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Relationship of Fracture Morphological
Characteristics with Posterolateral Corner Injuries
in Hyperextension Varus Tibial Plateau Fractures
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Investigation performed at the Department of Orthopaedic Surgery, Shanghai Sixth People’s Hospital Affiliated to Shanghai Jiao Tong University School
of Medicine, Shanghai, People’s Republic of China

Background: Hyperextension varus tibial plateau fracture (HVTPF) is known to present with concomitant injuries to the
posterolateral corner (PLC). However, the exact rate and characteristics of these injuries remain unclear. The primary
objective of this study was to explore the rate and characteristics of PLC injuries in HVTPFs. The secondary objective was to
investigate the relationship between the fracture morphological features and the associated PLC injuries.

Methods: Patients with HVTPFs were subdivided into 2 groups: group | (without fracture of the posterior column cortex)
and group |l (with fracture of the posterior column cortex). Fracture characteristics were summarized qualitatively based on
fracture maps and quantitatively based on the counts of morphological parameters. Knee ligamentous and meniscal
injuries were assessed using magnetic resonance imaging. The association between fracture characteristics and PLC
injuries was analyzed.

Results: We included a total of 50 patients with HVTPFs in our study: 28 in group | and 22 in group Il. The rate of PLC
injuries was 28.6% in group | and 27.3% in group Il. In group |, patients with PLC injuries showed fracture lines closer to the
anterior rim of the medial plateau and had smaller fracture areas. Furthermore, 6 of the 8 patients with PLC injuries in
group | also had posterior cruciate ligament injuries.

Conclusions: The rate of PLC injuries is relatively high in HVTPFs. In HVTPFs without fracture of the posterior column
cortex, a small fracture area strongly suggests an accompanying PLC injury, and PLC injury is frequently combined with
posterior cruciate ligament injury.

Level of Evidence: Prognostic Level lll. See Instructions for Authors for a complete description of levels of evidence.

is a rare knee fracture pattern that was initially described | has encouraged orthopaedic surgeons to focus on the associated

as an anteromedial tibial plateau fracture'. Subsequent | ligamentous and meniscal injuries in order to provide a com-
studies have noted that, in some cases, it may also involve tension | prehensive treatment of this type of knee injury"*. Specifically, the
failure in the posterior column cortex, resulting in a more | injury mechanism responsible for HVTPFs can jeopardize the soft
complicated fracture pattern’. In general, HVTPFs show frac- | tissue of the knee, particularly the posterolateral corner (PLC),
ture characteristics with recurvatum and varus (loss of both the | which is located on the diagonal side of the tibial plateau'””. In a
posterior tibial slope and the medial tibial plateau angle)*”. previous study, a 51% rate of fibular head avulsion fractures was
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reported in HVTPFs’. However, there is still limited knowledge
about the rate and characteristics of concurrent ligamentous
injuries. Given the profound role of the PLC in maintaining knee
stability, accurate diagnosis and appropriate management are
crucial in order to optimize outcomes'*"'. Physical examination in
patients with combined injuries is often of limited value because it
is generally impossible to isolate instability findings as osseous or
ligamentous. Therefore, magnetic resonance imaging (MRI) is a
convenient and effective method for diagnosing PLC injuries'".

We believed that an in-depth study combining computed
tomography (CT) and MRI to describe osseous and ligamen-
tous injuries in HVTPFs would have clinical value. The main
objectives of our study were (1) to explore the rate and char-
acteristics of PLC injuries in HVTPFs and (2) to investigate the
relationship between the fracture morphological features and
the associated PLC injuries.

Materials and Methods
Participants
We conducted a search in the PACS (picture archiving and
communication system) of a level-I trauma center for CT
data of patients who had been diagnosed with the keywords
“tibia plateau fracture” between January 2019 and August 2022.
The following exclusion criteria were used: (1) polytrauma with
an Injury Severity Score of >16; (2) open or pathological frac-
tures; (3) fractures that were concomitant with an ipsilateral
tibial shaft, femoral, or patellar non-avulsion fracture; (4) skel-
etal immaturity (age of <16 years); and (5) other fractures that
were not HVTPFs. Patients with HVTPFs were subsequently
screened. In accordance with previous research, the HVTPFs
were characterized as being fractures that mainly involved the
anteromedial articular surface, which could also be combined
with or without fracture of the posterior column cortex"*’.
Patients with HVTPFs with both CT and MRI data were selected
from the database, excluding those who had not been treated in
our department. Fifty patients were deemed eligible for this
study. Since it remains unknown whether fracture of the pos-
terior column cortex is associated with soft-tissue injuries, we
subdivided the cases into 2 groups: group I, those without
fracture of the posterior column cortex; and group II, those with
fracture of the posterior column cortex (Fig. 1).

Three-Dimensional Fracture Heat Mapping

As reported in previous studies, the spatial morphology of a tibial
plateau fracture has been demonstrated using a 3-dimensional (3D)
fracture-mapping technique™. CT data of patients with an HVTPF
were first used to reconstruct and reduce the fracture fragments
with Materialise Mimics software. In order to best fit a 3D template
of the proximal part of the tibia and the fibula, additional opera-
tions, including rotating, normalizing, translating, and flipping the
model, were performed by 3-matic software (Materialise). Then,
the osseous markers in the proximal part of the tibia were used
to modify the CT data-reconstructed model. Next, smooth curves
were selected to draw the fracture lines directly on the surface of
the standard 3D model. Lastly, all of the drawn fracture lines
were overlapped onto a 3D model to generate a spatial fracture
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line map. Then, the heat-mapping technique was adopted to
show the results of the fracture line maps in a more intuitive
way. The graphically superimposed fracture lines were trans-
ferred and imported into E3D software (Central South Uni-
versity) to create 3D heat maps, which revealed the frequency of
fracture lines with use of different colors (ranging from blue to
red, indicating a frequency of low to high, respectively).

Measurement Technique

The radiographic data were acquired from a PACS and were
subsequently imported into RadiAnt DICOM (Digital Imaging
and Communications in Medicine) Viewer (version 2021.2;
Medixant) for analysis. In accordance with previous research,
osseous parameters, including the medial proximal tibial angle,
the medial and lateral posterior tibial slope, the medial and
lateral plateau retreat distance, and the rotation angle, were
measured based on the CT data'™"® (Fig. 2). The medial and
lateral plateau retreat distance was a measure of subluxation.
The anterior articular surface loss was measured based on the
3D model of the reduced fracture (Fig. 2). The fracture area
ratio was evaluated based on the transverse section of the 3D
model of the reduced fracture (see Appendix S1).

To determine intraobserver and interobserver reliability
using the intraclass correlation coefficient (ICC), 2 observers
independently measured each case twice with an interval of
2 weeks. An ICC value of 20.75 was defined as good, while an ICC
value from 0.50 to 0.74 was defined as moderate” (see Appendix
Table S1).

MRI Acquisition and Interpretation

Following a standard imaging protocol, MRI data were acquired
with a 3.0-T MRI scanner. The current study employed T1-
weighted, T2-weighted, and proton density sequences. Increased
signal intensity within the meniscus indicated meniscal pathol-
ogy, classified as grades 1 through 4*. Only grade-3 and 4 lesions
were considered to be meniscal tears. Ligamentous injuries
included avulsion fractures and complete midsubstance tears.
An avulsion fracture of the ligament was defined as an avulsion
fracture of the tibial or femoral footprint. A complete mid-
substance tear of a ligament was recognized as a complete
disruption of ligamentous fibrous tissue continuity*"*. A PLC
injury was defined as a lateral collateral ligament injury and/
or a popliteus tendon injury.

Two senior doctors with expertise in musculoskeletal
radiology analyzed the MRI data and adopted a panel discussion
to resolve disagreements. The radiologists were not informed of
the original patient information. Prior to this, in order to assess
intraobserver and interobserver reliability using the Cohen kappa
coefficient, the observers reviewed all of the cases twice with an
interval of 2 weeks. The level of reliability was evaluated based on
the kappa values according to the guidelines proposed by
Landis and Koch” (see Appendix Table S2).

Results
ifty patients with an HVTPF (13 men and 37 women with a
mean age of 46.3 years) with available CT and MRI data
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Fig. 1

Figs. 1-A through 1-F HVTPFs. Figs. 1-A, 1-B, and 1-C Group-l HVTPFs. Figs. 1-D, 1-E, and 1-F Group-Il HVTPFs.

were included in this study. The demographic characteristics of
both groups are documented in Table I.

Several osseous morphological parameters were deter-
mined (Table I). In particular, the mean medial posterior tibial
slope (and standard deviation) was 1.0° + 7.4° in group I and —
6.1° £ 7.1° in group II; the mean lateral posterior tibial slope was
6.5° £ 4.3° in group I and —2.9° £ 6.3° in group II. These results
indicated that the 2 groups of HVTPFs, resulting from the same
injury-force mechanism, had different osseous morphological
characteristics and should be considered as 2 different patterns.

Next, the rate of soft-tissue injuries was determined (Table
IT). The rate of PLC injuries was 28.6% in group I and 27.3% in
group II. The number of patients with combined PLC and pos-
terior cruciate ligament injuries was 6 in group I and 2 in group IL

In order to elucidate the role of the PLC in an HVTPF,
3D fracture heat maps were used to visualize the morphology
of fracture lines in both groups with or without PLC injury
(Figs. 3 and 4). In patients with PLC injuries in group I, the
fracture area (hot zone) was smaller and was concentrated on the
anterior rim of the medial plateau when compared with those
without PLC injuries (Figs. 3-F through 3-O). However, no
substantial visualized morphological differences between fractures
with and without PLC injuries were demonstrated with heat
mapping in patients in group II (Figs. 4-F through 4-O).

In addition to heat mapping, quantitative analyses of
several osseous parameters were utilized to further investigate
the fracture morphology differences between patients with and
without PLC injuries in both of the groups (Table III). In group
I, the mean fracture area ratio was 6.2% = 2.8% in patients with a
PLC injury and 16.7% = 5.6% in patients without a PLC injury;

the mean rotation angle was 8.0° £ 3.5° in patients with a PLC
injury and 3.2° £ 1.1° in patients without a PLC injury. In group
11, the mean rotation angle was 7.0° + 5.5° in patients with a PLC
injury and 3.4° £ 1.0° in patients without a PLC injury.

The relationship between a PLC injury and other soft-
tissue injuries was analyzed (see Appendix Table S3). In
group I, 6 of 8 patients with PLC injuries had combined
posterior cruciate ligament injuries, whereas only 1 of 20
patients without PLC injuries had a posterior cruciate liga-
ment injury.

Discussion

he most important finding of this study was that con-

comitant PLC injuries were common in patients with
HVTPEFEs. The rate of PLC injuries was the same in patients with
and without fracture of the posterior column cortex. The
involvement of the posterior column cortex did not influence the
rate of PLC injuries. Therefore, it cannot be used as a criterion to
rule out PLC injuries. Surgeons should maintain a high level of
suspicion for PLC injuries in all patients with HVTPFs.

Patients in group I were mainly characterized by osseous
injuries on the anteromedial tibial plateau and had associated
PLC injuries on the tension side, as confirmed by previous
studies"****. Furthermore, we found that the fracture area ten-
ded to be smaller in group-I patients with PLC injuries. From a
biomechanical point of view, when a knee joint is subjected to
hyperextension and varus forces, a collision between the medial
femoral condyle and the anteromedial tibial plateau is induced,
thereby causing an HVTPF"**'. The size of the fracture is
determined by which point on the medial tibial plateau
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Fig. 2

ngs. 2-A through 2-F Measurements of the medial proximal tibial angle, the medial and lateral posterior tibial slope, the medial and lateral plateau retreat
distance, the rotation angle, and anterior articular surface loss. Fig. 2-A The medial proximal tibial angle is the angle between the tibial plateau surface and the
long axis of the tibia in coronal images. Fig. 2-B The posterior tibial slope is the angle between the tibial plateau surface and the line perpendicular to the tibial
long axis in sagittal images. Fig. 2-C A bestfit circle over the posterior femoral condyle was drawn on sagittal images, and then the line “a” tangent to the medial
and lateral tibial plateau was determined. Two parallel lines perpendicular to line “a” were drawn tangent to the posterior margin of the circle and the tibial
plateau, marked as line “b” and line “c.” The distance between line b and line ¢ was regarded as the medial and lateral plateau retreat distance. Fig. 2-D Two
axial slices were chosen in which the deepest femoral trochlear groove and the posterior tibial plateau notch were clearly observed. Lines “d” and “e” were drawn
tangential to the posterior aspect of the femoral condyle and to the tibial plateau, respectively, and the angle between them was the rotation angle. A positive
value of the rotation angle indicates internal rotation of the proximal tibia relative to the distal femur. Figs. 2-E and 2-F Based on the 3D model of the reduced
fracture, the transverse diameter of the tibial plateau was quartered and a dashed line was drawn perpendicular to the transverse diameter at the medial quarter
ofthe width. The dashed line intersects the anterior rim of the medial tibial plateau at point “A,” the most posterior point on the fracture line (whether displaced or

not) at point “B,” and the posterior margin of the medial tibial plateau at point “C.” The anterior articular surface loss was calculated as AB divided by AC.



2005

THE JOURNAL OF BONE & JOINT SURGERY - JBJS.ORG
VOLUME 106-A - NUMBER 21 - NOVEMBER 6, 2024

TABLE | Patient Demographic Characteristics

Group
| 1] Total

No. of fractures 28 22 50
Age* (yr) 441 +13.1 49.1+15.6 46.3+14.3
Sext

Female 6 7 13

Male 22 15 37
Side of injury¥

Left 17 14 31

Right 11 8 19
Medial plateau 4.7+21 7.3+3.4 5.8 +3.0
retreat distance*
(mm)
Lateral plateau -1.8+ 3.0 2.3+5.6 0.0 +4.8
retreat distance*
(mm)
Rotation angle* 4.6 +3.0 4.4 +3.2 45 +3.1
(deg)
Medial proximal 85.1+2.6 83.9+21 84.6 +2.4
tibial angle* (deg)
Medial posterior 1.0+7.4 -6.1+7.1 —2.1+£8.0
tibial slope* (deg)
Lateral posterior 6.5 +4.3 -2.9+6.3 23+7.0
tibial slope* (deg)
*The values are given as the mean + the standard deviation. 1The
values are given as the number of patients. $The values are given
as the number of fractures.

touched the medial femoral condyle. Some studies have
suggested that if the ligament on the tension side is ruptured
initially, the impact site between the femoral condyle and the
tibial plateau would shift anteriorly, leading to a reduced
fracture area'*"*. Therefore, for patients with small anter-
omedial tibial plateau fractures, clinicians should be par-
ticularly vigilant for concomitant ligamentous injuries.
HVTPFs in patients in group II were mainly characterized
by a decreased posterior tibial slope, coronal plane varus de-
formity, and posterior-tension osseous injuries. Additionally, a
concentration of tension fracture lines was observed on the
posterior side of HVTPFs on our heat maps, which, to our
knowledge, has not been highlighted in the existing litera-
ture””. Generally speaking, the tension-side failures in group-
I1 HVTPFs are considered osseous™. Accordingly, treatment
strategies predominantly target their osseous characteristics,
with less emphasis on the management of associated liga-
mentous injuries; this approach has resulted in poor out-
comes™****, Nevertheless, in our study, 6 PLC injuries were
observed in group-II HVTPFs, a rate of 27.3%. Therefore, we
recommend routine evaluation for soft-tissue injuries before
and after open reduction and internal fixation of HVTPFs.

FRACTURE MORPHOLOGICAL CHARACTERISTICS WITH
POSTEROLATERAL CORNER INJURIES IN HVTPFs

Based on the theory of the injury-force mechanism, unique
fracture patterns are inextricably linked to specific soft-tissue
injuries’. For example, diagonal injuries involving anteromedial
tibial plateau fractures and PLC injuries are characteristic conse-
quences of a hyperextension varus injury mechanism. Previous
studies have reported that ligamentous injuries in anteromedial
tibial plateau fractures are predominantly PLC injuries"*’. Li et al.
found that 9.5% of patients with combined PLC and posterior
cruciate ligament injuries had concomitant anteromedial tibial
plateau fractures™. To investigate the relationship between fracture
morphology and ligamentous injury in diagonal injuries, we
measured the morphological parameters that were related to PLC
injuries. In the group-I HVTPFs with PLC injuries, we observed
substantial internal rotation of the tibia, which was not
consistent with the common phenomenon of isolated PLC
injuries with external rotation of the tibia*"**. This difference
could be partially explained by the combination of both PLC
injuries and anteromedial tibial plateau fractures™. In group-II
HVTPFs, morphological parameters were not found to be

TABLE Il Rate of Soft-Tissue Injuries*

Group | Group I
(N =28) (N =22)
(no. [%]) (no. [%])
ACL
Complete midsubstance tear 2(7.1) 0 (0.0)
Avulsion fracture 1 (3.6) 3(13.6)
PCL
Complete midsubstance tear 6 (21.4) 2 (9.1)
Avulsion fracture 1 (3.6) 1 (4.5)
MCL
Complete midsubstance tear 1 (3.6) 0 (0.0)
Avulsion fracture 1 (3.6) 0 (0.0)
LCL
Complete midsubstance tear 4 (14.3) 2 (9.1)
Avulsion fracture 4 (14.3) 3(13.6)
PT
Complete midsubstance tear 5 (17.9) 2 (9.1)
Avulsion fracture 0 (0.0) 0 (0.0)
MM
Anterior horn tear 2 (7.1) 3(13.6)
Body tear 5 (17.9) 3 (13.6)
Posterior horn tear 8 (28.6) 3(13.6)
LM
Anterior horn tear 1(3.6) 2 (9.1)
Body tear 1 (3.6) 3(13.6)
Posterior horn tear 2 (7.1) 2 (9.1)
*ACL = anterior cruciate ligament, PCL = posterior cruciate ligament,
MCL = medial collateral ligament, LCL = lateral collateral ligament,
PT = popliteus tendon, MM = medial meniscus, and LM = lateral
meniscus.
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Posterior

Figs. 3-A through 3-0 Heat mapping and representative views of the fracture line distribution in group-l HVTPFs. Figs. 3-A through 3-E Group-| HVTPFs.
Figs. 3-F through 3-J Group-l HVTPFs without PLC injuries. Figs. 3-K through 3-0 Group-| HVTPFs with PLC injuries.

associated with PLC injuries. We acknowledge that this study
may have been underpowered to detect such associations.
Severe osseous injuries may obscure the influence of PLC
injuries on fracture morphology. It is unknown what the risk
of medial tibial plateau displacement is with or without treat-
ment involving the PLC ligaments.

In general, PLC injuries rarely occur in isolation, and
concomitant ligamentous injuries are commonly reported''. In
this study, PLC injuries were common in both group-I and
group-II HVTPFs, which prompted us to further investigate
the association between PLC and other ligamentous injuries.
Notably, PLC injuries were often combined with posterior
cruciate ligament injuries in group-I HVTPFs, which aligns
with existing reports'®. In group-1I HVTPFs, 2 of the 6 patients
with PLC injuries had combined posterior cruciate ligament
injuries. Concomitant injuries to the PLC and posterior cru-
ciate ligament can lead to knee instability, gait abnormalities,
and alterations in medial joint contact pressures™ . It has also
been reported that patients with posterior cruciate ligament
and PLC injuries who have larger anteromedial fractures tend

to develop subsequent varus deformity of the lower extremity™.
Based on the aforementioned findings, extra attention should
be given to the diagnosis and treatment of posterior cruciate
ligament injuries in addition to PLC injuries.

Our study had some limitations. First, given the limited
incidence of HVTPFs in the population, patients with both CT
and MRI data are extremely rare. Because the sample size of
HVTPF cases was small, the findings should be interpreted
with caution and may not be generalizable. Second, MRI can
yield false positives, and the MRI grading of PLC injuries does
not always correspond with the degree of knee laxity. A future
goal is a better understanding of which fracture patterns are
most closely associated with PLC injury in order to provide
selective indications for MRI. Third, the energy of the injuries
had not been documented. Additionally, other posterolateral
structures such as the biceps femoris and the peroneal nerve
were not evaluated. Fourth, there was a lack of follow-up data
for the HVTPFs. Finally, it is unclear to what extent soft-tissue
injuries affect fracture stability. These are all areas for future
studies by our group.
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Figs. 4-A through 4-0 Heat mapping and representative views of the fracture line distribution in group-1l HVTPFs. Figs. 4-A through 4-E Group-ll HVTPFs.
Figs. 4-F through 4-) Group-ll HVTPFs without PLC injuries. Figs. 4-K through 4-0 Group-Il HVTPFs with PLC injuries.

Conclusions cortex, a small fracture area strongly suggests an accompanying
The rate of accompanying PLC injuries is relatively high in | PLC injury, and PLC injury is frequently combined with pos-
HVTPFs. In HVTPFs without fracture of the posterior column | terior cruciate ligament injury.

TABLE Ill Differences in Parameters Between Patients with and without PLC Injury*

Group | Group Il
Injury (N = 8) Noninjury (N = 20) Injury (N = 6) Noninjury (N = 16)
Medial plateau retreat distance (mm) 57+1.5 4.2 +2.2 8.8 +4.9 6.7 +2.7
Lateral plateau retreat distance (mm) -3.4+24 -1.2+3.0 4.7 £6.2 1.4+5.3
Rotation angle (deg) 8.0+ 3.5 3.2+1.1 7.0+55 3.4+1.0
Medial proximal tibial angle (deg) 85.1+£2.2 85.1 +£2.8 83.0+2.2 84.3+1.9
Medial posterior tibial slope (deg) 0.2+4.8 1.3+8.3 —-9.4+10.5 —-4.8+5.2
Lateral posterior tibial slope (deg) 6.6 +2.9 6.4+4.8 -38+7.7 —-2.6+6.0
Anterior articular surface loss (%) 15.1 +12.6 27.7 +15.4 — —
Fracture area ratio (%) 6.2 +2.8 16.7 £ 5.6 — —
*The values are given as the mean * the standard deviation. PLC = posterolateral corner.
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Appendix

@ Supporting material provided by the authors is posted
with the online version of this article as a data supplement

at jbjs.org (http://links.lww.com/JBJS/1207). m
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