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ARTICLE INFO ABSTRACT
Keywords: Objective: To investigate the characteristics of three-dimensional distribution of subchondral fracture lines on the
Collapse surface of the osteonecrosis femoral head, and to discuss the underlying mechanisms that contribute to its

Computed tomography
Osteonecrosis of the femoral head
Three-dimensional distribution

collapse.

Methods: We retrospectively analyzed computed tomography (CT) images from 75 patients (comprising a total of
77 femoral heads) diagnosed with Association Research Circulation Osseous (ARCO) stage IIIA or IIIB femoral
head necrosis. The three-dimensional structures of both the femoral head and the subchondral fracture line were
reconstructed and subsequently fitted into normal femoral head model. A heat map of fracture line was generated
to visualize its spatial distribution across the femoral heads surface.to observe its distribution. In addition to that,
the femoral head was partitioned into four zones, and the frequency of each fracture line traversing different
zones was calculated and analysed.

Results: Highest and lowest density of subchondral fracture lines was demonstrated in anterolateral and
posterolateral zone respectively. and most sparse in posterolateral. Furthermore, the three-dimensional heat map
of fracture lines highlighted their most frequent occurrence in the anterolateral area, particularly near the
junction of the femoral head and neck. One fracture line may pass through multiple areas, passage frequencies for
fracture lines was observed in zones I, II, III and IV for 66 times (85.7 %), 52 times (67.5 %), 25 times (32.5 %)
and 46 times (59.7 %), respectively, with a significant difference between zone I and other zones (P < 0.001).
Conclusion: Subchondral fracture line of femoral head occurs most frequently in anterolateral femoral head,
suggesting that the anterolateral part may be the initial location of collapse.

Translational potential of this article: We found that the subchondral fracture line was most frequently located
anterolateral to the femoral head, suggesting that this may be the site of initiation of collapse. Furthermore, we
propose an innovative method for analyzing and visualizing subchondral fracture distribution in femoral head
necrosis in the form of fracture line heat maps. By doing so, we provide a valuable reference for physicians,
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enabling them to enhance their management strategies for femoral head necrosis. Ultimately, this approach holds
the promise of significantly improving the prognosis and outcomes for patients afflicted with this condition.

1. Introduction

Osteonecrosis of the Femoral Head (ONFH), arising from compro-
mised blood supply to the femoral head and leading to bone cell and
marrow death, poses a formidable orthopedic challenge [1,2]. Subse-
quent collapse can trigger secondary osteoarthritis (OA), accompanied
by severe pain and dysfunction [3]. Early intervention to prevent
femoral head collapse is pivotal in managing this condition.

The crux of successful preservation treatment hinges upon unravel-
ing the intricate mechanism behind femoral head collapse. Existing
literature posits two pivotal factors: the diminution of bone structural
strength due to osteoclast activity, and the stress concentration at the
interface between the indurated necrotic region and the adjacent
necrotic bone [4-6]. These combined forces hold the potential to pre-
cipitate femoral head collapse. However, despite extensive research, a
consensus on the precise collapse mechanism in ONFH remains elusive
[7-9]. Notably, subchondral bone fractures emerge as a critical juncture
- once they occur, femoral head collapse becomes inevitable, acting as a
triggering event [10]. Consequently, meticulous scrutiny of subchondral
bone fracture occurrence and progression assumes paramount impor-
tance in elucidating the collapse mechanism. While prior studies have
identified the prevalence of subchondral bone fractures at the lateral
edge of the necrotic area [8], these investigations predominantly rely on
histological data or partial CT images, precluding a comprehensive
three-dimensional mapping of subchondral bone fractures across the
femoral head’s surface.

The concept of fracture line distribution map was pioneered to the
analysis of scapular fracture patterns by Bryan M. Armitage and col-
leagues in 2009 [11]. Through computer image simulation, they
superimposed multiple instances of fracture lines onto a normal bone
model, effectively reconstructing the intricate morphology of fractures.
This approach equips medical practitioners with a more intuitive,
three-dimensional comprehension of fractures, thereby enhancing clin-
ical decision-making for its prevention and treatment. Building upon

this foundation, our research endeavors to introduce this widely utilized
approach from trauma orthopedics into analyzing the three-dimensional
distribution of subchondral fractures within the osteonecrosis femoral
head. We hope to gain a more intuitive and precise understanding of the
collapse area and illuminate the elusive mechanism underlying femoral
head collapse.

In summary, the purpose of this study is to analyze the distribution
characteristics of the fracture lines across the surface of the femoral head
by employing three-dimensional heatmap and femoral head zoning
method. By doing so, our ultimate goal is to unravel the elusive mech-
anism underpinning femoral head collapse. These insights hold the po-
tential to serve as a foundational basis for enhancing clinical strategies
in the prevention and treatment of ONFH.

2. Materials and methods
2.1. Ethnic approvement

Ethics Approval No. 2023KY090-KS001 was obtained from the
Clinical Trial Medical Ethics Committee at the Fourth Medical Center of
PLA General Hospital before the study starts. The principles stated in the
Declaration of Helsinki was abided. All participants were duly informed
about the study’s objectives and content, and informed consent docu-
ments were signed.

2.2. Patient recruitment and imaging protocol

CT scans of patients diagnosed with Association Research Circulation
Osseous (ARCO) stage [12] ITIA or IIIB ONFH between January 2018 and
December 2022 underwent meticulous evaluation. All CT images
adhered to stringent criteria: a scanning layer thickness of <1 mm, a
slice increment of <0.6 mm, and a pixel size of <0.8 mm. Exclusion
criteria encompassed patients with a history of hip joint trauma or
surgery, as well as those presenting concurrent osteoarthritis, congenital

Figure 1. Reconstruction of template femoral head and subchondral fracture line. Areas of interest in CT images were colored in red (A1-A3). The contours of a
healthy femoral head was derived through a combination of semi-automatic software tools and manual refinement (A4). Subchondral fracture lines were traced layer
by layer from axial, coronal and sagittal positions(B1-B3), the red dots in B1-B3 are markers depicting the subchondral fracture line. (B4) Fracture line projection

after reconstruction.
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Figure 2. Fracture line projection. A. Superimpose the reconstructed 3D model of collapsed femoral head onto the template femoral head; B. Through adjustment of
position, size and other parameters, merging the 2 femoral head models and project the fracture line onto the template; C. The fracture line was reconstructed on the

template femoral head.

Figure 3. Femoral head partitioning method. Figure A: The green dot corresponds to the center of the femoral head. Figure B: The blue dot represents the midpoint of
the femoral calcar. Figure C: Another blue dot signifies the midpoint of the concavity within the femoral head. In figure D, two perpendicular planes were constructed
by intersecting through these three points. Femoral head surface was divided into 4 zones: Zone III (Figure E): Represents the posteromedial region. Zone IV
(Figure E): Corresponds to the posterolateral region. Additionally, in Figure F: Zone I: Encompasses the anterolateral region. Zone II: Refers to the anteromedial
region. The green curve is the projection of one fracture line, passing through Zone I and II simultaneously.
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13 excluded for
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536 ONFH cases between
January 2018 and December
2022

116 patients with ARCO
stage IIIA/IIIB ONFH

insufficient CT

28 excluded for

103 patients
eligible

concurrent hip

diseases

\

75 patients, 77
femoral heads

Figure 4. Patient Enrollment Flowchart. Final group includes 75 patients with 77 femoral heads. ARCO =Association Research Circulation Osseous;

ONFH=Osteonecrosis of the Femoral Head; CT=Computed tomography.

hip joint disease, or other hip joint pathologies.

2.3. Three-dimensional reconstruction of the femoral head and
subchondral fracture lines

The CT data of a normal left hip joint were imported into Mimics
software (version 21.0, Materialise, Leuven, Belgium). First, a rough
structure of the femoral head was derived using the tool based on
Hounsfield units (related to intensity). Then the details of the femoral
head were refined by manually drawing the femoral head contour on
each plane (Fig. 1A). Finally, by employing Mimics, the acquired images
underwent a smoothing process to achieve optimal homogeneity and
anatomically three-dimensional similarity.

Similarly, the three-dimensional images of the collapsed femoral
heads were obtained in the same way (Fig. 1 B1-4). Notably, the precise
position of subchondral fracture was depicted onto the femoral head
surface based on the CT image, effectively reconstructing the projection
of the fracture line within the femoral head surface.

2.4. Fracture line alignment and visualization

The reconstructed femoral head and fracture lines were imported
into the 3-matic Research software (version 13.0, Materialise, Leuven,
Belgium). Through adjustments of parameters such as position and size,
the model was aligned with the template femoral head (Fig. 2A). If the
femoral head is on the left side, it is converted to the right side by the

100

mirror conversion function. To enhance visibility, the transparency of
the template femoral head was adjusted, rendering both the collapsed
femoral head and the fracture lines discernible. This facilitated the
depiction of the fracture lines on the template femoral head, effectively
tracing their projection onto the collapsed femoral head (Fig. 2B).
Finally, the collapsed femoral head and fracture line were hidden, and
the template femoral head was restored to the opaque state, and the
fracture line was reconstructed on the template femoral head (Fig. 2C).

2.5. Heat map analysis of subchondral fracture lines of femoral heads

To gain deeper insights into the spatial distribution of subchondral
fracture lines within the femoral head, the superimposed fracture line
map was imported into E—3D Medical Modeling and Design System x64

( Universal version 20.03; Nanjing Huiging Information Technology
Co., Ltd, Nanjing City, Jiangsu Province, China )and a three-
dimensional heat map of the femoral head surface was generated. We
defined fracture lines involving only two areas below as shorter fracture
lines and performed heat map analysis separately.

2.6. Spatial distribution of the subchondral bone fracture lines within the
femoral heads

To elucidate the distribution patterns of subchondral fracture lines
across the surface of the femoral head, the femoral head was divided into
four zones according to our innovative zoning approach study [13],but
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Table 1
The baseline characteristics and demographics of the study
population.
Variable Outcome
Age (year, mean + SD) 37.1 £11.3
Gender (Male/Female) 61/16
Side ( Left/Right ) 51/26
ARCO (Stage IIIA/IIIB)
IIIA (%) 60(77.92)
IIIB (%) 17 (22.08)
Aetiology
Steroid (%) 30 (38.96)
Alcohol (%) 25 (32.47)
Idiopathic (%) 22 (28.57)

ARCO, Association Research Circulation Osseous. SD, Stan-
dard Deviation.

A-D is changed to I-IV zones. Specifically, we delineated the femoral
head into four distinct zones (I-IV) using key landmarks: the center of the
femoral head, the fovea of the femoral head, and the center of the calcar
femoris (Fig. 3). Given that fracture lines may intersect multiple zones
simultaneously, statistical comparisons of their distribution become
intricate. Instead, we quantified the frequency of fracture lines
traversing each zone and subjected the data to multiple chi-square tests
to assess significant differences in their distribution probabilities.

2.7. Statistical analysis

We used (x- + s) to describe continuous variables and percentages for
categorical variables. Multiple chi-square test was used to analyze the
distribution frequency of fracture lines in each zone of the femoral head.

Journal of Orthopaedic Translation 47 (2024) 97-104

SPSS 23.0 was used to analyze the data.
3. Results
3.1. Patients demographics

Following the inclusion and exclusion criteria, a total of 75 patients
with 77 femoral heads were included in this study (Fig. 4). The de-
mographic of the selected patients was shown in Table 1.

3.2. Distribution patterns of subchondral fracture lines

The subchondral fracture lines were densely distributed on the
anterior side (zones I, II) of the femoral head and sparsely distributed on
the posterior side. It can be intuitively seen that the distribution in zone I
is the most dense, and the number of fracture lines significantly reduces
behind the femoral head (Fig. 5).

3.3. Heat map of subchondral fracture lines

The heat map of distribution patterns of subchondral fracture lines
was generated using E—3D Medical Modeling and Design System x64
( Universal version 20.03; Nanjing Huiqing Information Technology
Co., Ltd , Nanjing City, Jiangsu Province, China ). The relative fre-
quency of the fracture lines was represented using different colors (blue
to red indicated the incidence from low to high, and the impact distance
was 2 mm around the long axis of the fracture line). It was revealed
clearly that the subchondral fracture lines of the femoral head appeared
on all four surfaces of the femoral head. The anterior fracture line had
the highest distribution frequency, followed by the superior and medial

Figure 5. Subchondral fracture lines distribution of femoral head. A. anterior view; B. view from above; C. medial view; d. Posterior view.
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Figure 6. Heat Map of the distribution of subchondral fracture line of femoral head. A. anterior view; B. view from above; C. medial view; D. Posterior view.

Figure 7. map of subchondral fracture line distribution involving two or fewer areas. A. anterior view; B. view from above; C. medial view; D. Posterior view.

Table 2

Distribution of femoral head fracture lines frequency across four zones (I-IV).

Zone  Number of fracture Percentage with fracture =~ Number without Percentage without Total  P-value (comparedto  P-value (compared to
lines (Yes) lines (Yes) fracture lines (No) fracture lines (No) zone I) previous zone)

1 66 85.7 % 11 14.3 % 77 N/A N/A

I 52 67.5 % 25 32.5% 77 <0.001 <0.001

11 25 32.5% 52 67.5 % 77 <0.001 <0.001

v 46 59.7 % 31 40.3 % 77 <0.001 0.001

Total 189 61.4 % 119 38.6 % 308 N/A N/A

1, Anterolateral; II, Anteromedial; III, Posteromedial; IV, Posterolateral. "N/A" stands for "Not Applicable".
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sides, with the posterior side having the lowest frequency. The antero-
lateral side of the femoral head, close to the head-neck junction, had the
highest distribution frequency of the fracture line, represented by the
red area, with its running direction from superior side to the antero-
lateral side (Fig. 6).

In order to explore the stepwise characteristics of earlier subchondral
fracture lines, we defined the fracture lines involving only two areas
below as the shorter fracture lines (43 lines), and reconstructed their 3D
distribution heat map (Fig. 7). The red area representing the highest
frequency of fracture line distribution was still on the anterolateral side
of the femoral head (Fig. 7).

3.4. Distribution of fracture lines in different zones of the femoral head

Table 2 shows the distribution of the frequency of fracture lines
occurring in the four zones of the femoral head. The frequencies of 77
fracture lines in zone I, II, III and IV were 66 (85.7 %), 52 (67.5 %), 25
(32.5%) and 46 (59.7 %), respectively. The frequency of fracture lines in
zone I was significantly higher than that in other zones (P < 0.001).
There was no significant difference in the frequency of fracture lines
between zone II and zone IV(P = 0.315), but the frequency of fracture
lines in zone II was higher than that in zone III (P < 0.001).

4. Discussion

To the best of our knowledge, this study is the first to investigate the
distribution of subchondral fracture lines of the femoral head at three-
dimensional level. Based on the results of our 3D reconstruction and
heat map analysis, it was found that the area with the highest frequency
of fracture line distribution was the anterolateral side of the femoral
head. The heat map analysis of fracture line showed that the densest area
was distributed in a linear arc from the superior lateral side of the
femoral head to the anterolateral side. In addition, the statistical results
of our subregional study of subchondral fracture line distribution also
supported this view, with a statistically significant difference in the
probability of fracture line passing through the anterolateral zone
compared to the other three zones.

The crescent sign on the plain film was considered the first sign of the
formation of subchondral fractures of the femoral head. Numerous
scholars have conducted relevant research on the collapse mechanism of
the femoral head [12]. Some speculation has been well recognized by
most scholars: 1. Shear stress effect at the junction between the necrotic
and healthy area [8]; 2. Increased bone absorption at the junction be-
tween the necrotic and healthy area [14]. 3. Cumulative effect of un-
healed fatigue fractures in necrotic areas [5]. These theories all suggest
that necrosis of the femoral head changes the mechanical distribution on
the surface of the femoral head, leading to the eventual collapse. For
example, Karasuyama et al. [4]. found through finite element analysis
that both shear stress and shear strain tend to be concentrated on
thickened bone trabeculae at the boundary along with the progression of
sclerotic changes. Their results suggest that the boundary of sclerotic
change may be the starting point of the fracture. Regarding the starting
point of collapse, a recent study on the three-dimensional structure of
the entire femoral head collapse in the early and late stages based on
micro-CT found that [10]: In the early collapse stage of ONFH, all initial
fractures occur between the separated bone resorption areas in the
anterior upper part of the femoral head, and their findings suggest that
bone resorption around the repair area is the initiating factor for sub-
chondral fractures in ONFH. While previous studies focused on the po-
sition relationship between the local lesion area of the femoral head and
the eventual occurrence of subchondral fracture. our study aims to
explore the position relationship between the subchondral fracture line
and the overall surface of the femoral head. Our research results show
that the anterolateral side of the femoral head is the fracture line prone
area.

It is well known that once the femoral head begins to collapse, most
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B

Figure 8. The subchondral fracture lines of the femoral head after recon-
struction in two cases. A. An early-stage fracture line in femoral head collapse
(marked by the green line). B. A late-stage fracture line in femoral head collapse
(marked by the green line). In figures A and B, I, II, III, and IV represent four
different regions on the surface of the femoral head.

of the ONFH will continue to develop and eventually enter ARCO stage
IV [15]. As the collapse progresses, the fracture lines will gradually
extend and even join in a circle (Fig. 8). The fracture line is actually the
shape of the collapse boundary of the fracture. Moreover, in the
reconstructed three-dimensional heat map of fracture line distribution
involving only two areas below, the area with the highest frequency of
fracture lines is still located on the anterolateral side of the femoral head
(Fig. 7). Consequently, this study suggests that the anterolateral part
may be the initial location of collapse. To prove this point, the ideal
approach would involve continuous monitoring of patients from the
initial appearance of a subchondral fracture line without implementing
any interventions, which is evidently unethical.

Previous study on the distribution of cystic lesions in ONFH con-
ducted by our team [13] showed that cystic lesions were mostly located
in the anterolateral part of the femoral head, which was coincide with
the distribution patterns of the subchondral fracture line in this study.
Other studies on cystic lesions in ONFH also suggested that cystic lesions
played an important role in aggravating the progression of femoral head
collapse [16]. These coincidences might suggest potential relationship
between the cyst formation and subchondral fracture, but the causality
remains to be elucidated.

The anterolateral hemisphere of the femoral head suffers a constant
and rapid switch of high peak and low stress as its coverage by the ac-
etabulum changes at normal gait [17,18]. As a result, the anterolateral
hemisphere of the femoral head is subjected to high stress of the ace-
tabulum, resulting in fractures and collapse of the femoral head after
necrosis. Similar findings from our study suggest that subchondral
fractures are more likely to occur at the anterolateral side of the femoral
head. In our study, the distribution of fracture lines on the surface of the
femoral head was reconstructed in three dimensions, which enabled
clinicians to have a more intuitive understanding of the high incidence
area of femoral head collapse.

Although there is still controversy about the optimal treatment for
ONFH, it is generally believed that active treatment before femoral head
collapse can greatly improve the success rate of joint-preserving [19,
20]. It is well known that the location of the lateral border of the necrotic
area affects the fate of ONFH [3], because the lateral border of the
necrotic area is distributed in the front and rear of the femoral head.
Combined with the results of our study that the fracture line mainly
occurs in the anterolateral part, so it is reasonable to believe that the
mechanical protection in front of the necrotic area of the femoral head
during the operation is essential to prevent or delay the progression of
the collapse of the femoral head.

The results of a study about gait analysis of hip joint conducted by
showed that during a gait cycle, the acetabular contact stress is mainly
distributed in the anterolateral region of the top of the acetabulum and
the top of the femoral head, and the stress of the acetabulum moves from
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anterior to the posterior column of the acetabulum [21,22]. The ante-
rolateral part of the top of the femoral head bears the most concentrated
force in the early stage. This is precisely the area where the subchondral
fracture line is prone to occur in our study. Therefore, according to our
results, reducing the pressure on the femoral head in the early stage of
the gait cycle will help to prevent the occurrence of anterolateral sub-
chondral fractures in ONFH and provide a valuable reference for the
rehabilitation treatment of ONFH.

Certain limitations do exist in this study. First, our sample size was
relatively smaller, and further multicenter, larger sample size studies
should be carried to acquire a more comprehensive result; secondly,
earlier subchondral fracture lines are hard to be detected without the
help with Micro-CT, but what we used was sufficient to tell the story.
Finally, we only studied the distribution of subchondral fracture lines
and discussed the possible causes, but did not conduct further verifica-
tion of the possible mechanism. It is necessary to study the relationship
between subchondral fracture lines and structural changes around the
femoral head in the future.

5. Conclusion

Subchondral fracture line of femoral head occurs most frequently in
anterolateral femoral head, suggesting that the anterolateral part may
be the initial location of collapse.
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