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Abstract
Background  This study evaluated the biomechanics of the proximal femoral nail antirotation-II (PFNA-II) in AO/OTA 
31A2.2 intertrochanteric fractures based on the fracture reduction quality.
Methods  Unstable intertrochanteric fractures were created according to the AO classification and repaired by proximal 
femoral nail antirotation-II (PFNA-II) using one of three medial cortical support groups. The specimens were tested using 
cyclic axial loading. The following parameters were recorded: force and stiffness at failure, maximum vertical and horizontal 
displacement, neck-shaft angle, and location and patten of failure.
Results  In the cyclic loading test, the force at failure in the anatomical reduction (AR) group was greater than that of the 
positive medial cortical support (PMCS) group (984.22 ± 12.63 vs. 936.95 ± 16.78) N (P < 0.05) and negative medial corti-
cal support (NMCS) group (918.04 ± 28.86) N (P < 0.05). The stiffness in the AR group was 4.77 and 31.9% higher than 
that in the PMCS group (P > 0.05) and NMCS group (P < 0.05). The maximum vertical displacement was the largest in the 
NMCS group. The maximum horizontal displacement in the NMCS group was 28.6 and 19.1% larger than that in the AR 
group (P > 0.05) and PMCS group (P < 0.05). The neck-shaft angle in the NMCS group was smaller than that in the anatomic 
reduction group (P < 0.05) and positive support group (P < 0.05).
Conclusion  For the unstable AO/OTA 31A2.2 intertrochanteric fracture, there were significant differences in their mechanical 
stability among AR, PMCS and NMCS. The NMCS is not recommended during the intraoperative reduction.
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Introduction

The incidence of intertrochanteric fractures has increased 
significantly along with the accelerated aging of the popu-
lation [1], and the morbidity is 1.32% among people over 
85 years old [2]. In elderly patients, early operation within 
24–48 h and function exercise can significantly reduce the 
complications and mortality [3]. For the intertrochanteric 
fracture patients without obvious operation contraindica-
tions, surgical treatment is still the first choice.

Compared with other surgical procedures, intramedullary 
nail fixation has obvious biomechanical advantages, due to 
its less invasiveness. It is suitable for most intertrochan-
teric fractures and more widely applied clinically. However, 
there are many hip muscles, and the mechanical structure 
is complex. To achieve anatomical reduction (AR), mul-
tiple reductions are often needed, and the operation time 
will be prolonged. In addition, the elderly patients often 
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have other underlying chronic diseases, such as pneumonia 
and decreased cardiac function. To ensure the safety of the 
surgery, the operation time should be shortened as much 
as possible. A balance between the operation time, safety, 
reduction quality and biomechanics is needed. The reduction 
quality is one of most important factors affecting the stabil-
ity of internal fixation of the intertrochanteric hip fracture 
[4]. If the stability is poor, the head-neck fragment will con-
tinue to telescope along the axis of the implant (lag screw/
helical blade), resulting in the shortening of the proximal 
femur, and loss of the neck-shaft angle and varus. In these 
cases, the phenomenon of cut-in or cut-out and the func-
tional influence will appear, and the hip function will be 
affected [5–7]. There are various criteria for assessing the 
reduction quality of intertrochanteric fractures, and the most 
widely used criteria were proposed by Baumgaertner et al. 
[8–11]. The Baumgaertner criteria define a displacement of 
any fragment of less than 4 mm (between 3 and 5 mm) as a 
good reduction quality, but the displacement direction of the 
fracture fragments is not considered at all. We were the first 
to test the effect of the displacement direction of the fracture 
fragments on stability from the perspective of biomechanics. 
The purpose of this study was to compare the biomechanical 
stability of different medial cortical support patterns after 
the proximal femoral nail antirotation-II (PFNA-II) fixation 
for unstable AO/OTA 31A2.2 intertrochanteric fractures. We 
aim to provide the theoretical basis for its clinical applica-
tion to reduce postoperative complications and improve the 
outcome of the surgery.

Materials and Methods

Sample Preparation

A total of 18 synthetic proximal osteoporotic femurs [12, 13] 
were divided into 3 different medial cortical support groups 
in intertrochanteric fracture models (AO/OTA 31A2.2)  [14, 
15], namely anatomical reduction (AR), positive medial cor-
tical support (PMCS) and negative medial cortical support 
(NMCS).

The fracture models were simulated according to the 
2018 AO/OTA classification of 31A2.2 fracture models of 
intertrochanteric fractures. The intertrochanteric fractures 
were created using custom templates. According to the 
definition of lateral wall by Hsu [16], a horizontal line was 
drawn 3 cm below the innominate tubercle of the greater 
trochanter. At the intersection of this horizontal line and 
the lateral cortex, a 45° angle line was drawn intersecting 
the fracture line at point A with a lateral wall thickness of 
2 cm. Another horizontal line was drawn at the lowest point 
of the lesser trochanter and the intersection of this line and 
the anteromedial wall of the femur was designated as B. 
The AO/OTA 31A2.2 fracture model was made by drawing 
a straight-line F across the two points of A/B and removing 
the large area of the lesser trochanter and part of the poste-
rior wall (Fig. 1).

All fracture models were made by the same senior sur-
geon. PMCS is defined as the medial cortex of the head–neck 
fragment displaced and located slightly superomedially to 

Fig. 1   Schematic diagram of 
fracture model; A anterior view; 
B posterior view
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the medial cortex of the femur shaft in the anteroposte-
rior (AP) view. NMCS is the opposite of the PMCS, and 
is defined as the medial cortex of the head–neck fragment 
located lateral to the medial cortex of the femur shaft in 
the AP view. Every displacement is defined as a cortical 
distance of 3.64 mm. All the fractures were fixed using the 
PFNA-II (170 mm, diameter: 9 mm, titanium alloys; Double 
Medical Technology Inc., Xiamen, China). The lag screw 
was placed and fluoroscopy was used to ensure that the lag 
screw position was in the inferior third of the femoral neck 
in the PA view and in the center of the femoral neck in the 
lateral view, and the tip-to-apex distance (TAD) was between 
20 and 25 mm [17–19]. All PFNA-II nails were statically 
locked with a distal locking screw.

Test Protocol

The model was place on the Instron 3365 testing machine 
(Instron, Norwood, MA, USA) with the distal part embed-
ded. The position of the model was simulated with one leg 
standing (Fig. 2). The models were oriented at 15° of adduc-
tion in the coronal plane and aligned vertically in the sagittal 
plane [20, 21]. The femoral head was inserted proximally 
into an acetabulum-type cup and was free to rotate inside 
the cup.

All three different medial cortical support groups were 
subjected to the cyclic loading test according to a previ-
ous study [13]. In the cyclic loading test, the number of 
cycles varies, but the commonly used 10,000 cycles protocol 
attempts to simulate the walking of a patient over a 6-week 
period until healing occurs. The upper load of 1400 N is 
considered to be the equivalent of the weight of a 70-kg 
person.

The test protocol included a preload of 200 N that was 
increased to the maximum force at a rate of 100 N at each 
cycle [22, 23] until failure or until a force of 1400 N is 
reached  [24] at a displacement rate of 10 mm/min. The 
force at failure was defined as that at which there was a vis-
ible failure of the internal fixation (screw blade cutting out, 
screw blade withdrawing, screw blade broken or fracture 
reduction loss or new bone fracture), or a drop of the applied 
force or an inability to increase the force value with increas-
ing standard travel.

The displacement and neck-shaft angle data were col-
lected using the GOM Inspect Professional Dynamic Cap-
ture 3D system (GOM GmbH, Braunschweig, Germany) 
(Fig. 2). The load data were taken from the force gauge of 
the testing machine. The stiffness of the construct was calcu-
lated using the load/standard travel curve from the last three 
conditioning cycles.

After testing, the specimens were examined for the loca-
tion of the fractures, distal screw migration or bending of 
the implant.

Statistical Analysis

The SPSS 23.0 statistical software (IBM Corp., Armonk, 
NY, USA) was used to analyze the data. One-way analysis 
of variance (ANOVA) was used to analyze the comparison 
among the data of multiple groups, and the least significant 
difference (LSD) post hoc test was used to compare the data 
of the two groups. Student tests were used to analyze the 
comparison between the two groups. The difference was 
considered statistically significant when the P value was 
less than 0.05.

Fig. 2   A Axial stiffness mechanical test was taken under the Instron 
(Model 3365) testing machine (Instron, Norwood, MA, USA); B The 
data were collected by the GOM Inspect Professional Dynamic Cap-

ture 3D system (GOM GmbH, Braunschweig, Germany); C Screen-
shot of an optical view with vertical and horizontal axis of data acqui-
sition
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Results

The detail results are shown in Table 1.
In the cyclic loading test, the force at failure of the AR 

group was 4.8 and 6.72% larger than that of the PMCS and 
NMCS groups, respectively (P < 0.05). However, there was 
no statistical difference between the PMCS and NMCS 
groups (P > 0.05), (Fig. 3).

The stiffness at failure of the AR group was 4.77 and 
31.9% higher than that in the PMCS group (P > 0.05) and 
NMCS group (P < 0.05), (Fig. 3). The vertical displace-
ment of the NMCS group was 8.32 and 5.4% larger than 
that of the AR and PMCS groups, respectively (P < 0.05), 
(Figs. 4, 5). The horizontal displacement of the NMCS 
group was 28.64 and 19.12% larger than that of the AR 
and PMCS groups, respectively (P < 0.05) (Fig. 4). The 

Table 1   Results of the testing 
protocol

Fixation Force at failure (N) Stiffness 
standard (N/
mm)

Vertical 
displacement 
(mm)

horizontal 
displacement 
(mm)

Neck-shaft angle (°)

AR 984.22 ± 12.63 115.3 ± 5.8 21.04 ± 4.63 15.82 ± 3.48 121.84 ± 2.89
PMCS 936.95 ± 16.78 109.8 ± 4.1 21.71 ± 5.92 17.93 ± 4.89 121.12 ± 3.79
NMCS 918.04 ± 28.86 78.5 ± 10.8 22.95 ± 4.98 22.17 ± 4.82 119.77 ± 3.31

Fig. 3   The force at failure of 
AR group was 4.8% and 6.72% 
larger than that of PMCS 
and NMCS groups, respec-
tively. The stiffness at failure 
of AR group was 4.77% and 
31.9%larger than that of PMCS 
and NMCS groups, respectively. 
**Significant (P < 0.05)

Fig. 4   The vertical displacement of NMCS group was 8.32% and 
5.4% larger than that of AR and PMCS groups, respectively. The hor-
izontal displacement of NMCS group was 28.64% and 19.12%larger 

than that of AM and PMCS groups, respectively. The neck-shaft 
angle of AR group was 0.6% and 1.7% larger than that of PMCS and 
NMCS groups, respectively.**Significant (P < 0.05)

Fig. 5   The cyclic loading test was used to ensure the force and stiff-
ness at failure, the maximum vertical and horizontal displacement, 
the neck-shaft angle
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neck-shaft angle of the AR group was 0.6 and 1.7% larger 
than that of the PMCS and NMCS groups, respectively 
(P < 0.05) (Fig. 4). However, there was no statistical dif-
ference between the AR group and PMCS in the stiffness 
at failure, the maximum vertical and horizontal displace-
ment, and the neck-shaft angle (P > 0.05).

The breakage of the head–neck fragment occurred in 
seven cases, split fracture at the zone of the distal screw 
in two cases, and breakage in the distal femur area in eight 
cases, and one case of breakage in both the zone of the distal 
screw and distal femur area.

Discussion

The results of this study revealed that although the AR, 
PMCS, and NMCS are all methods that achieve good reduc-
tion quality according to the Baumgaertner criteria, there 
are significant differences in their mechanical stability. The 
PMCS method is not inferior to the AR method, and both 
are superior to the NMCS method. The Baumgaertner cri-
teria only consider the displacement distance of the fracture 
fragments, but we should also consider and add the displace-
ment direction of the fracture fragment to these criteria. All 
the forces at failure in the AR, PMCS and NMCS groups 
were less than 1400 N, which is consistent with the results 
obtained by Ceynowa [13]. Accordingly, whether early 
weight-bearing is needed after the treatment of unstable AO/
OTA 31A2.2 intertrochanteric fractures should be carefully 
considered.

In 1980, Kaufer first described five factors that affect the 
stability of internal fixation of the intertrochanteric hip frac-
ture, namely bone quality, fracture geometry, reduction qual-
ity, implant type and implant placement [4]. For implant type 
selection, compared with extramedullary fixation, intramed-
ullary fixation has many advantages, such as central fixation 
with better biomechanics to reduce the risk of collapse and 
less invasive procedure [17–19]. As a result, the intramedul-
lary nail is much more widely used. Before intramedullary 
nail insertion, the reduction of the fracture should be the 
most important procedure. AR is the goal of all fracture 
treatments. However, sometimes, it is not easy to achieve 
AR in intertrochanteric fractures in a short time during the 
surgery, which will undoubtedly increase the operation time 
and the risk of complications. Since the elderly patients 
often suffer from some chronic medical condition, the inci-
dence of perioperative complications and mortality is high. 
To reduce the operation time and the incidence of intraop-
erative complications, we had to compromise the reduction 
quality to ensure the safety of the operation. At present, in 
clinical practice, we most commonly use the Baumgaertner 
criteria to evaluate the reduction quality in intertrochanteric 
fractures. According to the proposed criteria, the reduction 

quality of the intertrochanteric fractures is divided into three 
grades: good, acceptable, and bad. Less than 4 mm displace-
ment of any fragments is considered as good reduction qual-
ity, but the displacement direction of the fracture fragment 
is not considered. However, it seems that the displacement 
direction of the fracture fragment after reduction also affects 
the stability and clinical outcomes [25–27]. Therefore, in 
this study, we further divided the reduction quality into AR, 
PMCS and NMCS and found that the biomechanical perfor-
mance of these three kinds of reduction models with “good” 
reduction quality was quite different.

In the cyclic loading test, the stiffness in the PMCS and 
AR groups was much higher than that in the NMCS group, 
and there was a statistically significant difference. Stiffness 
refers to the ability of a component to resist deformation. 
The change in the reduction quality can alter the whole stiff-
ness. The ability to resist deformation in the AR and PMCS 
groups is higher than that in the NMCS group. The reason 
is that when the experimental model is loaded, the head and 
neck fracture fragment will have a slight tendency of varus 
deformity, the medial cortex of the distal intertrochanteric 
fracture can support the proximal cortical fragment to resist 
deformation in the PMCS and AR groups. For the negative 
cortical support reduction model, the medial cortical support 
is absent. The lack of this kind of support reduces its abil-
ity to resist varus deformity. The head–neck fragment was 
under more force, as a result the breakage of the head-neck 
fragment was found the most in the PMCS group. Different 
reduction quality had different location and patten of failure. 
The varus deformity of the head and neck fracture fragments 
also implies a decrease of the neck-shaft angle. The changes 
in the neck-shaft angle were also the largest in the NMCS 
group. On the other hand, the NMCS group had the largest 
vertical and horizonal displacement in each cycle. When 
the load of the sine wave load increases, the head and neck 
fracture fragment moves down more in the negative corti-
cal support group than that in the positive cortical support 
group and the AR group, as a result the spiral blade may cut 
more bone of the femoral head and neck fracture fragment. 
Therefore, the screw blade in the NMCS is more likely to 
destroy the normal bone of the femoral head as mentioned 
by Ceynowa [13], especially in patients with osteoporosis. 
Thus, the shortening and varus deformity of the proximal 
femur will result in a poor mechanical environment in the 
intertrochanteric fracture site, increased stress of the internal 
fixation device, increased incidence of the internal fixation 
failure (cut-out, cut-in), fracture non-union and other com-
plications  [27, 28].

In this study, we only considered the effect of the medial 
cortical support in the coronal plane. We believe that there 
should be similar differences in mechanical stability in the 
sagittal plane. In the unstable intertrochanteric fractures, 
the posterior medial side of the intertrochanteric region is 
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mostly comminuted and displaced, while the anterior medial 
region is mostly thicker with a simple fracture line. There-
fore, the cortical support reduction of the “anteromedial cor-
ner” proposed by Professor Chang is extremely important 
[27]. The stability of the fracture reduction should be deter-
mined from both the AP and lateral views to avoid intertro-
chanteric fracture reduction without cortical support reduc-
tion. The head and neck fragments will slide excessively to 
the medullary cavity which will affect the stability of the 
fracture site under axial compression, leading to varus or 
internal fixation failure. In addition, the AR model in our 
study is hand-made and idealized. However, due to the reso-
lution of the fluoroscopy machine, a cortical displacement of 
less than 2 mm cannot be distinguished by the naked eye. It 
is difficult to distinguish the accurate AR, slight PMCS and 
slight NMCS during the surgery. Thus, during the surgery, 
the surgeon should make a much more careful evaluation.

This study has several limitations. First, no lateral bend-
ing stiffness tests and torsional stiffness tests were per-
formed. Second, in the current treatment, InterTAN, PFNA-
II, Gamma3 are all widely used as intramedullary fixation 
devices, but we only used the PFNA-II to perform the bio-
mechanical test. In the future, the stability of the positive 
cortical support reduction model can be compared using 
different implants.

Conclusion

For the unstable AO/OTA 31A2.2 intertrochanteric frac-
ture fixed using PFNA-II, the mechanical stability of the 
PMCS is not inferior to AR, but significantly superior to the 
NMCS. If we have to shorten the operation time and reduce 
the operation risk, the PMCS, after the reduction of intertro-
chanteric fracture is also an acceptable option. In addition, 
we should refine the evaluation criteria of the reduction qual-
ity and appraise the relative position of the medial cortex of 
the fracture fragment after reduction to provide an optimal 
mechanical environment for early functional exercise and 
fracture healing.
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