of combined medial and lateral locked plate 
fixation of bicondylar tibial plateau fractures to resist 
fracture displacement during simulated full weightbear-
ing. We subjected 10 specimens with simulated bicondy-
lar tibial plateau fractures (AO/OTA 41C2) to repetitive 
loading using a previously described method. None of the 
10 specimens experienced fixation failure after increasing 
the load to 1000 N at 10,000 cycles. Only small displace-
ments (0–2.7 mm) were observed at this point. These 
results are consistent with those of a study on dual plate 
fixation of tibial plateau fractures [5]. However, only 4 of 
our specimens withstood maximum load testing (2800 N 
and 200,000 cycles). Six specimens failed (> 5 mm of 
displacement) before test completion. These findings 

Fig. 3 a Tibia and femur human cadaveric specimens mounted on the material testing frame (MTS 858 Mini-Bionix; MTS Systems, Eden Prairie, 
MN, USA). The femur was mounted in an inverted position in a 7.6-cm-diameter polyvinyl chloride pipe and stabilized with polyester resin. Femoral 
condyles were leveled horizontally for proper axial loading. b Four differential variable reluctance transducers sensors were mounted across the 
fracture sites (proximal medial, distal medial, center, and lateral fragments)
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support postoperative protocols delaying full weight-
bearing during the early postoperative period until some 
bony healing has occurred. Immediate, full weightbear-
ing of bicondylar tibial plateau fractures, even in those 
with simple articular splits, may be too aggressive despite 
combined medial and lateral plate fixation [16]. Malun-
ion, nonunion, and even fixation failure remain concerns 
with immediate weightbearing. In a web-based survey 
of 111 Dutch orthopaedic trauma surgeons, only 12% 
of surgeons recommended immediate weightbearing, 
with most (56%) recommending initiating weightbearing 

6 weeks postoperatively [17]. Common protocols recom-
mend nonweightbearing for 6 weeks or more, followed by 
progressive partial weightbearing for 4–6 weeks after vis-
ible callus is evident on follow-up radiographs [18]. The 
AO recommendations also support toe-touch weight-
bearing for 6–12 weeks to avoid loss of reduction [19].

However, restricting weightbearing requires patient 
compliance and greater energy expenditure compared 
with full-weightbearing walking [20, 21]. This need for 
greater effort may reduce patients’ compliance with reha-
bilitation protocols. Immediate, full weightbearing after 

Table 2 Displacement under cyclic loading at 1000 N after 10,000 cycles and after test completion in 10 fresh-frozen adult human 
cadaveric tibias with simulated AO/OTA 41-C2 bicondylar tibial plateau fractures (simple articular, multifragmentary metaphyseal 
fractures) treated with combined medial and lateral plate fixation

AO/OTA AO Foundation and Orthopaedic Trauma Association; SD Standard deviation
a Displacement either after 200,000 cycles or at failure
b Displacement at failure

Specimen No. Displacement after 10,000 cycles (mm) Displacement at the end of testing (mm)a

Lateral Proximal Medial Distal Medial Central Lateral Proximal Medial Distal Medial Central

1 0.1 0 0 0 1.9 5.0b 1.5 1.5

2 0 0 0 0.1 4.3 0.8 5.0b 0.2

3 0.1 0 0.2 0.4 4.8 1.6 1.7 0.5

4 0 0 0.1 0.1 2.8 0.2 5.0b 0.1

5 0.2 0.1 0.1 0.5 1.1 2.9 4.4 0.9

6 0 0 0 0 5.1b 0.2 1.9 0

7 2.7 2.3 2 1.6 5.3b 4.2 4.3 1.3

8 0.4 0.2 0.1 0.8 5.0b 1.7 1.8 0.5

9 0.1 0 0 0.2 0.3 0.8 2.9 0.9

10 0.1 0 0 0.3 0.4 0.1 0.1 0.4

 Mean (SD) 0.4 (0.8) 0.3 (0.7) 0.3 (0.6) 0.4 (0.5) 2.2 (1.7) 1.4 (1.3) 2.3 (1.4) 0.6 (0.5)

Table 3 BMD, stiffness, cycles to failure, and load at failure in10 fresh-frozen adult human cadaveric tibias with simulated AO/OTA 
41-C2 bicondylar tibial plateau fractures (simple articular, multifragmentary metaphyseal fractures) treated with combined medial and 
lateral plate fixation

BMD Bone mineral density, NA Not applicable, SD Standard deviation
* Specimens withstood loading up to 200,000 cycles

Specimen No. BMD (g/cm3) Stiffness (N/mm) Cycles to failure Load at failure (N)

1 0.9 551 54,411 2800

2 1.1 697 75,819 2800

3a 1 514 NA NA

4 1 576 43,575 2800

5a 1.2 152 NA NA

6 1.1 712 111,884 2800

7 1.2 646 14,851 1600

8 1.1 514 18,387 2000

9a 1 556 NA NA

10a 1.1 708 NA NA

 Mean (SD) 1.1 (0.1) 562 (156) 53,155 (3349) 2467 (485)
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locking plate osteosynthesis for partial articular proximal 
tibial fractures has been studied and recommended [22–
24]. Thewlis et  al. [16] reported on the functional out-
comes after surgery of 17 patients with either complete 
or incomplete articular fractures (AO types 41-B and C). 
Their results showed no association between weightbear-
ing and patient functional outcomes at 1 year. Williamson 
et al. [24] showed that patients who progressed to imme-
diate, full weightbearing after open reduction internal 
fixation neither lost reduction nor reported worse func-
tional outcomes at 1 year compared with patients who 
maintained partial weightbearing for 6 weeks. Because 
patients self-regulate their weightbearing when allowed 
early, full, earlier weightbearing may be safe [16, 24]. 
Although these results may appear to support an accel-
erated weightbearing protocol after open reduction and 
internal fixation of complex tibial plateau fractures, until 
now no biomechanical study has been published to sup-
port these results.

To our knowledge, ours is the first study to simulate 
full weightbearing after bicondylar tibial plateau frac-
ture (AO/OTA 41-C2) fixation with dual plates. Our 
specimen testing protocol differed from previous stud-
ies in small but important ways. Because tibiofemoral 
contact forces range from 2 to 3 times body weight [14], 
we decided to use greater forces of cyclic loading than 
were used in previous studies [5, 8, 15]. When simulat-
ing 4 weeks of early full weightbearing, we used a 2800-N 
load to represent force transmitted across the knee 
during walking in a person weighing 70 kg. In this test-
ing protocol, we assumed that no sufficient bony callus 
formed before 4 weeks and that an active adult loads each 
limb approximately 50,000 times per week [11]. results 
provide evidence that may help improve postoperative 
rehabilitation instructions and better define early weight-
bearing protocols. The fracture models developed by 
Horwitz et al. [15] and Gösling et al. [8] have been used 
in several biomechanical studies of bicondylar tibial pla-
teau fractures. However, these models do not address the 
small size of the medial fragment, which requires thor-
ough evaluation and appropriate fixation. The fracture 
line of the medial fragment can also vary in the coronal 
plane and commonly results in a posteromedial fragment 
[25]. This topic is important for future study of biome-
chanical stability of the posteromedial fragment in bicon-
dylar tibial plateau fracture fixation.

Our study has several limitations. First, the force 
applied to the tibial plateau during weightbearing 
depends on an individual’s body weight and degree of 
knee flexion. Therefore, some patients may be able to tol-
erate early, full weightbearing and others may not. Sec-
ond, a cadaveric study can mimic in vivo bone behavior 
under loading, but the absence of soft tissue and healing 

affects fragment stability. Intact surrounding soft tissue 
or degree of soft tissue injury might increase the stability 
of fracture in vivo. Third, we used titanium locking com-
pression plates. Construct strength and stiffness might 
be increased with the use of stainless-steel implants. 
A larger biomechanical study assessing the effect of 
stainless-steel versus titanium, as well as variations in 
BMD and simulated patient weight, may be helpful to 
determine in which patients early weightbearing may be 
indicated.

Conclusion
Combined medial and lateral locking compression plate 
fixation of bicondylar tibial plateau fractures (AO/OTA 
41-C2) does not offer adequate stability to allow imme-
diate/early full weightbearing. Combined medial and 
lateral plate fixation offers sufficient stability to enable 
limited or partial weightbearing. Hence, full weightbear-
ing should be postponed until sufficient bony healing has 
occurred to support bone fragments and prevent fracture 
displacement and failure.
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