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Abstract: Background: Posterior malleolar fractures (PMFs) account for 7-44% of all ankle fractures,
and are crucial for ankle stability, associated with poorer functional outcomes and higher rates of
traumatic arthritis. Despite the exact mechanism and treatment strategy of this kind of fractures still
remain controversial, most orthopaedic surgeons tend to treat PMFs with open reduction internal
fixation method. To achieve rigid fixation for the fragment, screws should be inserted across the
fracture plane perpendicularly. However, the study on the spatial geometry of the fracture surface
of PMFs, especially the trend surface, has not been reported before. Objective: This study aimed to
construct the trend surface of PMFs and establish an algorithm to better understand the spatial
geometry of the fracture surface, which could guide treatment strategies. Methods: A retrospective
analysis of CT images of PMFs from January 2021 to January 2024 was conducted. Cases were
grouped according to the Bartonicek classification system. The skeletal ankle models were
reconstructed, which were then transformed into CAD models. Fracture surfaces were segmented,
and point clouds were output to record coordinate values. The K-Dimensional Tree data structure
was built for the efficient indexcality of the Depth-First-Search algorithm to find the matched points
in the clouds. The average point was computed for matched points, and subsequently, the fracture
trend surface and heat map were generated. Results: Twenty-four cases were included. The
posterior malleolar fracture trend surface was composed of two surfaces, each approximated as a
plane and intersect an angle about 130.5°. The posterolateral surface extended slightly curvingly
from the posterior two-fifths of the fibular notch to the posteromedial one-third of the distal tibia,
formed an angle of 10.1° with the tibia axis and 10.1° with the coronal plan of the lower leg. The
posteromedial surface extended from the posteromedial one-third of the distal tibia towards the
intercollicular groove, formed an angle of 5.2° with the tibia axis and 39.4° with the coronal plan of
the lower leg. The heat map revealed that the high-frequency fracture regions presented at 16.0mm
away from the posterior malleolar distal edge and 11.2mm medial to the posterior margin of the
fibular notch. Conclusion: The study provides a novel perspective on PMFs by describing the
spatial geometric morphology of the fracture surface. This can be useful for the treatment strategies.
1. The fracture lines on the bone surface help us generate a stereoscopic model of the fracture surface
in our brain, but this model may not be the same as the true fracture surface. 2. In A-P fluoroscopic
view, 16.0mm away from the posterior malleolar distal edge and 11.2mm medial to the posterior
margin of the fibular notch were the high frequency regions where the fracture surfaces passed
through. 3. To firmly hold the posterolateral PMF, 3 key screws should be parallelly inserted into
the distal tibia through the fragment, oriented medially 10.4°, cephalad 10°. The insertion points of
the screws, in back view, are individually identified at 8.3mm, 16.9mm, 8.3mm superior to the
inferior margin of the posterior malleolus, and 6.0mm,10.5mm, 15.1mm posterior to the posterior
margin of the fibular notch. The depth of the screws should be no more than 40mm to avoid
irritating the anterior tendons, vessels and nerves.
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Background

Ankle fracture happens frequently in lower extremity, accounting for about 6.1% of all fractures.
Among this kink of fracture, the posterior malleolus is suffered in 7-44% of them. It is well known
that posterior malleolus is crucial to obtain ankle stability. Patients with posterior malleolar fractures
(PMFs) appears wors functional outcomes and higher accident of traumatic arthritis, comparing
those without PMFs. Good reduction an strong fixation are two key points to treat intra-articular
fractures. It was thought that avulsion posterior malleolar fragment (PMF) was induced by rotational
force, and blocky PMF, sometimes was called posterior Pilon fracture, was caused by strike.
However, up to now, the exact mechanism of how PMFs happens still remains controversial. To
explain the mechanism and gain better outcomes of PMFs, different classifications were reported,
such as Lauge-Hanson classification [1], Haraguchi classification [2], Bartonicek classification [3], etc.
All these classifications can be devided into tow groups. The first group is based on X-ray plain film,
like Lauge-Hanson classification; the second group is according to CT scan, such as Bartonicek
classification. To assess the role of PMFs in maintaining the ankle stability, Su [4], Quan [5], Yu [6],
etc. drew the fracture line map to describe the morphology of PMFs. Regrettably, these fracture maps
merely stay on the distribution of fracture line on the bone surface, but do not describe the 3D spatial
shape of the fracture surface. However, the trajectory of fracture line is not equal to the spatial shape
of fracture surface. It is well known that by distributing screws rationally and applying vertical
compression, more mechanically effective fixation across the fracture surface can be achieved. So, the
screw distribution and insertion direction may be not reasonable based on fracture line map. In order
to gain more positive fixation of fracture, it is necessary to obtain the 3D fracture surface. The true
fracture map should be the fracture surface map, not just the fracture line map. To achieve this, we
studied the PMFs surface, constructed the trend surface, and established the corresponding
algorithm.

Materials and Methods
Subjects

Retrospective screening of the CT images for the cases with PMFs was carried out from January
2021 to January 2024. All cases were grouped according to Bartonicek classification system. Inclusion
criteria were as follows: 1. type 3 of Bartonicek classification; 2. aged 18 years or older; 3. simple
fractures; 4. Imm CT slice thickness. Cases were excluded if: 1. more than 3 fragments of distal tibia;
2. old fractures; 3. osteoporosis, tumors, tuberculosis, or other destructive diseases around the ankle
were noticed.

Generating the Trend Surface of PMFs

CT images were input into Materialise Mimics Medical software (Version 21.0, Materialise NV,
Leuven, Belgium) to generate skeletal ankle models in STL format. Then, the STL models were
imported into Magic Studio 2013 software (version 2012, North Carolina, USA), and the STL models
were transformed into CAD model in STP format based on NURBS surface. After that, a randomly
chosen medium-sized ankle model was uploaded in Rhino software (Rhino 6, Robert McNeel &
Associates, Seattle, Washington, USA) as the benchmark for model size and coordination adjustment.
All models were uploaded in Rhino sequentially and modified size and spatial position according to
the benchmark model through ‘zoom, translate, rotate’ order by a senior orthopedic surgeon.
Thereafter, fracture surfaces were segmented, their point clouds were output to record the coordinate
value (Figure 1). The K-Dimensional Tree data structure was built for the efficient indexcality of the
Depth-First-Search to find the matched points in the clouds [7,8]. The euclidean distance between
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two points on the plane X-O-Y was computed, 0.5mm was set as the threshold to group the points as
the ‘matched (x,y)’ (Figure 2). The number of the points was noted as the frequency of this group.
The average value of z in the matched (x,y) point group was calculated, and the average value of (x,y)
was also computed. A point could only be included in a matched (x,y) point group once. If there was
a point that had no matched points, its (x,y,z) was recorded as this group’s (X, y, z ). Hence, the
matrix of average point cloud [(X,),Z)] was built. Subsequently, the matrix [(X,Y,Z)] was
imported into Rhino, and the fracture trend surface was reconstructed (Figure 1). Meanwhile,

different color was assigned to the corrspoing point accodring to its frequency, so that the heat map
of PMFs was built.

Adjusting the size and
spatial position according
to the benchmark model

> &

Generating 3D
ankle modle

Segmenting the
fracture surfaces

Exporting the fracture surfaces

Extracting the point clouds

. Recording the coordinate values of the point clouds
Reconstructing the

Reconstructing the PMFTS : =
heat map of PMFTS

through K-Dimensional Tree and
Depth-First-Search method

G

130
1341

“-13.07997604217179"
"-13.3020941843211"
~13.5546316637141°

*-5 352494629339077"
*-5.376949433455621"
- 5.389530451644447"

15.76984176395634° -4 - .
“1245178505456124°  °-5008133685019990°  '-4120228341534208"
' *-8. P T4
— 2 *12668401668326577°  °-5225426971114013"  *-4160816329819504"
Building the average point cloud *-12.88003517236807° +-5.309620126606205" +-42.0869131938662"

*-42.57301899008333"
*-43.04862429299644"
*.43.50941953452629"

-14.14882131619191"
“-14.47668204687536"

“-5 410681648594675"
“-5.383956445308343"
*-5.340:

*-43.94995135391724"
*-44.37422037861339"
*-44,78312388706253"

-1s.

*-45.55005114349073"

Py s
“-15.62097465723114"
156 :

hnd

“-4.960246393462768"
ag icdbie

*-45.94101146399628"
*-46.21301553192191°

*12.36965680027663"
°-12.44848239117068"

*.5.112617987060418"
*-5.193384714355432"

*.41.31106279534166"
*-41.43903533009374"

12
-12.77022950862505"
o = g

-5 372796821876477"

*-42.21380074879689"
*-42.69532100209731°

1391

Figure 1. Reconstructing the trend surface of PMFs.
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Figure 2. If the euclidean distance between two points on the plane X-O-Y is smaller than 0.5mm (blue
column), the points are included in one “matched (x,y)” group (red points).

Results

A total of 24 cases were included in the study. By applying the least square method, the average
point cloud was derived from those 24 fracture point clouds. Subsequently, the posterior malleolar
fracture trend surface was fitted based on the average point cloud (Figure 3). Investigating the
individual posterior malleolar fracture surfaces and posterior malleolar fracture trend surface
(PMFTS), the following findings are revealed. 1. The PMFTS was mainly composed of two surfaces.
Although both fracture trend surfaces were unsmooth and slightly curved, each trend surface could
still be approximated as a plane. The posterolateral one extended slightly curvingly from the
posterior two-fifths of the fibular notch to the posteromedial one-third of the distal tibia, split the
posterolateral aspect of the distal tibia. This surface formed an angle of 10.1° with the tibia axis, 23.6°
with the line connecting the tips of the medial and lateral malleolus, and 10.1°with the coronal plan
of the lower leg (Figure 4). The posteromedial one extended from the posteromedial one-third of the
distal tibia towards the intercollicular groove of the medial malleolus, splitting the posteromedial
aspect of the distal tibia. This surface formed an angle of 5.2° with the tibia axis, 25.9° with the line
connecting the tips of the medial and lateral malleolus, and 39.4° with the coronal plan of the lower
leg (Figure 5). The intersection angle between these two surface was 130.5°. Examining the fracture
line of the fracture trend surface, in the lateral view, the fracture line ran posteriorly and superiorly
from the posterior two-fifths of the fibular notch, forming an angle of about 9.7° with the tibia axis;
in the medial view, the fracture line traveled posteriorly and superiorly from the intercollicular
groove, forming an angle of about 21.3° with the tibia axis; in the bottom view, the fracture line could
be regarded as being composed of two lines, the posterolateral line and the posteromedial line. The
former started at the posterior two-fifths of the fibular notch, the latter originated from the
intercollicular groove, and these two fracture lines met at medial one-third of distal posterior tibia,
intersecting at an angle of approximately 130.6°(Figure 3). Studying the heat map of PMFTS, it was
demonstrated that, in the posterior-anterior perspective view, 16.0mm away from the posterior
malleolar distal edge and 11.2mm medial to the posterior margin of the fibular notch were the high
frequency regions where the fracture surfaces passed through (Figure 6.).
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Figure 3. The fracture trend surface of posterior malleolar fracture.
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Figure 4. The posterolateral fracture trend surface extended slightly curvingly from the posterior two-
fifths of the fibular notch to the posteromedial one-third of the distal tibia, split the posterolateral
aspect of the distal tibia. This surface formed an angle of 10.1° with the tibia axis, 23.6° with the line
connecting the tips of the medial and lateral malleolus, and 10.1°with the coronal plan of the lower

leg.

Figure 5. The posteromedial fracture trend surface extended from the posteromedial one-third of the
distal tibia towards the intercollicular groove of the medial malleolus, splitting the posteromedial
aspect of the distal tibia. This surface forms an angle of 5.2° with the tibia axis, 25.9° with the line
connecting the tips of the medial and lateral malleolus, and 39.4° with the coronal plan of the lower
leg.
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Figure 6. Areas, 16.0mm away from the posterior malleolar distal edge and 11.2mm medial to the
posterior margin of the fibular notch, were the high frequency regions where the fracture surfaces
passed through.

Discussion

The Epidemiology of PMFs

Ankle fractures is a common kind of injury suffering the lower extremity.In China, 2014, the
morbidity of ankle fracture was 3.7/10,000 person-years; the incidence rate among males was 50.5%,
while among females, it was 49.5%; the incidence rate is highest among males over 80 years old and
females aged 65 to 79 [9]. In USA, 2012-2016, the incidence rate of ankle fracture was 4.22/10,000
person-years; 44% of ankle fractures occurred in men, whereas 56% occurred in women; the highest
incidence in men occurred in 10 to 19 years age group, but women were more commonly affected in
all other age groups [10]. In both countries, falls was the most popular injury mechanism. Posterior
malleolus is usually affected in ankle fractures, occurs in up to 46% of Weber B or C ankle fracture
and is rarely isolated [11]. The age group of 50-59 years old stands at the peak of accidence, the
number of cases according to different fracture types is as following: trimalleolar fracture-supination
external rotation (71.0%)>bimalleolar fracture (12.7%) > trimalleolar fracture-pronation extorsion
(9.1%) > posterior malleolus + tibial shaft fracture (4.0%) > simple posterior malleolus fracture (3.2%)
[12]. Additionally, posterior malleolar fracture is noticed associated with spiral tibial diaphyseal or
shaft fracture. In Hou’s study of 288 tibial shaft fracture cases, 28 cases (9.7%) was found with PMFs,
but only nine of them were observed preoperatively in plain X-ray films [13]. Posterior malleolus
plays a crucial role in ankle stability. Compared with those without PMFs, patients with PMFs tend
to have a poorer prognosis and a higher incidence of traumatic ankle arthritis [14]. Not only because
the posterior malleolus is the essential component of weight bearing articular surface of ankle
mortise, but also it provides the indispensable support for syndesmosis. In recent years, an ascending
amount of literature has recommended fixation method for PMFs.
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The Classification of PMFs

To category the ankle fractures and optimize the outcomes of treatment, many classification
systems were reported. Among them, the Lauge-Hanson classification is more popular because that
it is closely related with the injury mechanism and guide the treatment strategy. However, there are
still approximately 5% of the fractures cannot be classified according to the Lauge-Hansen
classification [15]. With the usage of CT scan, classification systems based on this image technique
were reported, especially focusing on PMFs. Haraguchi categorize the PMFs into 3 types: type I,
oblique posterolateral wedge-shaped fragment involving the posterolateral corner of the tibial
plafond; type II, transverse fracture line extending from the fibular notch to the medial malleolus;
type III, a small, shell-like fragment at the posterior lip of the tibial plafond [16]. Bartonic¢ek divided
PMFs into 5 groups: type 1, extraincisural fragment; type 2, posterolateral fragment; type 3,
posteromedial, two-part fragments; type 4, large, posterolateral triangular fragment; type 5, irregular
osteoporotic fracture [3]. Mason grouped PMFs into 4 types: type 1: extraarticular/ incisura posterior
malleolar avulsion fracture; type 2A: the primary posterolateral triangle fragment of distal tibia
extends into the incisura; type 2B: subsequent to type 2A, a secondary fragment on the posteromedial
aspect of the distal tibia is produced; type 3: coronal plane fracture line involves the whole posterior
plafond [17]. These three classification systems are commonly used when describe the PMFs, each
has its own strength and weakness. Haraguchi’s classification system is favored for its clear
descriptions based on CT images, helps guide treatment decisions. However, accurate classification
will be difficult when the fracture fragments are small or atypical. Bartonicek’s classification system
provides more details, considers the position and size of the fragments as well as their role in the
ankle stability. It has shown high reliability in the literature and is well correlated with clinical
outcomes.Mason'’s classification system is based on the illustration of the pathomechanics of PMFs,
and shows a good interobserver agreement [18]. Bartonicek’s classification is considered the most
promising due to its inclusion of a treatment algorithm and consistent predictive outcomes. However,
all these classification systems have limitations in describing the complexity of posterior malleolar
fractures, and none has fully established its dominance in the literature.

The Morphology of PMFs

To disclose the regularities of the morphology of PMFs aiding in the determination of the
reduction and internal fixation strategy, fracture map or heat map of posterior malleolar fracture lines
were utilized. It is discovered that, the angle between the fracture line and tibia axis in distal tibial
sagittal plane was from 3.3° to 63.9° [19]; this angle was negatively correlated with the percentage of
fragment area/distal tibial transverse area [20]; compared to the SER4 (Lauge-Hansen supination
external rotation stage 4) group, PER4 (pronation external rotation stage 4) group presented larger
PMF, but with more extensive and unorganized distribution fracture lines [4]. Quan et al. divided
PMFs into large-fragment, small-fragment, small-shell groups and drew the fracture map. They
found that in the small-fragment group, the fracture lines cut the posterior third of posterior
malleolus margin; while in the big-fragment group, the fracture lines originated from the middle of
the fibular notch and ended at the groove of the tibialis posterior and flexor digitorum longus,
separated the whole posterolateral distal tibia [5]. In the present study, it was revealed that the
posterolateral fracture trend line originated from the posterior two-fifths of the fibular notch and
ended at medial one-third of distal posterior tibia, the angle between posterolateral fracture trend
surface and tibia axis was 10.1°. These results ate consistent with the prior fracture map researches.
However the preceding investigations did not reveal the details of fracture surface. To our
knowledge, this study is the first report describing the spatial geometric morphology of the fracture
surface of PMFs and modelling the trend surface.

The Treatment of PMFs

It is generally accepted that PMFs involving more than 25% articular surface [21], with
displacement more than 1 mm step-off or 2mm gap [22], need surgical treatment. General strategies of
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internal fixation for PMFs involve the anterior-posterior (AP) indirect reduction + percutaneous
screw fixation method and the posterior approach direct reduction + plate or screw fixation method.
A retrospective study on trimalleolar fracture fixation methods in a trauma center over 9 years,
involving 86 cases, compared the AP percutaneous screw group with the posterior open reduction
internal fixation group. The results showed the better functional and radiological outcomes with the
posterior-anterior (PA) method [23]. Taking the advantages of detail and accuracy, FEA is more and
more used in biomedical test. There are several study comparing the efficiency of different strategies
for PMFs internal fixation through FEA. Most of them support that increasing fracture size requires
more stable fixation construct, posterior plate afford superior stability and lower PMF displacement
[24,25]. Cadaveric biomechanical studies also support this idea. A study assessed the stability of 15
frozen specimen PMFs with 2 AP screws, 2 PA screws, and a posterior T-shaped plate. The study
recommended the use of a posterior plate for the fixation of PMFs, since it presented better stability,
while AP and PA lag screws exhibited higher stress and fracture step-off, thereby indicating a higher
probability of cut-through and fixation loss [26]. However, the treatment strategies of PMFs is
controversial. A meta analysis reported that the A-P screw ranked the highest for AOFAS score and
the lowest for occurrences of infection and peroneal nerve injury; on the other hand, the P-A screw
was superior in VAS score; nevertheless, the posterior plate presented the lowest level of bone
arthritis, non-union, the postoperative articular step-off more than 2 mm, and the loss of ankle
dorsiflexion more than 5° [27]. A 10-year follow up study showed that despite worse radiographical
osteoarthritis was correlated with PMFs step-off more than 1 mm and dislocation/subluxation, the
PMF with average size 162 + 7.39% still presented largely satisfactory clinical outcomes.
Additionally, pain and functional scores were not depend on PMF size, fracture step-off, dislocation,
and syndesmotic injury [28]. A investigation on 8 biomechanical and 25 clinical studies with more
than 950 cases advised that the size of PMF is not the only major factor indicating operation, when
considering surgery option, the fracture displacement, the stability and the congruency of the joint
are also the critical factors affecting the outcomes [29,30]. In a systematic review, complications and
functional results on comparison between PA screw and plate fixation for PMFs, it was revealed that
no clinical nor radiological significant differences between groups [31]. Interestingly, a retrospective
investigation with a follow-up period of 12.5 to 39.4 years, involving 423 cases of open reduction
internal fixation for posterior malleolar fragments, demonstrated that patient-reported outcome
measures were barely related to pathophysiology but mostly reflected impairment and depression
symptoms [32]. In recent years, the impact of PMFs fixation on the syndesmotic stability has been
mentioned. A cadaveric study was conducted to evaluate the effectiveness of different methods to
restored native tibiofibular and ankle joint kinematics after PMFs. The results showed that, with
external rotation, posterior malleolar screws resulted in higher syndesmotic stability comparing with
transsyndesmotic suture button, posterior malleolar screws with AITFL augmentation using suture
tape brought out best stability of the fibula and ankle joint [33]. Reviewing previous literature,
because of wide variability in fragment characteristics and mode of testing made, it is difficult to
compare studies and draw conclusions on the need for surgery and method of fixation, strong
conclusions on the effects of fracture and fixation on joint contact pressure and stability could not be
made [34]. Even so, since the most of PMFs is a kind of intra-articular fracture, based on the basic
theory of Association for the Study of Internal Fixation, anatomic reduction and rigid fixation, if there
is significant displacement of PMFs, instability or incongruent of ankle joint, PA reduction and
internal fixation should be take into account. According to the principle of vector algorithm: when
the magnitude of the force is limited, the more perpendicular the force is to the fracture surface, the
greater the normal force is applied on it, subsequently, the higher the static friction is generated
(Figure 7). Thereby, the screws inserted into the distal tibia to fix the posterolateral malleolar
fragment should orient medially 10.4°, cephalad 10° (Figure 8); meanwhile, to fix the posteromedial
malleolar fragment, the screws should orient medially 39.4°, cephalad 5.2° (Figure 5).
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Limitation and Strength

There are only 24 cases included in the study, more cases need being studied to improve the
accuracy of the PMFTS. Nevertheless, the philosophy of this research offers a fresh perspective on
understanding the PMFs, and its methods and algorithms will facilitate studies on fractures in other
parts of the body, providing a theoretical foundation for exploring fracture mechanisms and
improving internal fixation strategies.

Conclusions

1. The fracture lines on the bone surface give us the first impression of the fracture shape. However,
these lines are actually the intersection lines of the fracture surface with the bone surface. They
help us generate a stereoscopic model of the fracture surface in our brain, but this model may
not be the same as the true fracture surface (Figure 3).

2. In A-P fluoroscopic view, 16.0mm away from the posterior malleolar distal edge and 11.2mm
medial to the posterior margin of the fibular notch were the high frequency regions where the
fracture surfaces passed through (Figure 6).

3. To firmly hold the posterolateral PMF at the reduction place, 3 key screws should be parallelly
inserted into the distal tibia through the fragment, oriented medially 10.4°, cephalad 10°. The
insertion points of the screws, in back view, are individually identified at 8.3mm, 16.9mm,
8.3mm superior to the inferior margin of the posterior malleolus, and 6.0mm,10.5mm, 15.1mm
posterior to the posterior margin of the fibular notch. The depth of the screws should be no more
than 40mm to avoid irritating the anterior tendons, vessels and nerves(Figure 8).

Abbreviations

PMFs = Posterior malleolar fractures

PMEFTS = Posterior malleolar fracture trend surface
SER = supination external rotation

PER = pronation external rotation

AP = anterior-posterior

PA = posterior-anterior
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