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Abstract 

Purpose:  This finite element analysis assessed lateral compression (LC-1) fracture stability using machine learning for 
morphological mapping and classification of pelvic ring stability.

Methods:  Computed tomography (CT) files of LC-1 pelvic fractures were collected. After morphological mapping 
and producing matrix data, we used K-means clustering in unsupervised machine learning to classify the fractures. 
Based on these subtypes, we manually added fracture lines in ANSYS software. Finally, we performed a finite element 
analysis of a normal pelvis and eight fracture subtypes based on von Mises stress and total deformation changes.

Results:  A total of 218 consecutive cases were analyzed. According to the three main factors—zone of sacral injury 
and completion, pubic ramus injury side, and the sagittal rotation of the injured hemipelvis—the LC-1 injuries were 
classified into eight subtypes (I–VIII). No significant differences in stress or deformation were observed between 
unilateral and bilateral public ramus fractures. Subtypes VI and VIII showed the maximum stress while subtypes V–VIII 
showed the maximum deformation in the total pelvis and sacrum. The subtypes did not differ in superior public 
ramus deformation.

Conclusions:  Complete fracture of sacrum zones 2/3 may be a feature of unstable LC-1 fractures. Surgeons should 
give surgical strategies for subtypes V–VIII.

Keywords:  Morphological mapping, Lateral compression type 1, Pelvic fracture, Stability, Classification, Finite 
element analysis
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Introduction
Lateral compression type-1 (LC-1) pelvic fractures 
account for approximately 50–60% [1–3] of all pelvic 
injuries. However, the understanding of LC-1 is contro-
versial, especially in terms of pelvic ring stability and 
treatment strategies [4]. Owing to differences in factors 
that affect the impact site and speed, the manifestations 

of LC-1 fractures are diverse and the pelvic ring stability 
varies widely. Investigators previously believed that LC-1 
fractures were unstable and recommended surgery [5]. 
Subsequently, some investigators suggested that partial 
posterior ring ligaments and the pelvic floor structure in 
LC-1 remained intact and that these fractures were stable 
[6]. Thus, conservative treatment of LC-1 fractures was 
recommended [7]. Recent studies have shown that LC-1 
fractures are highly variable pelvic injuries, with some 
clustering as stable and others as unstable [8].
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However, how to accurately determine the stability of 
the pelvic ring in LC-1 pelvic fractures remains uncertain. 
Parry et al. have found weightbearing as tolerated could 
not identify all cases of occult instability, and resulted 
in an increased time to surgery for patients needing 
operative treatment [9]. Additionally, it is challenging to 
determine stability of the pelvic ring using static X-rays, 
computed tomography (CT), and magnetic resonance 
imaging (MRI). Ma et  al. found the true instantaneous 
deformation of the pelvis was 2.2 times to the displace-
ment at admission [10]. Gary et  al. reported the use of 
MRI to scan anterior and posterior pelvic ligament inju-
ries to predict pelvic stability [11]. However, this method 
is limited to an indirect strategy. Because of the lack of 
understanding of the LC-1 stability mechanism, orthope-
dic surgeons cannot evaluate pelvis stability from static 
images or formulate the optimal treatment strategies for 
these patients.

Due to these limitations, the study of dynamic biome-
chanical mechanisms has become the best way to deter-
mine the stability of the LC-1 pelvic ring. In the past 
5  years, our team has used ultrasound to detect mobil-
ity of the superior pubic ramus under pelvic compression 
and separation tests to dynamically determine the stabil-
ity of the LC-1 pelvic ring [12–15]. We have developed a 
standard operating procedure for testing [12, 13], quanti-
fied the criterion for stability [13], evaluated its accuracy 
[13], and followed up the long-term results [15]. How-
ever, there remain several limitations to the current judg-
ing system. The main limitation is the use of ultrasound 
to observe anterior ring mobility and indirectly assess 
pelvic ring stability, which fails to consider the fracture 
shape and degree of sacral damage. Therefore, the sen-
sitivity and specificity of ultrasound diagnosis are low 
(66.67% and 76.92%, respectively) [13].

To overcome the current predicament of biomechani-
cal study, we designed this finite element analysis based 
on the use of machine learning to draw the morphologi-
cal mapping and classify subgroups of pelvic ring stability 
to assess the stability of LC-1 fractures.

Materials and methods
Intelligent classification of machine learning
We collected computed tomography (CT) files of LC-1 
pelvic fractures in our hospital from 2015 to 2020. The 
section thickness was 1.5 mm. The images were imported 
into the computer system and the following steps were 
performed:

1.	 If the injured side of the pelvis was contralateral, we 
used the mirror function to show the fracture line on 
the identified side.

2.	 We drew the morphological mapping.

3.	 After completing the morphological mapping, we 
obtained the matrix data using K-means clustering 
analysis by applying an unsupervised machine learn-
ing method.

4.	 Based on the sacral fracture morphology, we classi-
fied LC-1 pelvic fractures.

Finite element analysis
First, we screened DICOM data of regular pelvic patients 
from the CT database. Then, we used HyperMesh soft-
ware (version 12.0; Altair Engineering, Michigan, United 
States) for pre-processing before performing the finite 
element analysis. Next, we imported the obtained geom-
etries into ANSYS 19.2 (ANSYS, Inc., Canonsburg, PA, 
USA). Then, according to the subtypes from the machine 
learning classification, we manually operated models 
of fracture subtypes by adding fracture lines in ANSYS. 
Since this study focused on bones, we ignored the com-
plex modeling of the ligaments. Therefore, all the con-
tacts between the components were considered entirely 
bound to keep the pelvis assembled.

Before the finite element analysis, a patch-independent 
algorithm and quadratic tetrahedral elements were used 
for meshing. We set the Young’s modulus E and Poisson’s 
ratio ν of each component according to the parameters 
described previously [16]. The Young’s modulus E and 
Poisson’s ratio ν were 7000 Mpa and 0.3 for bones [17], 
5 Mpa and 0.495 for the pubic symphysis [18], and 350 
Mpa and 0.495 for the sacroiliac joints [19], respectively.

The conditions of the finite element analysis were as 
follows: the bilateral ischial tuberosity was fixed and a 
static force of 500 N was applied in the vertical direction. 
We performed finite element analyses of the normal pel-
vis and eight fracture subtypes, focusing on von Mises 
stress and total deformation changes. We then exported 
the von Mises stress and total deformation diagrams and 
assessed the reasonableness of the calculations, revising 
the results as necessary.

Results
Intelligent classification of machine learning
This study collected 218 consecutive cases and their 
DICOM images from 2015 to 2020. The average patient 
age was 46.56  years, and there were 165 men and 53 
women. We imported the CT data of LC-1 pelvic frac-
tures into a computer system and drew morphological 
maps of the fracture line, as shown in Fig. 1.

According to the three main factors—the zone of sacral 
injury and completion, pubic ramus injury side, and the 
sagittal rotation of the injured hemipelvis— the LC-1 
injuries were classified into the following eight subtypes, 
as shown in Fig. 2.
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Subtype I: Compression fracture of sacrum zone 
1 + fracture of the unilateral pubic ramus + without sagit-
tal rotation deformity on the injured hemipelvis.

Subtype II: Compression fracture of sacrum zone 
1 + fracture of the bilateral pubic ramus + without sagit-
tal rotation deformity on the injured hemipelvis.

Subtype III: Incomplete fracture of sacrum zones 
2/3 + fracture of unilateral pubic ramus + without sagittal 
rotation deformity on the injured hemipelvis.

Subtype IV: Incomplete fracture of sacrum zones 
2/3 + fracture of the bilateral pubic ramus + without sag-
ittal rotation deformity on the injured hemipelvis.

Subtype V: Complete fracture of sacrum zones 
2/3 + fracture of the unilateral pubic ramus + without 
sagittal rotation deformity on the injured hemipelvis.

Subtype VI: Complete fracture of sacrum zones 
2/3 + fracture of the unilateral pubic ramus + with sagit-
tal rotation deformity on the injured hemipelvis.

Subtype VII: Complete fracture of sacrum zones 
2/3 + fracture of the bilateral pubic ramus + without sag-
ittal rotation deformity on the injured hemipelvis.

Subtype VIII: Complete fracture of sacrum zones 
2/3 + fracture of the bilateral pubic ramus + with sagittal 
rotation deformity on the injured hemipelvis.

In particular, the rotated pelvis showed < 8° in sagittal 
plane rotation compared to that in the non-rotated hemi-
pelvis. Illustrations of the subtypes are shown in Fig.  2, 
and their compositions are shown in Fig. 3.

Finite element analysis based on pelvic ring stability
Von Mises stress distributions
The stress distribution diagrams of the normal pelvis and 
the eight fracture subtypes were shown in Fig. 4. In addi-
tion, the sagittal section of the sacrum along the fracture 
line is shown in Fig. 5.

The maximum stress of the normal pelvis was 10.57 
Mpa. The maximum stress for subtypes I–VIII were 
10.08 Mpa, 10.96 Mpa, 22.46 Mpa, 22.36 Mpa, 25.43 
Mpa, 444.47 Mpa, 25.28 Mpa, and 350.62 Mpa, respec-
tively. The order of pelvic stress was subtype VI/sub-
type VIII > subtype V/subtype VII > subtype III/subtype 
IV > subtype I/subtype II. Furthermore, there was no sig-
nificant difference in stress between unilateral and bilat-
eral public ramus fractures. The maximum stress was in 
the sacrum, showing Fig. 5.

Analysis of stress in the posterior pelvic ring showed 
that after compression fracture in sacral zone 1, com-
pared to the normal pelvis, there was no significant 

Fig. 1  Morphological mapping of the fracture lines in LC-1 pelvic 
fracture. The lines are in the sacrum, ipsilateral and contralateral pubic 
ramus

Fig. 2  Illustrations of LC-1 pelvic fracture subtypes
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difference in the stress distribution among normal, sub-
type I, and subtype II. The maximum stress of subtypes 
I and II (Fig.  5A, B) was approximately 8 Mpa and was 
located at the compression fracture of the sacrum, com-
pared to 7 Mpa at this location in the normal pelvis. For 
incomplete fractures in sacral zones 2/3, the maximum 
stress in subtypes III and IV (Fig. 5C, D) increased to 22 
Mpa, 3.6 times that in the normal pelvis. The peak also 
occurred at the site of the incomplete sacral fracture. For 
complete fractures in sacral zones 2/3, the total stress 
was 25 Mpa in subtypes V and VII (Fig. 4F, H), 4.2 times 
that in the normal pelvis. However, the sacral stress was 
approximately 10 Mpa at the fracture site, and the site of 
peak stress was in the ipsilateral ischial branch. For rota-
tions occurring in sacral zones 2/3, which were catego-
rized as subtypes VI and VIII (Fig. 5F, H), the maximum 
stress increased to 444 Mpa and 350 Mpa, respectively. 
The stress increases by approximately 60–70-fold com-
pared to that in the normal pelvis. The order of sacral 
stress was subtype VI/subtype VIII > subtype III/sub-
type IV > subtype VI/subtype VIII > subtype I/subtype II, 
which differed from the order observed for total stress.

Total deformation
The deformation diagrams of the normal pelvis and the 
eight fracture subtypes were shown in Fig. 6. The maxi-
mum deformation was observed at the L5 vertebra. 
Because of complete fractures in sacral zones 2/3, the 

deformation in subtypes V-VIII (Fig. 6F,–I) is unilaterally 
distributed, rather than symmetrically distributed in in 
subtypes I–IV (Fig. 6B–E). The maximum deformation of 
the normal pelvis was 2.9 mm (Fig. 6A). For subtypes I–
IV (Fig. 6B–E), the maximum deformations were close to 
normal, at 3.3 mm, 3.3 mm, 3.4 mm, and 3.4 mm, respec-
tively. However, the maximum deformation was 10.2 mm 
for subtypes V and VII (Fig. 6F, H), and 9.6 mm for sub-
types VI and VIII (Fig.  6G, I). Thus, the order of total 
deformation was subtype V/subtype VII/subtype VI/sub-
type VIII > subtype III/subtype IV/subtype I/subtype II. 
There was no significant difference in total deformation 
between unilateral and bilateral public ramus fractures.

Deformations in the sacrum and public ramus
The maximum deformation occurred at the L5 vertebra; 
thus, the deformations of the sacrum and public ramus 
were also determined.

The sagittal section of the sacrum along the fracture 
line is shown in Fig.  7. The maximum deformations 
were observed for subtypes V–VIII (Fig.  7E–H), at 
approximately 5.0–7.0 mm, while the deformations for 
subtypes I–IV were approximately 1.7 mm (Fig. 7A–D). 
The order of sacral deformation was subtype V/sub-
type VII/subtype VI/subtype VIII > subtype III/subtype 
IV/subtype I/subtype II. The results from the sacral 
deformation analysis suggested no significant differ-
ence between compression fracture of sacral zone 1 and 

Fig. 3  Proportions of eight LC-1 fracture subtypes
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incomplete fracture of sacral zone 2/3. After complete 
fracture of the sacral zone 2/3 or rotation hemipelvis, 
the deformation increased by 3–fourfold compared to 
that for subtypes I–IV. The maximum displacement of 
the sacrum maybe occur in subtypes V-VIII.

The sagittal section of the superior public ramus 
along the fracture line is shown in Fig. 8. There were no 

significant differences between subtypes. The deforma-
tion values ranged from 0.15 to 1.2  mm. The minimum 
and minimum deformations were observed for subtype 
IV and subtype V, respectively. There were no significant 
differences between different subtypes in deformation 
distribution in the public ramus. When loading 500  N, 

Fig. 4  Von Mises stress distributions for the whole pelvis in LC-1 fracture subtypes (A normal pelvis; B subtype I; C subtype II; D subtype III; E 
subtype IV; F subtype V; G subtype VI; H subtype VII; I subtype VIII). The maximum stress was subtype VI and subtype VIII, but the illustrations were in 
Fig. 5
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there was no obvious effect on the superior public ramus 
when LC-1 pelvic fracture.

Discussion
LC-1 fractures are the most common pelvic ring injuries. 
However, they represent a heterogeneous spectrum of 
injury mechanisms and fracture patterns, resulting in a 
lack of solid evidence for a universal treatment algorithm 
[20]. This finite element analysis performed morpho-
logical mapping of the LC-1 fracture and classification of 
pelvic ring stability. We found that: (1) Unilateral public 
ramus fractures or bilateral injuries did not influence the 
stress distribution and deformation. (2) The maximum 
sacral stress occurred in subtypes VI and VIII. (3) Sub-
types V–VIII showed the high possibility of whole-pelvis 
and sacral deformation. Thus, these results indicated that 
complete fracture of sacrum zone 2/3 might be a feature 
of unstable LC-1 fractures.

An increasing number of orthopedic surgeons have 
focused on exams under anesthesia to predict stability, 
a method that could increase agreement among experi-
enced pelvic surgeons regarding the assessment of LC-1 
pelvic ring stability and the need for definitive operative 
intervention [21]. Tosounidis et  al. reported that LC-1 
injuries with complete posterior sacral injury were inher-
ently rotationally unstable and that patients presenting 
with these fracture patterns benefited from surgical sta-
bilization [22]. This result is similar to that of the present 

study. However, even if the patients had a stable pelvic 
ring, the procedure under anesthesia could not be omit-
ted before selecting an identified conservative treatment. 
In addition, there remains no clear consensus among sur-
geons regarding the method of performing exams under 
anesthesia or the definition of a positive exam under 
anesthesia [23]. The present finite element analysis pro-
vided a basic theory for stability in LC-1 fractures to 
increase confidence in distinguishing between stable and 
unstable fractures. In addition, regarding the relationship 
between sacral completeness and pelvic stability, a recent 
study reported that sacral fracture completeness in LC-1 
pelvic ring injuries had weak interobserver reliability and 
significant potential for error by using sacral fracture 
completeness as a criterion to rule out occult instabil-
ity [24]. That study examined lateral stress, in which two 
surgeons delivered maximal compressive force to the 
patient’s greater trochanters; thus, the force could not be 
quantitatively measured. Moreover, the LC-1 pelvic cor-
responded to the Tile-B2 type, which has been defined as 
rotationally unstable and vertically stable [25]. In addi-
tion, lateral stress was applied to the pelvis in their study. 
If the lateral pressure is sufficiently large, all LC-1 pelvic 
fractures will show instability. Thus, compared to lateral 
stress, vertical stress is more meaningful in assessing sta-
bility and can reflect stability when weight-bearing [16].

To our knowledge, this is the first study to divide 
LC-1 fractures into subtypes and perform finite element 

Fig. 5  Von Mises stress distributions in the sacrum of LC-1 fracture subtypes (A subtype I; B subtype II; C subtype III; D subtype IV; E subtype V; 
F subtype VI; G subtype VII; H subtype VIII). The order of sacral stress was subtype VI/subtype VIII > subtype III/subtype IV > subtype VI/subtype 
VIII > subtype I/subtype II. The white arrow shows the site of maximum stress (red) in eight subtypes
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analysis to assess the stability of LC-1 fractures. We 
found that complete fracture of sacrum zones 2/3 may 
be a feature of unstable LC-1 fractures and identified the 
unstable subtypes for application in clinical practice. The 
maximum sacral stress was observed in subtypes VI and 
VIII, corresponding to the maximum total pelvic stress 
in the stress. In addition, the stresses for the whole pel-
vic and sacrum were consistent for subtypes III/IV and 
subtypes I/II. However, the peak stresses in the whole 

pelvis and sacrum were inconsistent in subtypes V and 
VII. In these models, the ipsilateral ischial branch was the 
site of peak stress. This is because the primary mechani-
cal stress was decomposed when incomplete fractures 
developed to complete fracture in sacral zone 2. Sub-
types V–VIII showed the maximum sacral deformation, 
which corresponded to the results of the results for total 
deformation.

Fig. 6  Total deformation distributions in the whole pelvis of LC-1 fracture subtypes (A normal pelvis; B subtype I; C subtype II; D subtype III; E 
subtype IV; F subtype V; G subtype VI; H subtype VII; I subtype VIII). The maximum total deformation was 10.2 mm for subtypes V (F) and VII (H)
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Before performing the finite element analysis, we 
used patient CT data to morphologically map the frac-
ture lines and classify fracture subtypes by machine 

learning. This process provided the basis for the accu-
rate classification of LC-1 fractures. We observed sta-
ble subtypes I–IV and unstable subtypes V-VIII in 

Fig. 7  Total deformation distributions in the sacrum of LC-1 fracture subtypes (A subtype I; B subtype II; C subtype III; D subtype IV; E subtype V; F 
subtype VI; G subtype VII; H subtype VIII). The order of sacral deformation was subtype V/subtype VII/subtype VI/subtype VIII > subtype III/subtype IV/
subtype I/subtype II. The maximum displacement of the sacrum may occur in subtypes V-VIII

Fig. 8  Total deformation distribution in the public ramus of LC-1 fracture subtypes (A subtype I; B subtype II; C subtype III; D subtype IV; E subtype 
V; F subtype VI; G subtype VII; H subtype VIII). There were no significant differences between different subtypes in deformation distribution in the 
public ramus. There was no obvious effect on the superior public ramus when LC-1 pelvic fracture
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approximately 61.92% and 38.08% of cases, respectively. 
The percentage of unstable LC-1 fractures was close to 
the 32.28% rate of patients receiving surgical treatment 
reported in a high-quality retrospective study [26], 
although this similarity may be a coincidence. Regard-
less, the system of subtypes could provide a reference 
for clinical practice. Furthermore, the eight subtypes 
were loaded with a vertical force of 500  N. The direc-
tion and magnitude of force are consistent with the 
weight-bearing status of the lower extremities of adults. 
Thus, our finite element analysis simulated this state 
to the greatest extent possible to provide a reference 
value.

Our study has some limitations. First, finite element 
analysis is a universal way of initially resolving the 
issue. It simulates the status, and its conclusions should 
be seen as a reference. Second, we input the identified 
Poisson’s ratio ν and Young’s modulus E of bones in 
this analysis and did not consider osteoporosis in the 
elderly. Thus, the results of this study are relevant for 
patients with normal bones. Third, the investigation 
mainly focused on bones and not the complex mod-
eling of the ligaments. Moreover, all contacts between 
components were considered entirely bound to main-
tain pelvis integrity. Finally, further improvements are 
possible in the finite element analysis of LC-1 injuries.

Conclusions
In conclusion, complete fracture of sacrum zones 2/3 
may be a feature of an unstable LC-1 fracture. Surgeons 
should give surgical strategies for subtypes V–VIII in 
practice.
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