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Introduction: Compressive trabecular bone plays a vital role in load transmission
within the proximal femur, and regional variations in cancellous bone distribution
have been shown to affect implant stability. However, the biomechanical
influence of the spatial relationship between compressive trabecular bone and
cephalocervical implants on postoperative fracture stability in intertrochanteric
femoral fractures remains unclear.

Methods: In this study, we conducted a retrospective analysis of 64 patients
treated with proximal femoral nail antirotation (PFNA) Lever arm parameters
reflecting the spatial relationship between compressive trabecular bone and the
cephalocervical implant were measured on initial postoperative anteroposterior
and lateral radiographs, while the zonal classification of the implant relative to the
trabecular architecture was assessed to evaluate its impact on early femoral head
varus and helical blade displacement. Additionally, seven finite element models
with differentimplant positions were established to investigate the biomechanical
mechanisms underlying stability.

Results: The results indicated that, a larger trabecular bone-implant lever arm and
lower bone mineral density (BMD) independently increased the risks of femoral head
varus (p < 0.01) and blade displacement (p < 0.01). Positioning the implant within
Zone C of the trabecular architecture was associated with reduced incidences of
femoral head varus and implant displacement (p < 0.05). Biomechanical analysis
further demonstrated that placing the implant in Zone C with minimized lever arm
resulted in the smallest femoral head varus, blade displacement, and the least
apparent stress concentration at the implant tip within cancellous bone.
Discussion: These findings suggest that intraoperative placement of
cephalocervical implants should aim to reduce the trabecular bone-implant
lever arm and prioritize positioning within Zone C of the trabecular architecture
to enhance early stability. However, further validation through comprehensive
finite element analyses and biomechanical experiments is required.

intertrochanteric femoral fractures, compressive trabecular bone-cephalocervical
implant relationship, stability, clinical review, biomechanical research
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1 Introduction

The overall incidence of hip fractures in individuals over
60 years reaches 2.36% (Ren et al, 2019), with a persistently
increasing trend. It is estimated that the number of hip fractures
in Asia will rise to 2.28 times the 2018 level by 2050 (Cheung et al.,
2018). Intertrochanteric fractures account for approximately 40% of
hip fractures (Adeyemi and Delhougne, 2019), and early surgical
fixation remains the primary treatment (Fischer et al, 2021).
However, implant cutout continues to be a critical factor
compromising clinical outcomes (Wu, LF et al, 2024). Most
cutouts occur in the cephalocervical fragment (Garabano, G
et al, 2024), typically stabilized by helical blades or lag
screws—collectively termed “cephalocervical implants” in this
study. Implant positioning significantly influences fixation
stability. Current consensus (Haidukewych, 2010) suggests
when the (TAD)
is <25 mm, with the implant tip located in the central or

optimal  placement tip-apex distance
central-inferior quadrant of the femoral head. Paradoxically,
inferior implant positioning may reduce cutout rates despite
increasing TAD (De Bruijn et al, 2012), and discrepancies in
TAD reliability due to variations in femoral head size (Subasi et al.,
2022) ideal

implant placement.

have sparked ongoing debates regarding

Numerous evaluation systems exist for assessing cephalocervical
implant positioning. Early methods include the Cleveland femoral
head dividing system (Cleveland et al., 1959), Parker ratio (Parker,
1992), TAD (Baumgaertner et al., 1995), and calcar-referenced TAD
(CalTAD) (Kuzyk et al., 2012). Recent innovations encompass the
axis-blade angle (ABA) (Mao et al., 2019), tip-neck distance ratio
(TNDR) (Cepni et al., 2022), and standardized TAD (STAD) (Yang
Y. F. et al,, 2023). While these methods derive from biomechanical
studies and clinical observations, the biomechanical significance of
the proximal femoral trabecular architecture—particularly
compressive trabeculae—in guiding implant positioning remains
unexplored.

Local bone quality modulates stress distribution at the bone-
implant interface, potentially altering stress concentration patterns
and load transfer mechanisms that govern immediate postoperative
stability (Zhang et al., 2023). The proximal femur features distinct
rabecular arrangements, where compressive trabeculae predominantly
mediate mechanical load transmission. Theoretically, variations in
implant-trabecular spatial relationships could differentially influence
biomechanical behavior, yet no published studies have systematically
investigated how compressive trabecular-implant interactions affect
fixation stability.

Building upon these theoretical and clinical foundations, we
hypothesize that spatial relationships between compressive
trabeculae and cephalocervical implants critically modify
postoperative biomechanical environments in intertrochanteric
fracture fixation. To test this hypothesis, we conducted a
clinical retrospective study and developed seven finite element
models with varying trabecular-implant spatial configurations.
Through these investigations, we demonstrate the biomechanical
rationale for optimizing implant positioning relative to
compressive trabecular architecture, providing new insights into
cephalocervical implant placement strategies to enhance fixation

stability and clinical outcomes.
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2 Materials and methods
2.1 Clinical review

2.1.1 Study subjects and inclusion/
exclusion criteria

This study received ethical approval from Southwest Medical
University (Approval No. 20240522-001). We retrospectively
enrolled elderly patients with intertrochanteric femoral fractures
treated by closed/limited open reduction and internal fixation using
proximal femoral nail antirotation (PFNA) at our institution
between January 2023 and December 2024 (Figure 1).

Inclusion Criteria: 1. Intertrochanteric fractures caused by low-
energy Han Chinese ethnicity; 3.
intertrochanteric femoral fracture; 4. Age >60 years.

trauma; 2. Unilateral

Exclusion Criteria: 1. Prior ipsilateral intertrochanteric fracture;
2. Chronic mobility-limiting conditions (e.g., paralysis, malunited
lower extremity fractures, hip dysplasia, avascular necrosis of the
femoral head); 3. Acute pain-related activity reduction within
3 months (e.g,, acute pancreatitis, vertebral fractures); 4. Metabolic
bone diseases (excluding senile or postmenopausal osteoporosis); 5.
Inflammatory arthritis (e.g, rheumatoid arthritis); 6. Proximal
femoral neoplasms/tumor-like lesions (e.g, bone metastases,
chondrosarcoma, bone islands); 7. Malignancies with potential
bone metastasis; 8. Treatments affecting bone metabolism; 9. Bone
metabolism-modifying medications (e.g., glucocorticoids); 10.
Patients who died during the follow-up period; 11. Lost to
followup patients; 12. Patients treated conservatively.

In summary, only low-energy unilateral intertrochanteric
fracture patients of Han Chinese ethnicity were included.
Individuals with preexisting mobility limitations, recent activity
reduction, or conditions potentially affecting bone integrity were
excluded. The final cohort comprised 64 patients (24 males,
40 females) with a mean age of 75.06 + 9.57 years.

2.1.2 Radiological measurements

All radiological measurements were independently conducted
by an orthopedic physician with extensive experience in orthopedic
imaging interpretation. On immediate postoperative X-ray films,
currently used evaluation parameters for cephalocervical implant
positioning were measured, including tip-apex distance (TAD),
calcar-referenced TAD (CalTAD), Parker ratio, axis-blade angle
(ABA), and (STAD). On
anteroposterior X-ray films taken immediately after surgery and
at the 6-month follow-up, the neck-shaft angle of the affected limb
and the relative displacement of the cephalocervical implant tip were
measured. The difference in neck-shaft angle was calculated as the

standardized tip-apex distance

degree of femoral head varus (Nie et al, 2022). On immediate
postoperative X-ray films, the spatial relationship between
compressive trabecular bone and the cephalocervical implant
proposed in this study was measured. Our research employed the
following two parameters to evaluate this relationship (Figure 2):

Compressive Trabecular Bone Zoning: Based on prior literature
(Liang et al., 2018), the femoral head region was divided into three
zones using the inferior boundary of the compressive trabecular
bone and the midline: midline superior zone (Zone A), midline
inferior zone within the trabecular region (Zone B), and
subtrabecular zone (Zone C).
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Patient inclusion and exclusion protocol

Candidates:

2023.01.01-2024.12.31

Inclusion criteria:

1).Intertrochanteric fractures caused by low-energy trauma
2).Han Chinese ethnicity

3).Unilateral intertrochanteric femoral fracture

4).Age 260 years

Exclusion Criteria:

y 1.Prior ipsilateral intertrochanteric fracture (N=2)

2.Chronic mobility-limiting conditions (N=2)

Assessed for eligibility(N=105) 3.Acute pain-related activity reduction within 3 months
(N=0)

4.Metabolic bone diseases (N=0)

- 5.Inflammatory arthritis (N=2)

v 6.Proximal femoral neoplasms/tumor-like lesions (N=4)

7.Malignancies with potential bone metastasis (N=2)

8.Treatments affecting bone metabolism (N=0)

9.Bone metabolism-modifying medications (N=1)

10. Patients who died during the follow-up period (N=3)

11. Lost to followup patients (N=7)

Follow-up: Nearly 6 months 12. Patients treated conservatively (N=18)

Y

Enrollment(N=64)

Radiological Measurements

FIGURE 1
Patient inclusion and exclusion protocol.

FIGURE 2

(a) Zoning diagram: Line 1: Inferior boundary of compressive trabecular bone; Line 2: Midline of compressive trabecular bone; Labeled zones: A:
Superior to trabecular midline; B: Inferior to trabecular midline within trabecular region; C: Sub-trabecular region. (b) Schematic of trabecular-implant
lever arm measurement:Line 3: Central axis of cephalocervical implant; Line 4: Central axis of main nail; Yellow arrow: Lever arm measurement between
intersection points.

Compressive Trabecular Bone-Implant Lever Arm: Defined ~ 2.1.3 Statistical analysis
as the distance from the intersection between the central axis of Data were analyzed using SPSS 27.0 software. Normally
the cephalocervical implant and the central axis of the main nail ~ distributed data are expressed as mean + standard deviation,
to the intersection between the central axis of the while non-normally distributed data are presented as median
cephalocervical implant and the midline of the compressive (P25, P75). Pearson correlation analysis (correlation coefficient
trabecular bone. denoted as *r*) was applied for normally distributed variables,
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FIGURE 3

Establishment of fracture model and grayscale interval assignment process. (a) Anterior-posterior views of the AO/OTA 31-A2.1 type fracture model;
(b) Simulation of heterogeneous bone density distribution in the femur through grayscale-based interval partitioning.

superior

poterior anterior

interior e

FIGURE 4

poterior anterior

Schematic diagram of internal fixation assembly for intertrochanteric fracture. (a) Illustrations of experimental groups annotated on the femoral
head zoning system; (b) Coronal view demonstrating bone-implant positioning in superior, middle, and inferior configurations; (c) Transverse view
showing bone-implant positioning in anterior, middle, and posterior configurations.

with P < 0.05 indicating statistical significance. Spearman correlation
analysis was used for non-normally distributed variables, calculating
the regression coefficient *b* and corresponding P-value (P <
0.05 considered causally significant). Homogeneity of variance was
assessed for compressive trabecular zoning groups using Levene’s test.

2.2 Biomechanical analysis

2.2.1 Reconstruction of intertrochanteric
fracture model

A right femoral full-length CT dataset (slice thickness 1.0 mm,
axial continuous scanning) from a 20-year-old male in the hospital
imaging database was selected. Model reconstruction was performed
using Mimics 21.0 and Geomagic 2013. For material property
assignment, we employed a validated grayscale-based interval
partitioning method (Zhang et al., 2013), which outperforms
traditional cortical/cancellous bone separation methods, to
accurately simulate the heterogeneous distribution of proximal
femoral cancellous bone. To construct the intertrochanteric

fracture model, we referenced established methodologies (Goffin

Frontiers in Bioengineering and Biotechnology

et al,, 2013). In Geomagic 2013, partial intertrochanteric elements
were removed to create an AO/OTA 31-A2.1 type fracture. The
fracture line was oriented at 43° relative to the femoral shaft axis,
positioned inferior to the lesser trochanter. A wedge-shaped
fragment was generated by rotating the fracture line 10°
clockwise, with the fragment depth occupying 60% of the
fracture line length (Figure 3).

2.2.2 Construction of PFNA fixation model

Following surgical protocols and AO fracture fixation principles,
the constructed AO/OTA 31-A2.1 intertrochanteric fracture model
was assembled with a proximal femoral nail antirotation (PFNA)
system in varying positions using assembly modules. Helical blades
of identical insertion depth were implanted in seven distinct
configurations: Superior-Medial (S-M); Mid-Medial (M-M); Mid-
Anterior (M-A); Mid-Posterior (M-P); Inferior-Medial (I-M);
Inferior-Anterior (I-A); Inferior-Posterior (I-P). The S-M, M-M,
and I-M configurations specifically simulated positioning within
Zone A, B, and C of the compressive trabecular architecture,
respectively, while progressively reducing the trabecular-implant
lever arm (Figure 4).
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TABLE 1 Correlation coefficients between femoral head varus and variates.

Femoral head varus

Neck-shaft angle change

10.3389/fbioe.2025.1628529

Vertical displacement

Correlation coefficients p-value Correlation coefficients p-value
Sex (Male: 1, Female: 2) 0.049 0.747 0.141 0.355
Age -0.125 0414 -0.014 0.928
Side -0.059 0.698 -0.256 0.089
BMD 0.423 0.004* 0.396 0.007+
TAD -0.333 0.025* -0.229 0.130
CalTAD -0.339 0.023* 0215 0.157
Parker ratio (AP) -0.306 0.041% -0.226 0.135
Parker ratio (Lat) -0.096 0.528 0.122 0.426
ABA 0.361 0.015* 0391 0.008**
trabecular-implant lever arm -0.497 <0.001** -0.426 0.004**

*Statistical significance (p < 0.05).
**Statistical significance (p < 0.01).

2.2.3 Boundary and loading conditions

Numerical simulations for this study were carried out using
“Ansys19.0”. The distal femur was fully constrained, neglecting the
additional muscular forces present under physiological conditions.
The coefficient of friction was set as follows: 0.46 for bone-bone
interfaces, 0.3 for the bone-proximal femoral nail antirotation
(PFNA) interface, and 0.23 for inter-component interfaces of the
PFNA system (Eberle et al., 2010). A 20 mm?® loading surface was
defined superior to the femoral head, applying a 670 N load
(equivalent to 100% body weight) to simulate proximal femoral
loading during standing. The load vector was oriented at 13 relative
to the femoral mechanical axis in the anteroposterior direction and
8’ posteriorly in the lateral plane, replicating physiological load
transfer patterns. Peak femoral head displacement magnitude was
recorded throughout the analysis to evaluate PFNA fixation stability
and predict potential failure risks (Li, 2016).

3 Results

3.1 Correlation between various
cephalocervical implant positioning
evaluation methods and fixation stability

Correlation analysis revealed statistically significant associations
between BMD, CalTAD, TAD, Parker ratio (AP), ABA, trabecular-
implant lever arm, and neck-shaft angle changes, while vertical
displacement correlated only with BMD, the trabecular-implant
lever arm and ABA. Significant intergroup differences in vertical
displacement and neck-shaft angle changes (0.7°-12.8°) were
observed across compressive trabecular zones (p < 0.05), with
Zone C demonstrating the smallest values (Table 1).

Univariate regression analysis further identified BMD, ABA and
trabecular-implant lever arm as independent risk factors for
BMD the
trabecular-implant lever arm independently predicted reduced

increased vertical ~displacement, whereas and

Frontiers in Bioengineering and Biotechnology 05

neck-shaft angle. No other parameters exhibited significant
correlations with femoral head varus collapse and were not
established as independent risk factors (Table 2).

3.2 Biomechanical impact of trabecular-
implant spatial relationship and optimal
cephalocervical fixation positioning

The maximum displacement across all models consistently
occurred at the load application site on the femoral head apex.
In the coronal plane, inferior configurations (I-M, I-A, I-P)
demonstrated significantly higher displacement values compared
to middle and superior groups, with the inferior-medial (I-M)
configuration exhibiting the smallest peak displacement—a
reduction of 17.5% compared to superior-medial configurations
(Figure 5). Additionally, stress distribution analysis revealed that
the inferior positioning minimized stress concentration at the helical
blade
predominantly distributed at the compressive trabecular bone-
helical Dblade (Figure 6). These
observations align with our clinical retrospective analysis,
confirming the critical role of the spatial relationship between

tip-cancellous bone interface. Instead, stress was

interface biomechanical

compressive trabecular bone and the helical blade in enhancing
fixation stability.

4 Discussion

This study assessed the influence of the spatial relationship

between compressive trabecular bone and cephalocervical
implants on immediate postoperative stability in intertrochanteric
fractures. The findings indicated that an increased trabecular-
implant lever arm constitutes an independent risk factor for
femoral head varus and helical blade displacement. Positioning

the helical blade within Zone C of the compressive trabecular
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TABLE 2 Linear regression analysis of femoral head varus.

Femoral head varus

Neck-shaft angle change

10.3389/fbioe.2025.1628529

Vertical displacement

t p-value p-value
BMD 3.063 0.004** 2.832 0.007%*
TAD -0.196 0.846 -0.413 0.682
CalTAD -0.538 0.594 -0.225 0.823
Parker ratio (AP) 0.327 0.745 1.281 0.208
Parker ratio (Lat) -0.201 0.842 1.819 0.077
ABA 0.016 0.988 2.122 0.040*
trabecular-implant lever arm -2.205 0.034* -1.030 0.310

*Statistical significance (p < 0.05).
**Statistical significance (p < 0.01).
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FIGURE 5
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Femoral displacement distribution in finite element analysis (a) and comparison of peak displacement across groups (b).

architecture was correlated with reduced femoral head varus and
implant displacement. Biomechanical analysis further demonstrated
that implantation in the mid-inferior region of the femoral head
(corresponding to Zone C) resulted in the least femoral head varus
and blade displacement, with minimal stress concentration at the
blade tip-cancellous bone interface. These results are consistent with
the clinical retrospective analysis, underscoring the biomechanical
importance of optimizing the compressive trabecular-implant
spatial relationship.
Intertrochanteric fractures are predominantly addressed
through early surgical intervention (Fischer et al, 2021). Even
among patients renal

with comorbid conditions such as

insufficiency, diabetes, and ischemic heart disease—conditions

Frontiers in Bioengineering and Biotechnology

that significantly affect in-hospital mortality—early hip surgery
has been shown to positively influence survival rates (Rozenfeld
et al., 2021). Nevertheless, postoperative implant failure frequently
necessitates revision surgery, which results in increased overall costs,
extended hospital and intensive care unit stays, greater transfusion
requirements, higher infection rates, and increased mortality within
the first year (Ozdemir et al, 2021). Literature indicates that
cephalocervical implant cutout, a significant mode of fixation
failure, occurs in 5.8% of cases (Ozdemir et al., 2021), with risk
factors including bone quality, fracture type, reduction accuracy,
and implant selection and positioning. Therefore, the optimal
intraoperative placement of cephalocervical implants is essential.
While conventional parameters like the tip-apex distance (TAD)
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FIGURE 6

Finite element analysis of femoral coronal plane stress distribution.

and femoral head zoning are widely adopted in clinical practice
(Haidukewych, 2010), their validity remains controversial. For
instance, studies (Li et al., 2016; Subasi et al.,, 2022) employing
computational modeling have proposed that TAD values are
significantly influenced by femoral head size and may exhibit
threshold limitations. The observation that inferior implant
placement reduces cutout rates (De Bruijn et al,, 2012) further
challenges TAD’s reliability, this led to the proposal of CalTAD
(Kuzyk et al., 2012). Our clinical retrospective analysis revealed that
traditional parameters [TAD, CalTAD, Parker ratio (AP)], and the
novel ABA correlate with femoral head collapse and implant
displacement but do not independently predict these outcomes.
Emerging debates highlight that isolated radiographic metrics may
inadequately guide implant positioning, necessitating exploration of
anatomical and biomechanical determinants. Based on anatomical
and biomechanical principles, we propose that an increased

Frontiers in Bioengineering and Biotechnology

trabecular-implant lever arm independently elevates risks of
head and blade migration. Conversely,
positioning the implant within Zone C of the compressive

femoral varus
trabecular architecture significantly reduces these complications,
potentially serving as an intraoperative guide to optimize
biomechanical stability.

In studies of cancellous bone distribution, researchers (Uemura
et al,, 2018) quantified regional cancellous bone density based on
proximal femoral anatomical characteristics, though direct evidence
linking heterogeneous cancellous distribution to stability outcomes
remains lacking. Compressive trabecular bone is universally
recognized as the primary load-bearing structure in the proximal
femur. A biomechanical study by researchers (Liang et al., 2018)
hypothesized that variations in the trabecular-implant spatial
relationship theoretically alter load transfer patterns and stress
distribution, yet conclusive evidence remains absent. Building
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B: Femur_670N

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

Max: 15.038

Min:0.000451

FIGURE 7

Von Mises stress distribution under physiological loading (670 N), demonstrating load transfer patterns through the compressive trabecular system.

upon these foundational studies, we propose the following
hypothesis: The spatial
trabecular bone and cephalocervical implants critically modulates

relationship between compressive
the postoperative biomechanical environment in intertrochanteric
fracture fixation.

Conventional tip-apex distance (TAD) criteria advocate
positioning the cephalocervical implant centrally within the
femoral head (mid-central zone), while calcar-referenced TAD
(CalTAD) further
Existing femoral head zoning systems exhibit conflicting

emphasizes inferior-central placement.

recommendations between mid-central and mid-inferior
zones. In our study, Zone B and Zone C of the compressive
trabecular architecture correspond to the mid-central and mid-
inferior groups in traditional zoning systems. Final results
demonstrated that Zone C achieved minimal peak displacement
and reduced stress concentration at the implant tip, consistent
with findings by Lee and Yang (Lee et al, 2018; Yang A. L. et al,
2023), though conflicting studies (De Bruijn et al., 2012) still favor
mid-central positioning. Critical analysis reveals that earlier finite

element studies predominantly employed a cortical-cancellous

Frontiers in Bioengineering and Biotechnology

dichotomy for material property assignment—assigning uniform
elastic moduli and Poisson’s ratios to cortical and cancellous bone
separately. This approach fails to account for the heterogeneous
bone,

density distribution of cancellous particularly the

biomechanical role of compressive trabeculae, potentially
contributing to result discrepancies. In contrast, CT grayscale-
based material mapping reconstructs the intrinsic heterogeneity of
cancellous bone density. Validated in study (Zhang et al., 2013), this
method has become standard in contemporary proximal femoral
finite element analys (Yang Y. F. et al., 2023). Prior research (Zhang
et al,, 2023) utilized finite element analysis to map proximal femoral
stress distribution under varying loads. Through principal stress
visualization, these studies established a direct correlation between
external mechanical stimuli and trabecular architecture: principal
stress trajectories align with trabecular orientation, while trabecular
density inversely correlates with absolute stress magnitudes. In our
study, CT grayscale-based material assignment enabled physiological
simulation of load transfer, with stress concentrated along
compressive trabecular pathways (Figure 7), confirming the
model’s fidelity in replicating in vivo biomechanical behavior.
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Beyond the debate over mid-medial versus inferior-medial

cephalocervical implant positioning, clinically unavoidable
variations include superior-medial (S-M), mid-posterior (M-P),
mid-anterior (M-A), inferior-posterior (I-P), and inferior-anterior
(I-A) placements, all of which were simulated in our finite element
analysis. Under transverse plane medial positioning, coronal plane
superior configurations exhibited significantly greater femoral peak
displacement and stress concentration at the implant tip, consistent
with findings by Goffin (Goffin et al., 2013). Regarding sagittal plane
positioning (comparisons among M-P, M-M, and M-A groups; and
I-P, I-M, and I-A groups), current consensus (Goffin et al., 2013;
Kane et al., 2014) suggests optimal placement in the mid-medial or
inferior-medial zones. However, some studies (Caruso et al., 2022)
propose that inferior-posterior or mid-posterior positioning may
enhance cutout resistance. Our results showed no significant
differences in maximum displacement across anterior, middle,
and posterior zones. However, stress distribution analysis
revealed more concentrated stress at the implant tip in anterior
configurations compared to posterior placements, with minimal
stress concentration observed in medial configurations.

Our study investigates cephalocervical implant positioning
through the biomechanical lens of compressive trabecular bone
anatomy, proposing that the trabecular-implant lever arm and
zonal classification provide intraoperative guidance for optimal
placement. The spatial
trabecular bone and implants further explains the rationale

relationship  between compressive
behind existing stability assessment methods. For instance, the
calcar-referenced TAD (CalTAD) (Kuzyk et al, 2012), an
improvement over conventional TAD, utilizes an inferior calcar
reference line to better predict cutout risks, while femoral head
zoning systems emphasize inferior positioning despite lacking
anatomical justification. By integrating compressive trabecular
anatomy—where trabeculae originate from the lesser trochanter
and calcar to intersect tensile trabeculae in the femoral head—we
demonstrate that inferior positioning at equivalent insertion depths
reduces the trabecular-defined lever arm and positions the implant
tip within Zone C. The recently proposed axis-blade angle (ABA)
(Yang A. L. et al., 2023) identifies —10° as a critical threshold, with
values below this sharply increasing complication risks. When
ABA > -10°, superior or anterior angulation relative to the
femoral neck axis should be avoided—a principle corroborated
by our data showing enhanced stability in intertrochanteric
fractures with ABA > -10° (P < 0.05). Anatomically, superior or
upward-angled implants predispose placement in Zones A/B
defined by compressive trabeculae, increasing the trabecular-
defined lever arm and thereby compromising stability.

Based on these findings, we conclude that optimal initial fixation
stability is achieved by positioning the cephalocervical implant
within Zone C (corresponding to the inferior position in the
coronal plane), followed by Zone B (mid-coronal position),
while placement in Zone A (superior coronal position) should
be avoided. In the sagittal plane, mid-positioning provides the
greatest stability, followed by posterior placement, with anterior
positioning  demonstrating  the  poorest  biomechanical
performance. This approach may optimize the biomechanical
environment for proximal femoral fixation, reconcile
controversies in existing implant evaluation methods, and

potentially enhance clinical outcomes.
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However, our research also has limitations: 1. Measurement
Variability: Despite standardized radiographic positioning, potential
measurement inaccuracies in hip X-ray analyses cannot be entirely
excluded. 2. Clinical cohort profile: This single-center retrospective
cohort study included 62 cases with limited follow-up duration. We
recommend future prospective multicenter studies featuring
extended follow-up periods to further investigate potential
nonlinear associations. 3. Model Demographics: The finite
element model utilized CT data from a 20-year-old male,
whereas intertrochanteric fractures predominantly occur in
osteoporotic populations.Although the current model did not
explicitly incorporate osteoporotic parameters, the compressive
trabeculae, constituting the core structural element of the key
load-transfer pathway in the proximal femur, remain present and
functionally relevant in the elderly population (Uemura et al., 2018).
Consequently,the stability advantage associated with Zone C
implantation observed in this study may exhibit generalizability.
Future studies incorporating osteoporotic specimens for FE analysis
or biomechanical testing are warranted to further validate this
inference. Furthermore, exclusion of musculature modeling and
dynamic gait cycles - a biomechanically essential element -
constitutes an experimental limitation potentially affecting
outcome validity; consequently, dedicated verification through
muscle-integrated simulations is mandated in subsequent
research. 4. Model Fidelity: Although CT grayscale-based
modeling reduces discrepancies between simulated and actual
bone properties, inherent differences between computational
models and in vivo biomechanics persist.

5 Conclusion

The spatial relationship between compressive trabecular bone
and cephalocervical implants provides intraoperative positional
guidance and provides anatomical elucidation of prior implant
blade
insertion, surgeons may need to reference compressive trabecular

stability assessment methodologies. During helical
anatomy to shorten the trabecular-blade lever arm length and
optimally position the blade within Zone C of the trabecular

architecture to achieve enhanced early stability.
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