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Tibial plateau fractures, which are a type of intra-articular
injuries, have a wide range of clinical manifestations.1,2 To
fully describe the injury force mechanism, at least 38 classi-

fication systems were proposed by different authors.3

Among these systems, the Schatzker classification is widely
used in tibial plateau fractures around the world, which is
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Abstract Introduction Tibial plateau fractures are often accompanied with ligamental and
meniscal injuries. Among which, the combined existence of Schatzker type IV fracture
with anterior cruciate ligament (ACL) avulsion has been reported rarely. The purpose of
this study was to determine the injury mechanism of Schatzker type IV fracture with
ACL avulsion based on Mimics software.
Methods Ninety-nine Schatzker type IV tibial plateau fractures were retrospectively
analyzed by quantitative three-dimensional measurements. ACL avulsions were diag-
nosed through the data of computed tomography and magnetic resonance imaging.
We simulated the knee posture when an injury occurred and defined different injury
patterns. The chi-square test was used for determining the main mechanism which
causes Schatzker type IV fractures associated with ACL avulsions.
Results There were more ACL avulsions and more displaced ACL avulsions associated
with the knee in flexion in the setting of Schatzker type IV fracture (p< 0.05). More ACL
avulsions were found in the injury pattern of flexion-valgus than the other injury
patterns of the same level (p< 0.05). The rotation of the tibial showed no significant
difference in producing ACL avulsion fractures.
Conclusion This study found that a flexed knee at the occurrence of a Schatzker type
IV tibial plateau fracture is a high-risk factor for causing associated ACL avulsion and
producing more displaced avulsions. Flexion-valgus pattern was the main cause of
Schatzker type IV fractures associated with ACL avulsions. The findings will help
orthopedists understand the injury mechanism and enhance their awareness of such
injuries to avoid unfavorable prognosis.
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divided into six categories.4 In the Schatzker classification
system, fracture types are gradually classified according to
the severity of injury. However, Schatzker later believed that
the type IV fracture had the worst prognosis, which is likely
due to its high variability and the combination of bony and
soft tissue injuries.

Yan et al found that operative Schatzker type IV tibial
plateau fractures represented a high incidence of soft-tissue
injuries, especially anterior cruciate ligament (ACL) injuries
through clinical data analysis.5 Yet, ACL avulsion, which is
associated with Schatzker type IV tibial plateau fracture
would be easily ignored among primary hospitals.6 Due to
emergent conditions or lack of medical equipment in prima-
ry hospitals, orthopedists may ignore the injuries of the ACL
by interpreting plain radiographs only. Displaced ACL avul-
sions often require open or arthroscopic reduction and
fixation, while conservative treatments are suggested for
nondisplaced ACL avulsions.7 The failure of orthopedists to
diagnose and treat associated ACL injuries may lead to the
long-term poor recovery of knee function accompanying
Schatzker type IV tibial plateau fractures.8–10

A better understanding of the mechanism of injury can
help orthopedists avoid missed diagnoses and offer appro-
priate treatments.2,11,12 Several studies had explored the
mechanism of tibial plateau fractures by using computed
tomography (CT)-based three-dimensional (3D) models and
summarized eight possible injury patterns of Schatzker type
IV tibial plateau fractures: flexion-valgus-internal rotation,
flexion-valgus-external rotation, flexion-varus-internal ro-
tation, flexion-varus-external rotation, extension-varus, ex-
tension-valgus, hyperextension-varus-internal rotation, and
hyperextension-valgus-external rotation.11,13 The authors
have also investigated the correlation between tibial plateau
fracture patterns and the injury mechanisms. Wang et al11

found that valgus force was the main cause of the Schatzker
type IV tibial plateau fractures and can easily cause soft
tissue complications, but the injury mechanism of Schatzker
type IV tibial plateau fracture with ACL avulsion has been
rarely reported. The aim of this study was to analyze the
injury patterns of Schatzker type IV tibial plateau fractures
associated with ACL avulsions; this was performed by simu-
lating different knee postures in the setting of fracture
occurrence and measuring the rotation angle of tibial.

Materials and Methods

Patients
This retrospective studywasperformed at our academic level
1 trauma center from January 2017 to December 2019. And it
was approved by the institutional review committee of the
ethics committee. Informed consent was provided by all the
participants. All enrolled injuries were diagnosed as
Schatzker type IV tibial plateau fractures with or without
ACL avulsions. The exclusion criteria were: lacking of ade-
quate radiographic or CT images, ipsilateral periarticular
fracture (i.e., distal femoral fracture, femoral condylar frac-
ture, or patellar fracture), open or pathological knee frac-
tures, fractures in skeletally immature patients, or a history

of knee surgery. After excluding unqualified patients, 99
patients were included. The study consisted of 56 men and
43 women, with an average age of 43.8 years (range, 25–70
years). The causes of injuries were traffic injuries in 56 cases,
high falling injuries in 28 cases, and simple falling in 15 cases.
The included patients performed a CT examination of the
injured knee with a slice thickness of 0.6mm (pixel spacing:
0.44�0.44mm).

Diagnosis of ACL Avulsions
A senior orthopedist and a musculoskeletal radiologist were
selected to confirm the diagnosis of ACL avulsions based on
the image data. According to the displacement of ACL tibial
attachment, they further subdivided ACL avulsions fractures
into displaced ACL avulsions and nondisplaced ACL
avulsions.

3D Fracture Models
3D knee joint models of the subjects were generated by the
Mimics software (version 20.0, Materialise, Leuven,
Belgium). First, we imported the CT data (DICOM files) to
the Mimics software. Second, the operation of segmentation
was performed based on the preset bone threshold (unit �
226). Tibial and femoral 3D models were constructed after
smoothening and removing the patella.

Standard Location of the 3D Model
After measuring the midpoints of the medial-to-lateral and
anterior-to-posterior widths of the tibia and femur, we could
define the tibial axis line (TAL) and femoral axis line (FAL) in
the coronal and sagittal planes. Femoral condyle line refers to
the line between medial femoral condyle and lateral condyle
in coronal plane. The axis of the posterior femoral condyle
(PFCA) was determined by measuring the straight line of the
posterior femoral condyle in the axial plane. Posterior tibial
condylar axis (PTCA) is a tangent to the posterior edge of the
tibial plateau. To satisfy the standard location of the 3D
model, the femoral condylar line should be perpendicular to
the TAL in the coronal plane, and the FAL should be parallel to
the TAL in the sagittal plane by adjusting the position of the
femur and tibia in theMimics program.Meanwhile, the PFCA
should be parallel to the PTCA in the axial plane to satisfy the
standard location. All subjects adopted the standardized
programs (►Fig. 1).

Fig. 1 The standard location of three-dimensional (3D) knee model.
(A) Posterior view. (B) Anterior view.
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Simulating the Knee Position at the Time of Fracture
The impingement of the femoral condyle can cause compres-
sion on the articular surface of the tibial plateau or tibial
wedge fractures at the moment of fracture occurrence. We
could simulate the knee posture by matching the
compression degree of articular surface of tibial plateau
and the morphology of femoral condyle. The procedure
was completed by utilizing the relocation function in the
Mimics software. The 3D tibial model was moved to match
the tibial articular compression with the shape of femoral
condyle, while the 3D femoral model remained stationary.
The outlines of the tibia and femur were not allowed to
intersect. Two attending physicians performed the proce-
dures and a senior physicianwouldmake an exact conclusion
when their opinions were divided on the location of the tibia
(►Fig. 2).

Quantitative 3D Measurements
The 3-Matic Medical software (Materialise 12.0, Leuven,
Belgium) was used for 3D measurements. After inputting
the 3D femoral and tibial models of the standard location
into the workspace of the 3-Matic software, the contours of
the femur and tibia and the standard lines (TAL PFCA PTCA)
were also projected into three planes of the 3-Matic soft-
ware. Then the varus angles, valgus angles, flexion angles,
and the tibial rotation angles could be measured by the

software tools. The detailed angle measurements are as
follows.

Hyperextension, Extension, and Flexion Angles
The measurements were performed in the sagittal plane.
Both the location at the moment of fracture occurrence and
the standard location were projected in the sagittal plane.
The angles measured between the TALs in two different
states were the basis of whether the knee was in hyperten-
sion, extension, or flexion. Knee hyperextension refers to a
hyperextension angle of more than 5degrees. Knee flexion
refers to a flexion angle of more than 15degrees. Knee
extension refers to an angle between hyperextension and
flexion (►Fig. 3).

Valgus and Varus Angles
The measurements were performed in the coronal plane.
Both the location at the moment of fracture occurrence and
the standard location were projected in the coronal plane.
The angles measured between the TALs in two different
states determined whether the knee is in a position of varus
or valgus (►Figs. 4 and 5).

External Rotation and Internal Rotation Angle
The measurements were performed in the axial plane which
demanded the projection of the PFCA and PTCA. The angles

Fig. 2 The simulation of the knee posture at the moment of the fracture. (A) Sagittal plane in Mimics software. (B) Axial plane in Mimics
software. (C) Axial plane in computed tomography (CT) image. (D) Sagittal plane in CT image. (E) Coronal plane in CT image.
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measured between the PFCA and PTCA determined whether
the tibia is in internal or external rotation. An angle of
rotation greater than 5 degrees refers to tibial internal or
external rotation (►Fig. 6).

Data Analysis
All statistical data in our study were analyzed using the SPSS
software (version 25.0). Chi-square tests and Fisher’s exact
tests were used to evaluate the difference between the
classified data. A p-value of<0.05 was considered to be
statistically significant.

Results

The relevant data of the 99 subjects were estimated by
quantitative 3D measurements. According to the results of
the angle measurements in three planes, 99 cases of
Schatzker type IV tibial plateau fractures were divided into
the following eight types of injury: hyperextension-varus-
internal rotation, hyperextension-valgus-external rotation,
extension-valgus, extension-varus, flexion-varus-internal
rotation, flexion-varus-external rotation, flexion-valgus-in-
ternal rotation, and flexion-valgus-external rotation. Details
of ACL are summarized in ►Table 1.

No ACL avulsions were found among the injury pattern of
hyperextension in our study. There were more associated
ACL avulsions in the state of kneeflexion (45 of 60) than knee

Fig. 3 The measurement of the flexion angle. (A) Standard lateral
position in Mimics software. (B) Relocated tibial model (blue) and
standard tibial model (brown) in Mimics software. (C) Standard lateral
position in 3-Matic Medical software. (D) Measuring the angle to
define “flexion” in 3-Matic Medical software.

Fig. 4 The measurement of the varus angle. (A) Standard location in Mimics software. (B) Simulated injury pattern (varus) in Mimics software.
(C) Combined mode in Mimics software. (D) Standard location in 3-Matic Medical software. (E) Simulated injury pattern (varus) in 3-Matic
Medical software. (F) Combined mode in 3-Matic Medical software for measuring the angle to define “varus.”
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Fig. 5 The measurement of the valgus angle. (A) Standard location in Mimics software. (B) Simulated injury pattern (valgus) in Mimics software.
(C) Combined mode in Mimics software. (D) Standard location in 3-Matic Medical software. (E) Simulated injury pattern (valgus) in 3-Matic
Medical software. (F) Combined mode in 3-Matic Medical software for measuring the angle to define “valgus.”

Fig. 6 The measurement of the internal and external angle. (A) External rotation of tibial in Mimics software. (B) Internal rotation of tibial in
Mimics software. (C) The measurement of the external rotation angle in 3-Matic Medical software. (D) The measurement of the internal rotation
angle in 3-Matic Medical software.
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extension (11 of 25) (p<0.05) in the settingof Schatzker type
IV tibial plateau fracture. More associated ACL avulsions
were found in the flexion-valgus injury patterns than the
other injury patterns of same level which were called exten-
sion-valgus, extension-varus, and flexion-varus (p<0.05). In
terms of whether Schatzker type IV tibial plateau fracture
was associated with ACL avulsion, there was no notable
difference between the tibial internal and external rotation
injury patterns (p>0.05).

The classification of the injury patterns was summarized
in ►Table 2. There were more displaced ACL avulsion frac-
tures which require surgical treatment in the state of knee
flexion (32 of 45) than knee extension (3 of 11) (p<0.05).
Among patients with type III or IVACL injuries, there was no
significant difference between valgus force and varus force
(p>0.05). The tibial internal and external rotation showed
no significant difference in producing displaced ACL avulsion
fractures accompanied by Schatzker type IV tibial plateau
fractures (p>0.05).

Discussion

Schatzker type IV fractures are considered as high-energy
injuries and associated soft tissue injuries are frequent.4,5,14

To gain further insight on this type of injury, Schatzker type
IV fracture has been subtyped by many scholars. Wahlquist
et al14 found that themore lateral the fracture linemoves, the
greater the risk of these associated soft tissue complications.

According to Chan et al’s research, therewas a high incidence
of ACL injuries in the posteromedial tibial plateau frac-
tures.15 Luo et al proposed a typical “two-column fracture”
for traditional Schatzker type IV fractures (medial condylar
fractures).16Moore classified Schatzker type IV tibial plateau
fractures intoMoore type I orMoore type II.17 Based on these
studies, ACL avulsion is one of the most common complica-
tions and should be taken seriously, especially the displaced
fractures which require surgical repair.6,18 With a better
understanding of the mechanism of injury, Schatzker type
IV tibial plateau fractures can be diagnosed more compre-
hensively and appropriate treatment strategies can be se-
lected by the orthopedists.

Although several articles had discussed the injury mech-
anism of various tibial plateau fractures,11–13,19–22 the injury
mechanism of Schatzker type IV tibial plateau fracture with
ACL avulsion has been rarely reported. We proposed a new
experimental idea which studies how different knee posi-
tions may affect the prevalence of soft tissue injuries when
the Schatzker IV fractures occur. In our study, we analyzed
the injury mechanism of Schatzker type IV fractures with
ACL avulsions by simulating the knee positions at the time of
fractures, measuring the motion angles of tibial in the
coronal and sagittal planes and selecting the cases of ACL
avulsions. Based on the 3D models which were established
by simulating the positions of tibia and femur at the time of
fractures, the relevant data could be measured for investi-
gating the injury mechanism.

Table 1 The cases of associated ACL avulsions among different injury patterns

Position Force Rotation Total case ACL injury Non-ACL injury

Hyperextension Varus Internal 4 0 4

Valgus External 10 0 10

Extension Varus None 10 5 5

Valgus None 15 6 9

Flexion Varus Internal 11 7 4

External 12 7 5

Valgus Internal 26 21 5

External 11 10 1

Abbreviation: ACL, anterior cruciate ligament.

Table 2 The distribution of associated ACL avulsions

Position Force Rotation Total case Classification of ACL avulsions

Nondisplaced Displaced

Extension Varus None 5 4 1

Valgus None 6 4 2

Flexion Varus Internal 7 3 4

External 7 2 5

Valgus Internal 21 5 16

External 10 3 8

Abbreviation: ACL, anterior cruciate ligament.
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No ACL avulsions were found among the injury pat-
terns of hyperextension in our study. Due to the morphol-
ogy of the injury patterns which were characterized by
anterior plateau articular depression involving the ante-
rior rim, ACL avulsion may hardly happen among hyper-
extended knees when it is associated with Schatzker type
IV fracture. More associated ACL avulsions were found in
the state of knee flexion in our study, which has been
supported by several researches.11–13,20 Meanwhile val-
gus force was the main cause of associated ACL avulsion in
the study which would support the similar opinion of
Wang et al.11 Patients with knees in the state of flexion at
the moment of Schatzker type IV tibial plateau fracture
should be taken seriously, especially under the impact of
valgus force in clinical practices. Furthermore, more dis-
placed ACL avulsion fractures which require surgical
treatment were found in flexed knees (32 of 45)
(p<0.05). But, there was no significant difference in terms
of force vectors, which means that the valgus force may
produce more associated ACL avulsions, but it has little
effect on the degree of injury in the setting of Schatzker
type IV tibial plateau fractures.

In previous studies, the authors paid limited attention
to tibial rotation when investigating the injury mecha-
nism of tibial plateau fractures.11,13,20 In our study, tibial
rotation was added as a factor to investigate the injury
mechanism. According to the results of our study, tibial
rotation was not a significant factor in both producing
associated ACL avulsions and affecting the degree of
injuries (p>0.05).

There were some limitations in our study. Since the
sample size of our study was relatively small, the results
might be different if a larger sample size had been analyzed.
Furthermore, due to the limited sample size, not all injury
patternsmay be included. In addition, translation of the tibia
was not evaluated in this study, which needs for further
studies.

Conclusion

In our study, a flexed knee at the moment of Schatzker type
IV tibial plateau fracture occurrence is a high-risk factor for
causing associated ACL avulsions and producing more dis-
placed ACL avulsions. Meanwhile flexion-valgus pattern was
the main cause of Schatzker type IV tibial plateau fractures
associated with ACL avulsions. The findings of our study will
help orthopedists to have a better understanding of the
injury mechanism of Schatzker type IV tibial plateau frac-
tures associatedwith ACL avulsions and then have predictive
value in diagnosing and treating associated ACL avulsions to
avoid unfavorable prognosis.
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