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ABSTRACT
AIM: In a few cases of intramedullary nailing for femoral shaft 
fractures, nonunion due to insufficient fixation has been experienced. 
Although good results have been reported with the exchange nailing 
and the plate augmentation for reoperation, no method has been 
established to quantitatively evaluate postoperative instability, and 
it is not clear how the mechanical condition, including callus, is 

improved. In this study, Quantitative CT-based finite element analysis 
was used to quantify postoperative instability and to evaluate the 
mechanical effects of reoperation. 
MATERIALS AND METHODS: A reoperation model (exchange 
nailing and plate augmentation) was created in addition to the actual 
surgery model using a CT of a patient who had an intramedullary 
nailing for a femoral shaft fracture. Finite element analysis was 
performed to evaluate the tensile failure risk of the callus at the 
fracture site, which is considered to contribute significantly to bone 
union. 
RESULTS: In the actual surgery model with 11 mm diameter nails, 
11.4% of callus showed tensile failure under axial loading of 3 
times body weight, but this was reduced to 6.5% when the nail was 
changed to 13 mm diameter and 5.8% with the augmentation of a 
5-hole plate. 
CONCLUSION: The augmentation plate on the lateral side was 
mechanically shown to promote union similar to exchange nailing.

Key words: Femoral shaft fracture; Intramedullary nailing; Exchange 
nailing; Plate augmentation; Finite element analysis; Callus
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INTRODUCTION
Good union rate has been obtained with intramedullary nailing 
for femoral shaft fractures, while nonunion have been reported 
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in 3.1%-12.5% of cases[1-5]. Factors associated with nonunion 
include open fractures, smoking, screw failure, and improper 
dynamization[4-7]. Especially hypertrophic nonunion is thought to 
be caused by instability of the fracture site[8,9]. Exchange nailing or 
plate augmentation is selected as the treatment for nonunion after 
intramedullary nailing for femoral shaft fracture. The diameter of an 
intramedullary nail contributes to overall bone stiffness after surgery, 
and a decreasing trend in nonunion rate has been reported with 
increasing intramedullary nail diameters, even though the difference 
is not clinically significant[10]. For a plate augmentation, a higher 
union rate has been reported compared to an exchange nailing[11]. 
However, there is no established mechanical procedure for evaluating 
postoperative instability or appropriate reoperation.
    With regard to the mechanical evaluation of bone, since the 
material properties of bone were obtained from fresh-frozen cadavers 
by Keyak et al[12] and Keller[13] using mechanical tests, Quantitative 
CT-based finite element analysis (QCT/FEA) has been established, 
and good correlations have been reported in validation tests in 
various bones[14-17]. However, the empirical equations for material 
properties used in these models are derived from experiments on 
mature bone, and no finite element model has ever been developed 
applying inhomogeneous material properties based on CT values to 
callus. Suzuki et al. developed conversion equations between callus 
density and its Young’s modulus and yield stress by experiments 
with New Zealand white rabbits[18], allowing the derivation of callus 
material properties based on CT values. They have also validated the 
QCT/FEA during the maturation process using these equations.
    We used QCT/FEA during bone healing process to evaluate the 
postoperative instability of intramedullary nailing for femoral shaft 
fracture and to compare reoperation approaches for nonunion. There 
are reports that compression is better than tension at the fracture site 
for bone healing, or that appropriate compression is good for bone 
healing, based on experiments with sheep[19,20]. Therefore, with the 
hypothesis that tensile forces inhibit bone healing, we focused on the 
tensile failure risk of the callus. The aim of this study was to establish 
a quantitative assessment of instability after intramedullary nailing 
for femoral shaft fracture and after reoperation with exchange nailing 
or plate augmentation for nonunion using QCT/FEA.

MATERIAL & METHOD
Subject
The subject (51-year-old, male) was injured in a fall when he 
collided with an oncoming car while riding a motorcycle. He was 
transported by ambulance and a left femoral shaft fracture was found. 
On the same day, emergency operation was performed using an 
intramedullary nail (T2® femoral nail φ11 mm x L360 mm, Stryker 
Corp., Kalamazoo, Michigan, USA). For postoperative rehabilitation, 
half body weight was loaded until 4 weeks postoperatively, then 
full body weight was loaded thereafter. However, at 6 months 
postoperatively, a hypertrophic nonunion was suspected (Figure 
1). CT imaging was performed with a CT system (Aquilion ONE, 
Canon Medical Systems Inc., Tochigi, Japan), and CT data with a 
slice thickness of 0.5 mm and a pixel size of 0.45 mm was used. For 
calibration of hydroxyapatite(HA)-equivalent density, CT scan was 
taken with a bone density calibration phantom (B-MAS200, Kyoto 
Scientific, Kyoto, Japan).

Finite element modeling
QCT/FEA software (MECHANICAL FINDER version 11.0 
Extended Edition, Research Center of Computational Mechanics, 
Inc., Tokyo, Japan) was utilized for the static and elastic analysis with 
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Figure 1 Radiograph 6 months after surgery. Hypertrophic nonunion is 
suspected because callus is formed but lacks continuity.

Figure 2 Finite element models. Actual surgery model with 11 mm 
diameter nail, exchange nailing models (12 mm, 13 mm), and plate 
augmentation models (5-hole, 6-hole, 7-hole) were constructed.

contact nonlinearity. Geometries of intramedullary nails, plates(LCP 
Plates 3.5, Synthes, Raynham, MA, USA), and screws were created 
using 3D modeling software (Metasequoia 4.7, Tetraface Inc., Tokyo, 
Japan). The model consists of proximal and distal femoral fragments, 
a callus, an intramedullary nail, a plate, and screws. In addition to the 
actual intramedullary nailing model with 11mm diameter nail (A), 
the following five models were constructed: exchange nailing with 
12 mm (B) and 13 mm (C) diameter nail, plate augmentation with 
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5-hole (D), 6-hole (E), and 7-hole (F) plate (Figure 2). The bi-cortical 
locking screws for plate fixation are inserted laterally and passes 
behind the nail. The plate is fixed to the proximal and distal bone 
fragments with two screws each and the longer (more holes) the plate, 
the wider the proximal-distal screw distance. To reduce the effect of 
artifacts, the corresponding region was modeled independently, and 
an upper density limit was set (Figure 3A). The mesh is constructed 
with first-order tetrahedral elements with a minimum size of 0.375 
mm and a general size of 3.0 mm, and the number of elements in 
each model is approximately 3-4 million. Mesh convergence was 
evaluated in terms of total strain energy. The ratio of the minimum 
and general size was kept constant, and the error was confirmed to be 
within approximately 1% relative to the finest model with the general 
size of 1.5 mm.

Material Properties
HA equivalent density, rHA of bone and callus was obtained from 
CT value by calibration using phantom. Next, Young’s modulus and 
yield stress of the bone and callus were assigned to each element 
according to the equations of Matsuyama et al[21] and Suzuki et al[18], 
respectively (Table 1). The critical stress was set to 0.8 times the 
yield stress for both bone and callus according to the protocol of 
Bessho et al[14]. Intramedullary nails, plates, and screws had material 
properties of Ti6Al4V. The upper density limit was set at 600 mg/
cm3 for cancellous bone artifact region and 1500 mg/cm3 for cortical 
one, based on the density distribution of the healthy side. Contact 
conditions were defined on the interfaces of the intramedullary nail to 
the bone/callus, the intramedullary nail to the screws, and the plate to 
the bone/callus, and the coefficient of friction on the contact surfaces 
was set to 0.0.

Boundary Condition
A load of three times the body weight (1911 N) was applied to the 
bone head, since the mechanical axial component of the maximum 
load during gait is approximately three times the body weight in the 
report by Heller et al[22] (Figure 3B). The direction of load was always 
oriented from the center of the femoral head to the center of the knee 
joint. The distal end of the femur was fully constrained.

Evaluation Method
We focused on the tensile failure risk of the callus between bone 
fragments, which may contribute to strength, since Claes et al. 
reported that the force acting on fracture site during the bone healing 
process is better in compression than in tension in their experiments 
with sheep[19]. The tensile failure risk of each element is determined 
using the critical stress as follows.

    Then, the volume ratio of the elements with a tensile failure risk 
greater than one in the callus region between the bone fragments was 
employed as an index, as shown in Figure 4.

    In addition, relative displacements of the proximal and distal bone 
fragments were evaluated at the medial and lateral sides near the 
fracture site to assess fragment instability.

RESULTS
Figure 5 shows the elements of callus with a tensile failure risk of 
50% or greater at 6 months after surgery. Focusing on the region 
between the bone fragments, many elements show a higher tensile 

Figure 3 (A) Detail of finite element model. Screws have clearance between 
screw holes as in the real ones. Artifact regions are modeled separately to 
set the upper density limit. (B) Boundary condition. Three times the body 
weight is applied on the femoral head in the direction of the mechanical 
axis.

Table 1 Material properties, where rHA means hydroxyapatite equivalent 
density (g/cm3). Yield stress and critical stress are not used in the analysis 
because of the material linear analysis, but critical stress is used when 
evaluating the tensile failure risk.

Young’s modules 
(MPa)

Yield stress 
(MPa)

Critical Stress 
(MPa)

Poisson’s 
ratio

Bone
              1.92131530.6 rHA

                     1.8952116.64
 
rHA

                Yield stress*0.8 0.3

Callus 0.2391e 8.00rHA                   2.4130.49
 
rHA

               Yield stress*0.8 0.3

Nail (Ti6Al4V)

113000 909 999 0.315Screw (Ti6Al4V)

Plate (Ti6Al4V)

Figure 4 Callus region used to derive tensile failure ratio. The region 
between bone fragments considered to contribute to bone strength was 
used.

A B
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Figure 5 Elements with greater than 50% tensile failure risk at three times 
body weight for actual surgery model. Callus with a high tensile failure 
risk at the fracture site are concentrated on the lateral side.

Figure 6 Load change in tensile failure ratio of the actual surgery model.

Figure 7 Cross-sectional view of the tensile failure risk of the callus. In particular, the exchange nailing with 13 mm diameter nail and the plate 
augmentation models reduce the tensile failure risk on the lateral side at the fracture site. 

failure risk on lateral side. In the load dependence of the tensile 
failure ratio, 11.4% of the regions had tensile failure at three times 
the body weight (Figure 6). Tensile failure risk in each reoperated 
model was reduced in the lateral side, especially in exchange nailing 
model with 13 mm diameter nail and all plate augmentation models 
(Figure 7). The actual surgery model showed a tensile failure ratio 
of 11.4%, while exchange nailing with12 and 13 mm diameter nail 
decreased it to 9.7% and 6.5% , respectively (Figure 8). The plate 
augmentation was more effective with closer screw distance between 
bone fragments, with tensile failure ratio of 5.8%, 6.5%, and 6.6% in 
5, 6, and 7-hole model, respectively.
    The distance between bone fragments was 0.8 mm closed on the 
medial side and 0.2 mm opened on the lateral side when three times 
body weight was applied in the actual surgery model (Figure 9). 
Overall movement was suppressed when the nail was exchanged 
to a larger diameter nail. Especially in the 13 mm diameter model, 
the distance was reduced even on the lateral side (medial: -0.5 mm, 
lateral: -0.1 mm). Plate augmentation suppressed the lateral opening, 
which was -0.7 mm on the medial side and -0.1 mm on the lateral 
side in the 5-hole plate model.

DISCUSSION
The tensile failure ratio was about 11% in the actual surgery model 
(11 mm diameter) at three times body weight loading, indicating 
the possibility of future nonunion. A cut-off value for nonunion is 
expected to be derived by increasing the number of cases in the 
future. However, even without a cut-off value, it could be useful for 
relative evaluation as an index that reflects actual material properties 
of callus.
    In this study, the loading condition was applied to the femoral head 
in the direction of the mechanical axis, resulting in a tensile force on 
the lateral side. Consequently, the distance between the fragments 
was closed on the medial side and opened on the lateral side in the 
actual surgery model. Exchanging the nail with larger diameter 
ones increased overall stiffness and reduced the bending, leading 
to a decrease in medial compression and lateral tension. Movement 
on the lateral side also shifted from tensile to compressive when 
exchanging to the 13 mm diameter nail, and this contributed to the 
significant reduction in the tensile failure ratio. Claes et al. reported 
that compression at the fracture site is superior to tension and shear 
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for revascularization and bone healing in their experiments with 
sheep[19]. Experiments by Epari et al. have also shown that fixation 
with appropriate compressive stiffness of the fracture site is better 
for bone healing[20]. These factors support that raising the diameter 
up to 13 mm in this case would have a positive effect on bone fusion. 
Serrano et al. also reported that the nonunion rate tended to decrease 
as the diameter of the intramedullary nail increased, even though the 
difference was not significant[10]. The difference between 11 mm and 
12 mm is smaller than that between 12 mm and 13 mm, which may 
be due to the fact that the second moment of area acts in proportion 
to the fourth power of the diameter and that the 11 mm diameter of 
the T2® femoral nail has an 11.5 mm diameter in the proximal part.
    Plate augmentation directly fixates the lateral side and works 
toward closing the bone fragments, so-called “tension band effect”, 
thus reducing the tensile failure of the callus. The smaller screw 
distance between the bone fragments (shorter plates between them) 
results in less relative displacement between the fragments, and 
therefore also less tensile failure ratio. The best plate augmentation 
with 5-hole plate showed comparable tensile failure ratio to 
exchange nailing with 13 mm diameter nail, consistent with the 
report by Medlock et al. that plate augmentation is as good as or 
better than exchange nailing as a reoperation for nonunion[11]. Not 
only in terms of surgical difficulty, but also from a mechanical 
aspect, the plate augmentation could be an option for reoperation. 
It was also suggested that screw fixation closer to the fracture 
site on both bone fragments would be more effective for plate 
augmentation.

Tensile failure ratio of callus with CT-based material properties 
can be used to evaluate mechanical status on a subject-specific and 
chronological change and is shown to be useful in determining 
preoperative surgical methods. In this study, the exchange nailing was 
just a change in nail diameter and the plate augmentation was just a 
change in plate length, but many variations are possible, such as nail 
length, with/without anteroposterior screw, and number of screws for 
exchange nailing, and position, single/bi-cortical screw and number 
of screws for plate augmentation. In the future, surgical procedures 
are expected to be determined not only by surgical difficulty and 
infection risk, but also by mechanical evaluation.

This study has the following limitations. The first is that this is an 
analysis of a single case, and the cut-off value for the tensile failure 
ratio leading to nonunion is not clear. In the future, the cutoff value 
can be derived by following the number of cases and time-series 
changes. Second, the loading condition is a simple axial load. If a 
load during walking, in which muscle force is also applied, is used, 
the results may change slightly due to the addition of rotation and 
other factors. Third, this study uses postoperative CT data, which is 
affected by artifacts. However, the effect is considered small because 
an upper limit is set for Young’s modulus and the intramedullary 
nail is sufficiently hard. Fourth, it is a material linear analysis. This 
is because material nonlinear analysis in addition to contact analysis 
is very time consuming. It is important to verify whether the same 
index can be used for material nonlinear analysis. Fifth, the biological 
effects of the reoperation were not considered. The effects of reaming 
and chipping performed during exchange nailing cannot be evaluated 
and are limited in their accurate expression in these finite element 
models.

CONCLUSION
Mechanical assessment can be incorporated into the decision process 
for reoperation by constructing a CT-based inhomogeneous model 
and assessing the tensile failure risk of the callus at the fracture 

Figure 8 Tensile failure ratio of each model. Reduction was seen with 
smaller screw distance for plate augmentation and was comparable to 
exchange nailing with 13mm diameter nail.

Figure 9 Gap changes between bone fragments. Lateral opening changes 
to close after exchange nailing with 13 mm diameter nail and plate 
augmentations.

site with finite element analysis. The plate augmentation was 
mechanically equivalent in fixation to exchange nailing and can be an 
option in reoperation for nonunion.
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