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Applications of finite element analysis (FEA) to demonstrate the pre- and post-
operative conditions of the brittle bone-related disease known as osteogenesis 
imperfecta (OI) has been widely used in the past and at present. The method used to 
reconstruct the bone model that resemble the OI bone geometry plays an important 
aspect to accurately represent the bone condition to provide more alternative ways to 
evaluate surgical intervention options. Other factors such as material properties and 
boundary conditions also reflect the results of the analysis. Therefore, the aim of this 
review paper is to analyse the approaches of previous studies in terms of model 
geometry construction, selection of materials properties and boundary conditions to 
enable a deeper understanding and evaluation of bone fractures in OI patients. The 
biomechanical design of the intramedullary (IM) rods used in post-operative surgery 
and the interface between IM rods and bone fragments are also discussed in this 
review paper. 
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1. Introduction 
 

Osteogenesis imperfecta (OI) is a rare disease that affects the bones and causes frequent 
fractures throughout the patient’s life. According to Ralston & Gaston, 2020 [1], David Sillence 
introduced the classification of OI types known as Type I, Type II, Type III, and Type IV based on clinical 
and radiological presentation. The newer form of OI is categorized as Types V, VI, and VII. Tauer et 
al., 2019 [2] stated that the later types of OI are not associated with type I collagen mutation, instead, 
it is classified according to genetic tests that relate to OI phenotype or genotype which are more 
complex to identify its classification. Statistically reported by Phonela et al., 2020 [3] and Shafie et 
al., 2020 [4], this disease can affect 1 in 20,000 births worldwide and in Malaysia, OI is listed as the 
top three rare diseases that affected 1 in 4,000 communities. 
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To date, there is no specific treatment to cure OI. All the treatment proposed by the physicians 
are to help patients maximize their movement in daily life and reduce the occurrence of fractures. 
The treatments can be divided into non-surgical and surgical procedures. Non-surgical procedures 
involve physical therapy, medication, including drugs, rehabilitation, and splinting which aims to 
maintain and improve muscle and bone strength. For many years, bisphosphonates (BP) and Vitamin 
D have been one of the treatments used to increase bone density over the years. It is reported that 
the amount of BP control used in treatment, especially in children with OI shows a consistent increase 
in bone density [2]. This is supported by a statistical study conducted by Chen et al., 2022 in a Chinese 
cohort population, showing that BP treatment appears to respond to bone density in the early 
adolescent group over a period of 10-15 years [5]. Some studies reported that the amount of 
insufficient Vitamin D in pediatrics with OI is as high as 80% which is very worrying [6,7]. This is 
because, in the early phases, children need sufficient levels of Vitamin D to help metabolism and 
bone development as they function as calcium-phosphorus metabolism, especially for the formation 
of bone mineral matrix in bone.  

The surgical procedure involves bone surgery with intramedullary (IM) rod used to stabilize the 
fractured bone. The IM nail is used to support an acute fracture, minimizes recurrent fractures, and 
re-aligns the bowing bones. The application of the rod used to support deformed bones was first 
introduced by Harold Sofield and Edward Millar through the multiple osteotomies called shish kebab 
technique as described by Fassier, 2021 [8]. In the open osteotomy method, the deformed bone is 
cut into several fragments and aligned together along the diaphysis of the bone. The rod is used to 
support and correct the deformities of the bone fragment. Figure 1 illustrates the shish kebab 
technique. Since then, multiple osteotomies using IM rods had become the main technique used in 
OI cases. 
 

 
Fig. 1. Osteotomy method   

 
With the new implementation of the telescopic rod, and the new minimally invasive surgical 

approach known as the percutaneous technique, which is less complicated, allows less skin incision 
and offers less surgery time is more preferrable in today’s surgery. An example of telescopic rod 
Fassier–Duval (FD) through a percutaneous technique is shown in Figure 2. Fassier, 2021 [8] describes 
a percutaneous technique by inserting a guidewire into the greater trochanter through gluteus 
muscle to the distal end of the bone. Partial osteotomy is required to straighten the fractured bone. 
When it reaches the distal end, the guide wire is withdrawn, and the rod is inserted. The male 
component will first be inserted and screwed toward the end of the distal epiphysis. The female 
component is inserted into the male component and screwed into the greater trochanter.  
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Fig. 2. Percutaneous technique 
using FD rod  

 
Over the years, finite element analysis (FEA) has been used to assess the fracture risk of OI bone. 

Since fractures occur throughout the patient's life, it is most likely that there are no signs or no early 
signs of a fracture under physical activity that involves the patient's mobility. Prediction of the 
fracture occurrence can provide early awareness to the patients and the caretakers. The application 
of finite elements helps to provide a reliable analysis method to create an unforeseen situation to 
predict the fracture risk. The wide range of variables and parameters accessible in the tool allows 
researchers to simulate conditional situations to analyze the biomechanical behavior of bones due 
to the repeated fracture. Therefore, this analysis provides data and details about the condition or 
situation that caused the fracture and at the same time can offer patients the highest possible 
support for them in their mobility in daily life activities. Celin et al., 2020 [10] relate that function and 
quality of life related to fracture severity are interrelated. Few past studies published focus on 
fracture analysis in OI bone offered interesting outcomes that benefit both the surgeons and patients 
[11-17]. An interdisciplinary medical approach through surgical intervention is required to minimize 
fractures and improve mobility. This usually takes place at an early phase in the child’s growth stage. 
Above all, it is a repeat procedure because of repeated fractures. IM rods help to align the bones, but 
complication post-surgery needs to be closely monitored.  

Overall, this review aims to access the existing finite element tools used to identify fractures in 
OI bone pre-operative and post-operative surgery. This review consists of four sections: (1) the FEA 
of fracture risk on OI-affected bone for pre-operative assessment, (2) follow-up on the fracture 
strength of IM rods post-surgery, (3) the biomechanical design and challenges of IM rods in current 
surgical intervention procedures and (4) recommendation for future work to provide a better use of 
simulation result to create a better lifestyle for the patient with OI. 
 
2. Finite Element Analysis Preoperative Assessment  
 

Early studies of fracture risk assessment in OI bone in finite element are by Fan et al., 2004 [11] 
and Fritz et al., 2009 [12]. This study was carried out in Abaqus software where both authors used 
the standard femur (SF) bone model available from the internet, but the distinctive difference is the 
reconstruction of the SF into the OI bone model. Fan et al., 2004 [11] deformed the bone model to 
resemble the frontal angulation bowing of OI bone using matrix laboratory (MATLAB). On the other 
hand, Frit et al., 2009 [12] constructed a patient-specific finite element model by matching the X-ray 
image of OI pediatric patient to the SF bone model in the coronal plane using the nodal coordination 
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method. The length of the SF was adjusted according to match with the patient OI bone. For 
comparison, Fan et al., 2004 [11] produced three OI bone models representing three bone amplitude 
severities of 10 mm, 20 mm, and 30 mm where in the real case the severity does not reflect the actual 
bow angle. Meanwhile, Frit et al., 2009 [12] produces one OI bone model with the exact bowing 
angulation through matching technique. Another difference is that the former study used the same 
physiological load and location for the deformed model without including muscle force while the 
latter study included muscle force in their model and applied hip moment and forces at the femoral 
head and knee moments and forces at the center of the condyle’s femur. Fan et al., 2004 [11] 
targeted 10% of the gait cycle covered only stance phase and concluded that as the deformity of 
bowing increases the stress and strain also increases. Fritz et al., 2009 [12] covered all seven phases 
of the gait cycle where von Mises stresses were analyzed against fracture strength of 115 MPa to 
indicate the fracture risk of the femur. They set Young’s modulus of the femur bone as 19 GPa and 
Poisson’s ratio of 0.3. The bone model was assumed to be isotropic. The finding showed no risk of 
fracture in OI patients in a normal gait cycle. But the highest fracture was recorded during the mid-
stance and loading response of the gait cycle. 

Caouette et al., 2014 [13] simulate the tibia bone models using Radioss software to predict the 
fracture risk in tibial bowing. The tibia mesh was adjusted to resemble the OI tibia patient 
radiography images. A variation of ten bowing angles was developed to assess the tibial bowing effect 
on fracture risk. The force was given during two-legged hopping, internal and external twisting of the 
tibia, and a direct force on the tibia in the horizontal direction in lateral, medial, anterior, and 
posterior directions. The tibia plateau was kept constrained and joint reaction force was applied at 
the distal end of the tibia. The findings of this study show that the risk of fracture in tibial bowing is 
related to vertical loads but not for lateral loads. In a follow-up study, Caouette et al., 2016 [14] used 
a patient-specific kriged mesh method to alter the tibia bone model to fit with the OI tibia bone. In 
this technique, four control points at the endosteal border per slice were used as reconstruction error 
to indicate the accuracy of the deformed bone, and eight points on the tibial plateau and three points 
of the distal tibia shaft used as references mark to recreate the OI tibia bone model. Figure 3 
explained the reconstruction image developed from healthy tibia mesh and deform into OI tibia 
bone. CT scan images were used as reference the kriging technique with the respective location is 
referred to transform the model. In both studies the bone assumed to be isotropic with elastic 
modulus of 19 GPa. The result suggested that cortical thickness is indeed one of the factors affecting 
the fracture risk in OI. 

 

  
Fig. 3. MRI Image of the tibia and Finite element 
model tibia   
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Tan et al., 2019 [15] develop the tibia bone model to observe the influence of cancellous bone in 
modeling the OI bone in the Voxelcon. Two tibia bone models were developed based on the CT 
images of an OI patient where the first one was the solid OI tibia bone, and the other model was 
separated into cortical and cancellous bone. The bone models assumed to be isotropic and linearly 
elastic. Both models were given artificial load in the tibiofemoral joint and activities of daily load 
consisted of standing, walking, and running. The results show that the neglect of cancellous bone in 
the OI bone model does not make a significant difference in the given boundary conditions. 

The most recent studies to assess the fracture in OI bone are by Ramírez-Vela et al., 2021 [16] 
and Wanna et al., 2022 [17]. The similarity between these studies is the setting of the loading 
condition on the bone model. They both set the constraints at the medial and lateral condyle of the 
femur and vertical force was applied at the femoral head. Figure 4 and 5 showed where the 
constraints were set at the medial and lateral condyle of the femur and force was applied at the 
femoral head. Ramírez-Vela et al., 2021 [16] created a three-dimensional femur model based on CT 
scan images of OI patients. They evaluated the respond between femur bone model toward three 
types of fractures of transverse, oblique, and comminute in normal walking gait. Their finding 
indicated that comminute fracture causes the highest level of stress in the central zone of the 
diaphysis in the femur. Wanna et al., 2022 [17] predicted the fracture load in femoral bone with ten 
variations of bowing severity under various types of loading consisting of medial-lateral impact, 
compression-tension, and internal-external torsion. The material properties of the bones are set as 
isotopic behavior. Using the same formula calculation from Fritz et al., 2009 to predict the fracture 
risk, the result showed that fracture load increases in medial-lateral impact and external torsion as 
the bowing of femur bone increases. In internal torsion, the fracture load decreases as the severity 
of bone bowing increases implying the maximum load that the femur can bear before fracture. Table 
1 lists all the past studies in relation to the pre-operative assessment in OI.  

 

  
Fig. 4. Constraint on the medial and lateral 
condyle of the femur 

Fig. 5. Force applied at the femoral head 
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Table 1 
Finite element studies on pre-operative assessment 

Author 
(Year) 

Aim Anatomic 
site 

Source of 
image/model 

Methods Software Concluding remarks 

Fan et al., 
2004 [11] 

To observe the stress/strain 
relationship in 10% of the gait 
cycle. 

Femur Standard femur 
(SF) model 

• Four different severities created known as 
normal, light, mild, and severe 

Abaqus • As the deformity of bowing 
bone increases, the 
stress/strain on the OI bone 
model also increases. 

 
Fritz et al., 
2009 [12] 

 
Prediction of fracture risk 
assessment in OI. 

 
Femur 

 
Standard femur 
(SF) model 

• Joint force reaction, hip moment, and knee 
moment in midstance position. 

• von Mises stresses were analyzed against 
fracture strength of 115 MPa in the gait cycle. 

Abaqus • No risk of fracture in the 
normal gait cycle. 

Caouette et 
al., 2014 
[13] 

Prediction of fracture risk 
associated with tibia deformity. 

Tibia CT scan images • FE tibia model with ten different angles of 
deformities. 

• Force in two-legged hopping, internal and 
external twisting of the tibia, and a direct 
force on the tibia in the horizontal direction 
in lateral, medial, anterior, and posterior 
directions. 

Radioss • Increase fracture risk with 
increased angles of 
deformities for vertical impact. 

• No changes were observed in 
lateral impact and twisting. 

Caouette et 
al., 2016 
[14] 

To develop a method with 
patient-specific geometry 
reconstruction based on the 
patient radiograph.   

Tibia CT scan image 
Tibia template 
mesh 
 

• Tibia template mesh deformed to fit with OI 
data. 

• Different cortical thickness from patient data. 

Radioss • Cortical thickness affects the 
fracture risk in the tibia bone. 

Tan et al., 
2019 [15] 

To develop FE models of the tibia 
with OI based on patient-specific 
CT images. 
 

Tibia CT scan images • Single solid model of the tibia bone. 
• Cancellous and cortical tibia bone model. 
• Artificial load on sagittal coronal plane. 
• Loading from activity of daily living of 

1.07×BW in standing, 2.83×BW in walking and 
7.83×BW in running. 

Voxelcon • No significant effect of 
cancellous bone in OI bone 
model. 

Ramírez-
Vela et al., 
2021 [16] 

To develop FE model to assess 
fracture in transverse, oblique, 
and comminute. 

Femur CT scan images • Load applied in the normal walking cycle. Ansys • Comminute fracture causes 
the highest level of stress 
compared to the other two 
fractures. 

Wanna et 
al., 2022 
[17] 

Finite Element Prediction on 
Fracture Load of Femur with 
Osteogenesis Imperfecta under 
Various Loading Conditions 
 

Femur Standard femur 
(SF) model 

• Ten different bowing angles were recreated. 
• Load applied in the femoral head in medial-

lateral impact, compression-tension, internal 
and external rotation. 

Ansys • Fracture load increases in 
medial-lateral impact and 
external torsion as the bowing 
of femur bone increases. 

• Fracture load decreases as the 
severity of bowing angles 
increases in internal rotation. 
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Overall, in the aspect of bone model representation, each study used different methods to 
reconstruct the bone model to mimic OI bone. These different approaches create different variations 
of OI bone geometry to present different degrees of bone severity. Therefore, this can offer a 
different perspective of the bone variation model to describe possible unexpected conditions to 
predict the occurrence of fractures related to this disease. For this reason, transferring CT scan image 
slices into the software should be carefully detailed. As per findings by Caouette et al., 2016 [14] 
reported that cortical thickness affects fracture risk prediction. Therefore, the loss or lack of images 
of cortical bone slices will ultimately affect the results. On the other hand, cancellous bone does not 
have any significant impact on the result as per investigation by Tan et al., 2019.  

Apart from the representation of the bone model, another element that cannot be ignored is the 
material properties of the bone. OI bones are assumed to be isotropic bone material properties in 
finite elements. In general, bone was described as anisotropic material properties due to its response 
when forces were applied in different directions although some past studies declared bone as 
orthotropic material [18-20]. Individuals with OI have lower bone mineral density. Because of this, OI 
bone when subjected to an indentation test at the microstructural level, both cortical and cancellous 
bone displayed a woven appearance and sometimes a lamellar pattern as described by Ren et al., 
2014 [21]. This is supported from previous studies by an ultrastructural study which indicated that OI 
bone appeared to have a loose disoriented fibrous texture [22,23]. This abnormal appearance of OI 
at the microstructural level explained why OI bone was assigned as an isotropic bone material. 
Therefore, OI bone was set as isotropic material properties in most of the previous FEA studies. A 
study by Kazembakhshi & Luo., 2014 [24] attempted to observe the differences in finite element 
healthy femur bone model when assigned to different material properties and proposed that indeed 
there are differences in the prediction of stress-strain when the bones assigned into different 
material properties.  
 
3. Finite Element Analysis Of Post-Operative Assessment 
 

Intramedullary (IM) rods are used to support bowed bones, but postoperative complications are 
precautions that should be given extra attention.  Finite element models of OI-treated bone with IM 
rods are equally important to evaluate to investigate the postoperative strain and stress fracture 
response. Table 2 summarizes the recent finite element studies on post-operative assessment [25-
30].  
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Table 2 
Finite element studies on post-operational assessment  

Author 
(Year) 

Objectives Anatomic 
site 

Source of 
image/model 

Methods 
 

Software Concluding remarks 

Perez et al., 
2008 [25] 

To compare the FE model of the 
femur bone and IM rods of stainless 
steel and titanium alloy 
 

Femur Femur model 
downloaded from 
the Internet. 
 

• Static analysis. 
• 15N load was applied on top of the 

femoral head in the y-direction and 
10.61N applied in the x and y-
direction. 

Marc 
software 

• Stainless steel increases the 
gap closure and nail slippage. 

Mehboob 
et al., 
2013 [26] 

To investigate the healing 
performance of composite 
intramedullary rods (IM rods) used 
for tibial diaphyseal fractures. 

Tibia Remodel in finite 
element 

• Variation in fracture angle of 0°, 15°, 
25°, and 35°. 

• Variation in   fracture gap of 1,2,3,6 
and 10mm 

Abaqus • Modulus of the IM rod affects 
the tibial fracture healing 
according to the fracture 
angles and size. 

Tucker et 
al., 
2019 [27] 

Investigation of IM nail 
biomechanics for proximal femur 
fractures 

Femur Virtual femur 
model 

• Static load of full body weight during 
heel strike in the gait cycle. 

• Variation of fracture types: 
pertrochanteric, intertrochanteric, 
and subtrochanteric in planar 
fracture. 

• 2000N force load at the femoral head 
from a 13° abduction angle and 
8°posteriorly. 

• Nail diameter with variations from 
10-13mm and lengths of 43.4cm and 
26.9cm 

Abaqus • Larger nail diameter can 
reduce the axial and shear 
interfragmentary motions. 

Cui et al., 
2020 [28] 

To provide a biomechanical detail 
between existing intramedullary 
nails and novel intramedullary nails. 

Femur CT Scan images • Standing and walking conditions. 
• Distal end of the femoral set as a 

constraint. 
• Load of 700N was applied between 

the femoral head and acetabulum. 

Geomagic 
Studio 2012 

• Novel intramedullary nails 
reduce stress shielding and 
promote stress transmission. 

Pérez et al., 
2021 [29] 

To access bone fixation using rods 
with three different lengths. 

Femur Remodel in finite 
element 

• Based on four-point bending testing. Febio • IM nails can only support up to 
25% of their original length 
before failure. 

Wang et 
al., 
2021 [30] 

To observe the biomechanical 
behaviors of IM rods on different 
materials of Titanium alloy, Stainless 
Steel (SS), PEEK, and two FG 
materials. 

Femur CT scan images • One leg stance in the gait cycle. 
• Joint reaction force of 2872N and 

muscle force of 1237N applied at the 
femoral head and greater trochanter. 

• The distal end of the femur is fixed in 
all directions. 

Abaqus • PEEK and two FG materials 
provide better biomechanical 
material properties. 
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Perez et al., 2008 [25] computed a finite element model of the femur with a mid-diaphysis 
fracture in Marc software to investigate the influence of different materials properties affect rod 
stability. Two type material properties of IM rods, stainless steel and titanium alloy were used to 
compare gap closure and nail slippage. The rods were inserted into the canal of the femur bone 
model simultaneously. They were tested under static analysis where the weight-bearing is the 
vertical force acting on the top of the femoral head and the knee acting as a constraint. Both rods 
and bone were assumed to behave isotopically with Young’s modulus of 110 GPa for titanium and 
200 GPa for stainless steel. The results show that titanium alloy provides better stability than stainless 
in terms of gap closure and nail slippage, thus this material is a better choice for surgical implant 
selection. On the other hand, Mehboob et al., 2013 [26] investigated the healing performance of 
composite IM rod through a mechano-regulation algorithm. In the simple cylindrical tibia bone model 
with the fracture site at the center and hollow pipe model represent the IM rod were designed in 
Abaqus software. The rod was inserted into the cylinder tibia model with no structural contact 
between these two models. Their findings claimed that the modulus of the IM rod affects the tibial 
fracture healing according to the fracture angles and size. Tucker et al., 2019 [27] investigated the 
importance of implant parameters such as IM nail diameter, length, and materials associated with 
different fracture types. The nail diameter was designed with variations of 10-13 mm and lengths of 
43.4 cm and 26.9 cm based on clinical data. Figure 6(a) and Figure 6(b) presented the difference 
between both rods. The simulation was performed under a single static load of full body weight 
during a heel strike in the gait cycle in different fracture types: pertrochanteric, intertrochanteric, 
and subtrochanteric in planar fracture. The study proposed that a larger nail diameter can reduce the 
axial and shear interfragmentary motions and adjusting nail length does not seem to have a big 
significant difference in fracture. Cui et al., 2020 [28] compare the existing intramedullary nail and a 
novel intramedullary nail on the healing of femoral shaft fracture in Geomagic Studio 2012. The 
traditional rod has two slotted nails at both ends of the rod and the novel rod has additional nails 
slotted in the middle of the rod with more curvy design of the rod. The rods were inserted into the 
femur bone model and tested in standing and walking conditions. The novel rod provides better 
stability at fracture site and improves the gap of the implant and the fracture bone. Plus, it reduces 
stress shielding and promotes stress transmission. 

 

  
(a) (b) 

Fig. 6. Nail with distal fixation screw (a) 
short, 13mm diameter (b) long, 10mm 
diameter 
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Recent research by Pérez et al., 2021 [29] to observe maximum stress and deformation of the rod 
fixation in the bone based on four-point bending by varying the length of the rod in the Febio 
software. Three variation of rod lengths were tested as illustrated in Figure 7. The authors set the 
modulus of stainless-steel rod as 200 GPa and titanium alloy as 110 GPa and Poison ratio of 0.3 and 
the rods material are assumed to behave isotopic. The results suggested that the rod can support up 
to 25% of its original length before failure. A finite element study by Wang et al., 2021 [30] to observe 
the biomechanical behaviors of the rods of different materials consisting of Titanium alloy, Stainless 
Steel (SS), polyetheretherketone (PEEK), and two Function- graded (FG) materials in Abaqus. The IM 
rod was modeled after the manufacture of the Zimmer Nature Nail rod and virtually inserted into 
femur bone model. All the IM rods were subjected to one leg stance during the gait cycle on the 
femur. The analysis suggests that PEEK and two FG materials provide better biomechanical material 
properties than the other two materials where they reduce stress shielding and could be an 
alternative design for the future.  
 

 
Fig. 7. Three-length condition of the 
rod (a) The original length (b) 
Extended one-third from the original 
length (c) Extended two-thirds from 
the original length 

 
4. Biomechanics of Intramedullary Nailing: Design and Its Challenges 
 

The biomechanical design of the IM rod has evolved over the past several years to improve the 
patient mobility. The biomechanical analysis behind IM rod design is a critical criterion to consider in 
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providing the most suitable rod for cases such as osteogenesis imperfecta. Non-telescopic rods such 
as Rush pins used in the early phases of surgical procedures are still in demand today. The rush pin 
can be used either as a single rush pin or a dual rush pin. Rush pin comes with various diameters and 
lengths depending on the manufacturer. Perez et al., 2008 [25] mentioned that in an ideal case, the 
rod diameter is 40% of the canal diameter. Rush pin is a long straight pin with a hook at the tip of the 
pin is to avoid rotation and to obtain stability of the rod. The ability of the Rush pin to minimise the 
stress riser effect and provide a longer period of bone fixation before revision surgery is the reason 
for its choice as stated by Cho et al., 2020 [31]. The concept behind the rush pin insertion is based on 
a three-point fixation which can produce compression at the fracture site to prevent axial 
displacement. Consequently, the tip of the nail can penetrate the cortex bone and cause damage to 
the soft tissue near the joint. The material of the rod can either be stainless steel or titanium. The 
elastic mechanical behavior of the stainless steel restricts the movement of the rod and the need for 
secondary bending along the medullary canal. On the contrary, Prajapati et al., 2019 [32] claimed 
that stainless steel material is stiffer and stronger with less elastic properties than titanium. This 
material property determines the resistance to sagittal and coronal bending and the torsional 
stability of the rod. The strong and rigid stainless steel can support and fix the bone, but the less 
flexible part of it seems to be a liability in the bone-implant interface. On the other hand, the 
simplicity of the rush pin required less cost and less recovery time.  

Review by Fassier, 2021 [8] stated that the development of telescopic rods began with the Bailey 
Dubow (BD) rod. BD rod was first implemented by Robert Bailey in 1963 to address the shortcoming 
of non-telescopic rods. T-male part and the female part where each of the rods is anchored to the 
proximal and distal epiphysis of the long bones. A t-shaped male part is placed along the femoral 
bone and the female part passes through the male part to reach the greater trochanter. As the bone 
grows, the t–male part is elongated according to the length of bone according to previous study. The 
complexity of the surgical approach is often associated with joint pain post-operation that can cause 
loss of knee flexion. To insert the rod, an arthrotomy is required and it is particularly complicated if 
long bone fractures are involved since two arthrotomies are needed at the joints. This seems 
inefficient and complex. Fassier Duval (FD) rod is the newest generation of telescopic rod and is 
widely used in today’s surgery. It consisted of the male rod attached to the distal epiphysis and the 
female nail attached at the proximal end of the epiphysis. The threaded part of female and male nails 
helps to fix the fracture in the femoral shaft. Figures 8, 9, and 10, below show examples of the 
evolution of the IM rod taken from past clinical review [44-46]. The FD rod offers a minimally invasive 
procedure approach which can be performed through a percutaneous approach, therefore less 
surgical time is required, reduce blood loss, fewer surgical scars, and low postoperative 
complications. This is proven in a study carried out Persiania et al., 2019 [33] to access the advantages 
of percutaneous approaches over the open osteotomies method using FD rod in the tibial bowing. 
The result shown that percutaneous approaches allowed fast recovery post-operative surgery 
therefore improve the fracture management in OI. Spahn et al., 2019 [34] and Yang et al., 2023 [35] 
also support this through their findings that the telescopic rod required less surgical revision with 
four more years of survival and less rod complications. However, the use of FD rod is quite costly, 
and the migration of rod is still unavoidable with high rate of 69% to 100% as reviewed by Fassier, 
2021 [8]. This is addressed by  Behera et al., 2020  [36] in a clinical case study of a 10-year-old patient 
who used a FD look alike rod. While the rod helps to improve mobility of the patient, but the 
migration still occurs where male part of the rod got dislodged. Badr et al., 2022 [37] also stressed 
this concern in which he stated that distal threaded male part of the rod indeed quite challenging for 
the children as they tend to have smaller bone epiphysis and thus over the time can cause migration 
at the distal part of the bone. The placement of the rod in the bone plays a significant role in 
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determining the rod survival as described by Holmes et al., 2020 [38]. The longer the rod stay in the 
middle of distal epiphysis of the bone the longer the survival rate. Previous studies by Popkov et al., 
2020 [39] and Mingazov et al., 2019 [40] reported that using a combined telescopic rod technique 
together with an external fixator in children with OI helped to overcome rotation, instability, and rod 
migration after surgery. Contrary to this, A. Popkov et al., 2019 [41] advised that external fixators are 
not suitable for use in children due to the attachment of the external frame to the weak bone 
material. There is an invention that had been applied to provide better support for bone fixation in 
OI patients with the corkscrew telescopic rod as case study by Sarikaya et al., 2019 [42]. The 
corkscrew telescopic rod was specially designed to provide sufficient stability and prevent migration 
of the rod as well as to avoid the insertion through the joint. Their case study claimed a corkscrew 
telescopic rod indeed can overcome the rod migration issue faced by BD and FD rods, however, the 
tip of the screw could penetrate the cortex if not careful when inserting the rod. Erdal et al., 2021 
[43] reported case studies where a corkscrew telescopic rod achieved complete union and no 
migration was reported.  

 

   
Fig. 8. Rush pin  Fig. 9. Bailey Dubow  Fig. 10. Fussier Duval  

 
Rod complications like non-union or delayed union, malunion, and rod loosening are common 

issue face in fracture fixation in OI reported. Implant placement is important, and this can be 
challenging as insertion of the implant play a crucial role to avoid iatrogenic damage. Surgical 
technique and the suitable instrument and implant must be taken extra care of as patients always 
display secondary injury of abnormal bone anatomy following the former injury. Esposito and Plotkin, 
2008 [47] indicated that the rod might give better fixation, but the downside is it lacks sufficient 
rigidity and torsional resistance that allow union. Also, the decision to use a telescopic or non-
telescopic rod is a risk that cannot be ignored. Usually, the application of telescopic rods seems to 
favour children, however, there are situation where non-telescopic rods are considered more 
appropriate. In young children who have a narrow intramedullary canal, severe malfunction, and 
major comorbidities it is advisable to use a non-telescopic rod suggested by Persiani et al., 2019 [48]. 
Likewise in adult patients, there is not necessary to use a telescopic rod because of the mature 
skeleton, therefore surgeon’s judgment to choose the appropriate rod plays a vital role here. In a 
retrospective study by Goiano et al., 2023 [49], 71.4% showed that telescopic rod functionally 
elongated as the bone growing in children under 14 years old. Nonetheless Bacaksiz & Akan, 2023 
[50] reported that post-operative complication between telescopic and non-telescopic rod still high. 
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This is because the simplicity design of the non-telescopic rod required repetitive surgery as the bone 
growth, on the other hand the technically complicated telescopic rod design cause rod complication 
such as migration into abductor muscle. In a comparison study using Rush rod and FD rod by De Jager 
et al., 2021 [51], showed that no recurrent surgery needed in 3.6 years using FD rod while a high rate 
of 58% patient used Rush pin required follow-up surgery. 

Recurrent fractures, especially in children, require telescopic rods to avoid frequent surgery and 
telescopic rods are useful in the long term as they can extend together as the bone grows and prevent 
new deformities. Sterian & Ulici, 2020 [52] described that most of the time rod migration happen 
before bone healing especially for the femoral part of the rod and the need for rod revision can be 
considered during this period. In contrast during the revision surgery, removal of the telescopic rod 
might be challenging given its design feature where its anchoring system is larger than the middle 
rod and thus could damage the epiphyses. Some suggested that children above five years old should 
be treated with a telescopic rod considering the high implication and probability of revision surgery 
[53,54]. The fragility and weak bone material in OI, plate and screw should be avoided at all costs as 
proposed by Jovanovic et al., 2022 [55]. Plate and screw cause stress shielding and lead to bony 
resorption with the risk of fracture on the plate and some cases link to the formation of a 
hypertrophic callus as revealed by previous studies [47,56]. Cho et al., 2015 [57] reported a case of 
using a plate and screw in osteotomies of OI bone and when the plate and screw were removed after 
the union, noticeable there are some fractures on the bone plate interface. The hip joint should be 
able to rotate internally when a plate and screw were used for fixation. Although it helps to fix and 
heal the fracture site especially in rotational stress in joint area, but it also increases the stress 
concentration especially at the tip of the plate and might cause subsequent peri-implant fracture. 
Therefore, the authors emphasize the need for removal of plate and screw after the healing cure. 

 
4. Prospect for Future Research 
 

Preoperative surgery through FEA gives us a better understanding of the biomechanics of OI bone 
which can benefit the affected population. This information can serve as an early sign of bone 
fracture with respect to their daily activities. To access in depth the early signs of fracture, several 
perspectives can be projected for future research.  

One of them is the impact of single and double deformities on bone fracture mechanics in long 
bones. Patients with OI experienced the highest fracture rates in their first two decades of their life, 
and the percentage of patients with double deformities increased from 31.3% to 43.1%, requiring 
simultaneous rodding surgery in a clinical study involving 588 patients from Linked Clinical Research 
Centers [58]. Weight-bearing can be an additional part of causing a fracture as the patient grows and 
can move on their own. For this reason, investigations of the relationship between weight-bearing 
and simple mobility, such as walking on the double deformities, can significantly add new data and 
additional information about the fracture mechanisms in the lower extremities. Since this is a brittle 
bone disease that ultimately affects the patient for a lifetime, repeated fractures are common. 
However, apart from the nature of the disease and the bone growth, it is also caused by implant 
loosening or implant failure that can cause recurrent fractures. The average need for surgery for 
recurrent fractures can be reduced to provide a better quality of life for patients is one of the 
potential aspects to look forward to in future studies. Analysis of postoperative surgery can be 
performed to investigate the bone-rod interface to improve the quality of life for the OI patients. This 
also can be extended to explore the stress-strain interaction between the bone rod interfaces. When 
the rod is inserted to support the fracture bone, there is a discontinuity of the bone along the rod as 
the bone fragments align together. The stress elongation along the rod to support the discontinuity 
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of the bone fragments may explain the strength of the rod prior to first post-operative mobility. 
Additionally, the stability of the rod to hold the bone fragments along the diaphysis after multiple 
osteotomies can be demonstrated through FEA to identify the deformation of the rod which indicates 
the sign of implant failure. The stress-strain respond during the initial phase when bones are lined up 
after deformities could provide some information about the stability of the implant inside the bone. 
In general, patients need revision surgery due to loosening or migration of the rod, for this reason, 
stress shielding can be viewed as one of the factors why this condition often occurs. The load transfer 
between the bones and rod greatly impacted the stability and balance of the lower body part, 
therefore this information on stress shielding can contribute to guide the right selection of implant 
to reduce implant migration to minimize revision surgery. 

 
Acknowledgement 
This study was financially supported by the Ministry of Higher Education under Fundamental 
Research Grant Scheme (FRGS) with grant number FRGS/1/2020/TK0/UNIMAP/02/20.  
 
References 
[1] Ralston, Stuart H., and Mark S. Gaston. "Management of osteogenesis imperfecta." Frontiers in endocrinology 10 

(2020): 924. https://doi.org/10.3389/fendo.2019.00924 
[2] Tauer, Josephine T., Marie‐Eve Robinson, and Frank Rauch. "Osteogenesis imperfecta: new perspectives from 

clinical and translational research." JBMR plus 3, no. 8 (2019): e10174. https://doi.org/10.1002/jbm4.10174 
[3]  Phonela, Sizwe MH, Ruan Goller, and Maria Karsas. "Osteogenesis imperfecta: an overview." SA Orthopaedic 

Journal 19, no. 4 (2020): 229-234. https://doi.org/10.17159/2309-8309/2020/v19n4a6 
[4] Shafie, Asrul Akmal, Azuwana Supian, Mohamed Azmi Ahmad Hassali, Lock-Hock Ngu, Meow-Keong Thong, Hatijah 

Ayob, and Nathorn Chaiyakunapruk. "Rare disease in Malaysia: Challenges and solutions." PLoS One 15, no. 4 
(2020): e0230850. https://doi.org/10.1371/journal.pone.0230850 

[5]  Chen, Peikai, Zhijia Tan, Hiu Tung Shek, Jia-nan Zhang, Yapeng Zhou, Shijie Yin, Zhongxin Dong et al. "Phenotypic 
spectrum and molecular basis in a Chinese cohort of osteogenesis imperfecta with mutations in type I 
collagen." Frontiers in Genetics 13 (2022): 816078. https://doi.org/10.3389/fgene.2022.816078 

[6] Coccia, Francesco, Angelo Pietrobelli, Thomas Zoller, Alessandra Guzzo, Paolo Cavarzere, Angelo Fassio, Carl-Erik 
Flodmark, Davide Gatti, and Franco Antoniazzi. "Vitamin D and Osteogenesis Imperfecta in 
Pediatrics." Pharmaceuticals 16, no. 5 (2023): 690. https://doi.org/10.3390/ph16050690  

 [7] Gnoli, Maria, Evelise Brizola, Morena Tremosini, Alessia Di Cecco, and Luca Sangiorgi. "Vitamin D and Bone fragility 
in Individuals with Osteogenesis Imperfecta: A Scoping Review." International Journal of Molecular Sciences 24, no. 
11 (2023): 9416. https://doi.org/10.3390/ijms24119416 

[8]  Fassier, Alice. "Telescopic rodding in children: Technical progression from Dubow–Bailey to Fassier–
Duval™." Orthopaedics & Traumatology: Surgery & Research 107, no. 1 (2021): 102759. 
https://doi.org/10.1016/j.otsr.2020.102759 

[9]   Sijbrandij, S. "Percutaneous nailing in the management of osteogenesis imperfecta." International orthopaedics 14 
(1990): 195-197.  https://doi.org/10.1007/BF00180128 

[10] Celin, Mercedes Rodriguez, Karen M. Kruger, Angela Caudill, Sandesh CS Nagamani, Gerald F. Harris, Peter A. Smith, 
and Brittle Bone Disorders Consortium. "A Multicenter study of intramedullary rodding in osteogenesis 
imperfecta." JBJS Open Access 5, no. 3 (2020): e20. https://doi.org/10.2106/JBJS.OA.20.00031 

[11] Fan, Z., P. Smith, K. Reiners, S. Hassani, and G. Harris. "Biomechanics of femoral deformity in osteogenesis 
imperfecta (OI): a quantitative approach to rehabilitation." In The 26th Annual International Conference of the IEEE 
Engineering in Medicine and Biology Society, vol. 2, pp. 4884-4887. IEEE, 2004. 
https://doi.org/10.1109/IEMBS.2004.1404351 

[12] Fritz, Jessica M., Yabo Guan, Mei Wang, Peter A. Smith, and Gerald F. Harris. "A fracture risk assessment model of 
the femur in children with osteogenesis imperfecta (OI) during gait." Medical engineering & physics 31, no. 9 
(2009): 1043-1048. https://doi.org/10.1016/j.medengphy.2009.06.010  

[13] Caouette, C., F. Rauch, Isabelle Villemure, P-J. Arnoux, M. Gdalevitch, L-N. Veilleux, J. L. Heng, and C-É. Aubin. 
"Biomechanical analysis of fracture risk associated with tibia deformity in children with osteogenesis imperfecta: a 
finite element analysis." (2014). https://doi.org/10.3410/f.718465268.793509190 

https://doi.org/10.3389/fendo.2019.00924
https://doi.org/10.1002/jbm4.10174
https://doi.org/10.17159/2309-8309/2020/v19n4a6
https://doi.org/10.1371/journal.pone.0230850
https://doi.org/10.3389/fgene.2022.816078
https://doi.org/10.3390/ph16050690
https://doi.org/10.3390/ijms24119416
https://doi.org/10.1016/j.otsr.2020.102759
https://doi.org/10.1007/BF00180128
https://doi.org/10.2106/JBJS.OA.20.00031
https://doi.org/10.1109/IEMBS.2004.1404351
https://doi.org/10.1016/j.medengphy.2009.06.010
https://doi.org/10.3410/f.718465268.793509190


Journal of Advanced Research in Applied Mechanics 
Volume 114, Issue 1 (2024) 136-152 

 

150 
 

[14] Caouette, Christiane, Nicole Ikin, Isabelle Villemure, Pierre-Jean Arnoux, Frank Rauch, and Carl-Éric Aubin. 
"Geometry reconstruction method for patient-specific finite element models for the assessment of tibia fracture 
risk in osteogenesis imperfecta." Medical & biological engineering & computing 55 (2017): 549-560. 
https://doi.org/10.1007/s11517-016-1526-5  

[15] Tan, H. Y., K. S. Basaruddin, MH Mat Som, S. F. Khan, A. R. Sulaiman, and A. Shukrimi. "Finite Element Analysis of 
Tibia with Osteogenesis Imperfecta: The Influence of Considering Cancellous Bone in Model Reconstruction." 
(2019). https://doi.org/10.1109/ISIEA49364.2020.9188155 

[16] Ramírez-Vela, Viridiana, Luis Antonio Aguilar-Pérez, Juan Carlos Paredes-Rojas, Juan Alejandro Flores-Campos, 
Fernando ELi Ortiz-Hernández, and Christopher René Torres-SanMiguel. "Bone fractures numerical analysis in a 
femur affected by osteogenesis imperfecta." Children 8, no. 12 (2021): 1177. 
https://doi.org/10.3390/children8121177 

[17] Wanna, Soh Bua Chai, Khairul Salleh Basaruddin, Fauziah Mat, Mohd Hanafi Mat Som, and Abdul Razak Sulaiman. 
"Finite element prediction on fracture load of femur with osteogenesis imperfecta under various loading 
conditions." Applied Bionics and Biomechanics 2022 (2022). https://doi.org/10.1155/2022/8722333 

[18] Liu, Danmei, Steve Weiner, and H. Daniel Wagner. "Anisotropic mechanical properties of lamellar bone using 
miniature cantilever bending specimens." Journal of Biomechanics 32, no. 7 (1999): 647-654. 
https://doi.org/10.1016/S0021-9290(99)00051-2 

[19] Rho, Jae-Young. "An ultrasonic method for measuring the elastic properties of human tibial cortical and cancellous 
bone." Ultrasonics 34, no. 8 (1996): 777-783. https://doi.org/10.1016/S0041-624X(96)00078-9 

[20] Ziv, V., H. D. Wagner, and Stephen Weiner. "Microstructure-microhardness relations in parallel-fibered and lamellar 
bone." Bone 18, no. 5 (1996): 417-428. https://doi.org/10.1016/8756-3282(96)00049-X 

[21] Ren, Lei, Zhihui Qian, and Luquan Ren."Biomechanics of musculoskeletal system and its biomimetic implications: A 
review." Journal of Bionic Engineering 11, no. 2 (2014): 159-175. https://doi.org/10.1016/S1672-6529(14)60033-0  

[22] Sarathchandra, P., F. M. Pope, M. V. Kayser, and S. Y. Ali. "A light and electron microscopic study of osteogenesis 
imperfecta bone samples, with reference to collagen chemistry and clinical phenotype." The Journal of 
pathology 192, no. 3 (2000): 385-395. https://doi.org/10.1002/1096-9896(2000)9999:9999<::AID-
PATH704>3.0.CO;2-U  

[23] Traub, Wolfie, Talmon Arad, Ulrich Vetter, and Stephen Weiner. "Ultrastructural studies of bones from patients 
with osteogenesis imperfecta." Matrix Biology 14, no. 4 (1994): 337-345. https://doi.org/10.1016/0945-
053X(94)90200-3  

[24] Kazembakhshi, Siamak, and Yunhua Luo. "Constructing anisotropic finite element model of bone from computed 
tomography (CT)." Bio-Medical Materials and Engineering 24, no. 6 (2014): 2619-2626. 
https://doi.org/10.3233/BME-141078 

[25] Perez, Angel, Andrew Mahar, Charles Negus, Peter Newton, and Tom Impelluso. "A computational evaluation of 
the effect of intramedullary nail material properties on the stabilization of simulated femoral shaft 
fractures." Medical engineering & physics 30, no. 6 (2008): 755-760. 
https://doi.org/10.1016/j.medengphy.2007.08.004 

[26] Mehboob, Hassan, Dae-Sung Son, and Seung-Hwan Chang. "Finite element analysis of tissue differentiation process 
of a tibia with various fracture configurations when a composite intramedullary rod was applied." Composites 
science and technology 80 (2013): 55-65. https://doi.org/10.1016/j.compscitech.2013.02.020 

[27] Tucker, Scott M., Hwabok Wee, Edward Fox, J. Spence Reid, and Gregory S. Lewis. "Parametric finite element 
analysis of intramedullary nail fixation of proximal femur fractures." Journal of Orthopaedic Research® 37, no. 11 
(2019): 2358-2366. https://doi.org/10.1002/jor.24401 

[28] Cui, Yunwei, Wenzhao Xing, Zhenhua Pan, Zhigang Kong, Liang Sun, Lei Sun, Xiaodong Cheng, and Changcheng Liu. 
"Characterization of novel intramedullary nailing method for treating femoral shaft fracture through finite element 
analysis." Experimental and Therapeutic Medicine 20, no. 2 (2020): 748-753. 
https://doi.org/10.3892/etm.2020.8763 

[29] Aguilar-Pérez, Luis Antonio, José Israel Sánchez-Cruz, Juan Alejandro Flores-Campos, and Christopher René Torres-
SanMiguel. "Numerical and experimental assessment of a novel anchored for intramedullary telescopic nails used 
in osteogenesis imperfecta fractures." Applied Sciences 11, no. 12 (2021): 5422. 
https://doi.org/10.3390/app11125422  

[30] Wang, Chenyan, Xiaona Li, Weiyi Chen, Changjiang Wang, Yuan Guo, and Hongmei Guo. "Three-dimensional finite 
element analysis of intramedullary nail with different materials in the treatment of intertrochanteric 
fractures." Injury 52, no. 4 (2021): 705-712. https://doi.org/10.1016/j.injury.2020.10.102 

https://doi.org/10.1007/s11517-016-1526-5
https://doi.org/10.1109/ISIEA49364.2020.9188155
https://doi.org/10.3390/children8121177
https://doi.org/10.1155/2022/8722333
https://doi.org/10.1016/S0021-9290(99)00051-2
https://doi.org/10.1016/S0041-624X(96)00078-9
https://doi.org/10.1016/8756-3282(96)00049-X
https://doi.org/10.1016/S1672-6529(14)60033-0
https://doi.org/10.1002/1096-9896(2000)9999:9999%3C::AID-PATH704%3E3.0.CO;2-U
https://doi.org/10.1002/1096-9896(2000)9999:9999%3C::AID-PATH704%3E3.0.CO;2-U
https://doi.org/10.1016/0945-053X(94)90200-3
https://doi.org/10.1016/0945-053X(94)90200-3
https://doi.org/10.3233/BME-141078
https://doi.org/10.1016/j.medengphy.2007.08.004
https://doi.org/10.1016/j.compscitech.2013.02.020
https://doi.org/10.1002/jor.24401
https://doi.org/10.3892/etm.2020.8763
https://doi.org/10.3390/app11125422
https://doi.org/10.1016/j.injury.2020.10.102


Journal of Advanced Research in Applied Mechanics 
Volume 114, Issue 1 (2024) 136-152 

 

151 
 

[31] Cho, Tae-Joon, Jung Min Ko, Hyoungmin Kim, Hyung-Ik Shin, Won Joon Yoo, and Chang Ho Shin. "Management of 
osteogenesis imperfecta: a multidisciplinary comprehensive approach." Clinics in Orthopedic Surgery 12, no. 4 
(2020): 417. https://doi.org/10.4055/cios20060 

 [32] Prajapati, Chirag, D. N. Maru, and D. V. Makwana. "Retrospective study of operative (Rush pin) versus conservative 
(Hip spica) management in treatment of diaphyseal femoral fractures in children." National Journal of Clinical 
Orthopaedics 3, no. 2 (2019): 30-34.  https://doi.org/10.33545/orthor.2019.v3.i2a.07  

[33] Persiani, Pietro, Filippo Maria Ranaldi, Lorena Martini, Anna Zambrano, Mauro Celli, Patrizia D’Eufemia, and Ciro 
Villani. "Treatment of tibial deformities with the Fassier–Duval telescopic nail and minimally invasive percutaneous 
osteotomies in patients with osteogenesis imperfecta type III." Journal of Pediatric Orthopaedics B 28, no. 2 (2019): 
179-185. https://doi.org/10.1097/BPB.0000000000000536  

[34] Spahn, Kimberly M., Timothy Mickel, Patrick M. Carry, Christopher J. Brazell, Karen Whalen, Gaia Georgopoulos, 
and Nancy H. Miller. "Fassier-Duval rods are associated with superior probability of survival compared with static 
implants in a cohort of children with osteogenesis imperfecta deformities." Journal of Pediatric Orthopaedics 39, 
no. 5 (2019): e392-e396. https://doi.org/10.1097/BPO.0000000000001324 

[35]  Yang, Hongjiang, Bo Li, Cong Xing, Shijie Gao, Wenbiao Zhu, Yang Xiong, Xiuzhi Ren, and Guangzhi Ning. "Which is 
the best femoral implant in children with osteogenesis imperfecta? a retrospective cohort study of 783 
procedures." BMC Musculoskeletal Disorders 24, no. 1 (2023): 110 https://doi.org/10.1186/s12891-023-06222-2 

[36]  Behera, Prateek, John A. Santoshi, Nikku M. Geevarughese, Umesh Kumar K. Meena, and Rajkumar Selvanayagam. 
"Dislodgement of telescopic nail from the epiphysis: a case report with an analysis of probable 
mechanism." Cureus 12, no. 2 (2020). https://doi.org/10.7759/cureus.7130 

[37]  Badr, Badr Ali Mohammed, Atef Hanna, Hassan El Barbary, Mohammed Hegazy, and Amr Arafa. "Assessment of 
telescoping nail in the management of long bones fractures and deformities in patients with osteogenesis 
imperfecta." International Journal of Health Sciences I (2022): 8752-8771. 
https://doi.org/10.53730/ijhs.v6nS1.7022  

[38]  Holmes, Kaley, Jane Gralla, Christopher Brazell, Patrick Carry, Suhong Tong, Nancy H. Miller, and Gaia 
Georgopoulos. "Fassier-Duval rod failure: is it related to positioning in the distal epiphysis?." Journal of Pediatric 
Orthopaedics 40, no. 8 (2020): 448-452. https://doi.org/10.1097/BPO.0000000000001513 

[39]  Popkov, Dmitry, Tamara Dolganova, Eduard Mingazov, Dmitry Dolganov, and Andrey Kobyzev. "Combined 
technique of titanium telescopic rods and external fixation in osteogenesis imperfecta patients: First 12 consecutive 
cases." Journal of Orthopaedics 22 (2020): 316-325. https://doi.org/10.1016/j.jor.2020.05.017 

[40] Mingazov, E. R., F. F. Gofman, A. V. Popkov, A. M. Aranovich, A. V. Gubin, and D. A. Popkov. "First use experience 
with titanium telescopic rod in pediatric limb deformity correction in osteogenesis imperfecta." magnetic 
resonance imaging (MRI) 17, no. 18 (2019): 19-20. https://doi.org/10.18019/1028-4427-2019-25-3-297-303 

[41] Popkov, Arnold, Siniša Dučić, Mikan Lazović, Pierre Lascombes, and Dmitry Popkov. "Limb lengthening and 
deformity correction in children with abnormal bone." Injury 50 (2019): S79-S86. 
https://doi.org/10.1016/j.injury.2019.03.045 

[42] Sarikaya, Ilker, Ali Seker, Ozan Ali Erdal, Huseyin Gunay, Muharrem Inan, and Beril Guler. "Using a corkscrew-tipped 
telescopic nail in the treatment of osteogenesis imperfecta: a biomechanical study and preliminary results of 17 
consecutive cases." Journal of Pediatric Orthopaedics B 28, no. 2 (2019): 173-178. 
https://doi.org/10.1097/BPB.0000000000000537  

[43] Erdal, Ozan A., Baris Gorgun, Ilker A. Sarikaya, and Muharrem Inan. "Retro-patellar approach in telescopic nailing 
of the tibia in children with osteogenesis imperfecta." Journal of Children's Orthopaedics 15, no. 4 (2021): 388-394. 
https://doi.org/10.1302/1863-2548.15.200263 

[44] Brueckmann, F. Robert. "Technique of intramedullary fixation of pediatric and adolescent femur fractures using 
rush pins." Operative Techniques in Orthopaedics 5, no. 2 (1995): 126-131. https://doi.org/10.1016/S1048-
6666(95)80004-2  

[45] Lang-Stevenson, A. I., and W. J. Sharrard. "Intramedullary rodding with Bailey-Dubow extensible rods in 
osteogenesis imperfecta. An interim report of results and complications." The Journal of Bone & Joint Surgery 
British Volume 66, no. 2 (1984): 227-232. https://doi.org/10.1302/0301-620X.66B2.6368564 

[46] Makhdom, Asim M., Waleed Kishta, Neil Saran, Michel Azouz, and François Fassier. "Are Fassier-Duval rods at risk 
of migration in patients undergoing spine magnetic resonance imaging?." Journal of Pediatric Orthopaedics 35, no. 
3 (2015): 323-327. https://doi.org/10.1097/BPO.0000000000000256  

[47] Esposito, Paul, and Horacio Plotkin. "Surgical treatment of osteogenesis imperfecta: current concepts." Current 
opinion in pediatrics 20, no. 1 (2008): 52-57. https://doi.org/10.1097/MOP.0b013e3282f35f03  

[48] Persiani, Pietro, Lorena Martini, Filippo Maria Ranaldi, Anna Zambrano, Mauro Celli, Luca Celli, Patrizia D’Eufemia, 
and Ciro Villani. "Elastic intramedullary nailing of the femur fracture in patients affected by osteogenesis imperfecta 
type 3: indications, limits and pitfalls." Injury 50 (2019): S52-S56. https://doi.org/10.1016/j.injury.2019.01.045 

https://doi.org/10.4055/cios20060
https://doi.org/10.33545/orthor.2019.v3.i2a.07
https://doi.org/10.1097/BPB.0000000000000536
https://doi.org/10.1097/BPO.0000000000001324
https://doi.org/10.1186/s12891-023-06222-2
https://doi.org/10.7759/cureus.7130
https://doi.org/10.53730/ijhs.v6nS1.7022
https://doi.org/10.1097/BPO.0000000000001513
https://doi.org/10.1016/j.jor.2020.05.017
https://doi.org/10.18019/1028-4427-2019-25-3-297-303
https://doi.org/10.1016/j.injury.2019.03.045
https://doi.org/10.1097/BPB.0000000000000537
https://doi.org/10.1302/1863-2548.15.200263
https://doi.org/10.1016/S1048-6666(95)80004-2
https://doi.org/10.1016/S1048-6666(95)80004-2
https://doi.org/10.1302/0301-620X.66B2.6368564
https://doi.org/10.1097/BPO.0000000000000256
https://doi.org/10.1097/MOP.0b013e3282f35f03
https://doi.org/10.1016/j.injury.2019.01.045


Journal of Advanced Research in Applied Mechanics 
Volume 114, Issue 1 (2024) 136-152 

 

152 
 

[49]  Goiano, Ellen de Oliveira, Miguel Akkari, Paulo Humberto Costa, Marina Rafaele Makishi, and Cláudio Santili. 
"Treatment of osteogenesis imperfecta using the fassier-duval telescopic rod." Acta Ortopédica Brasileira 31 
(2023): e266775. https://doi.org/10.1590/1413-785220233103e266775 

[50] Bacaksiz Sr, Tayfun, Ihsan Akan Sr, T. A. Y. F. U. N. BACAKSIZ Sr, and Ihsan Akan. "Complications After Intramedullary 
Fixation Treatment of Patients With Osteogenesis Imperfecta: Telescopic Versus Non-Telescopic 
Implants." Cureus 15, no. 9 (2023). https://doi.org/10.7759/cureus.45376 

[51]  De Jager, Louis J., Pieter H. Maré, David M. Thompson, and Leonard C. Marais. "Short-term comparison of the use 
of static and expandable intramedullary rods in the lower limbs of children with osteogenesis imperfecta." SA 
Orthopaedic Journal 20, no. 1 (2021): 27-32. https://doi.org/10.17159/2309-8309/2021/v20n1a3  

[52]  Sterian, Alin Gabriel, and Alexandru Ulici. "Revision Rates for Osteogenesis Imperfecta Patients Treated with 
Telescopic Nails. A follow-up Study After a 7-year Experience." Journal of Medicine and Life 13, no. 4 (2020): 543. 
https://doi.org/10.25122/jml-2020-0161 

[53] Günay, Hüseyin, Levent Küçük, and Muharrem İnan. "The results of the treatment of osteogenesis imperfecta with 
corkscrew tipped telescopic nail." J Pediatr Res 4 (2017): 17-20. https://doi.org/10.4274/jpr.29981  

[54] Shin, Chang Ho, Doo Jae Lee, Won Joon Yoo, In Ho Choi, and Tae-Joon Cho. "Dual interlocking telescopic rod 
provides effective tibial stabilization in children with osteogenesis imperfecta." Clinical Orthopaedics and Related 
Research 476, no. 11 (2018): 2238. https://doi.org/10.1097/CORR.0000000000000429  

[55]  Jovanovic, Milena, Gali Guterman-Ram, and Joan C. Marini. "Osteogenesis imperfecta: mechanisms and signaling 
pathways connecting classical and rare OI types." Endocrine reviews 43, no. 1 (2022): 61-90. 
https://doi.org/10.1210/endrev/bnab017 

[56]  Brizola, Evelise, Eduardo P. Mattos, Jessica Ferrari, Patricia OA Freire, Raquel Germer, Juan C. Llerena Jr, and Têmis 
M. Félix. "Clinical and molecular characterization of osteogenesis imperfecta type V." Molecular syndromology 6, 
no. 4 (2015): 164-172. https://doi.org/10.1159/000439506 

[57] Cho, Tae-Joon, Kang Lee, Chang-Wug Oh, Moon Seok Park, Won Joon Yoo, and In Ho Choi. "Locking plate placement 
with unicortical screw fixation adjunctive to intramedullary rodding in long bones of patients with osteogenesis 
imperfecta." JBJS 97, no. 9 (2015): 733-737. https://doi.org/10.2106/JBJS.N.01185  

[58] Folkestad, Lars, Jannie Dahl Hald, Annette Kjær Ersbøll, Jeppe Gram, Anne Pernille Hermann, Bente Langdahl, Bo 
Abrahamsen, and Kim Brixen. "Fracture rates and fracture sites in patients with osteogenesis imperfecta: a 
nationwide register‐based cohort study." Journal of Bone and Mineral Research 32, no. 1 (2017): 125-134. 
https://doi.org/10.1002/jbmr.2920 

 

https://doi.org/10.1590/1413-785220233103e266775
https://doi.org/10.7759/cureus.45376
https://doi.org/10.17159/2309-8309/2021/v20n1a3
https://doi.org/10.25122/jml-2020-0161
https://doi.org/10.4274/jpr.29981
https://doi.org/10.1097/CORR.0000000000000429
https://doi.org/10.1210/endrev/bnab017
https://doi.org/10.1159/000439506
https://doi.org/10.2106/JBJS.N.01185
https://doi.org/10.1002/jbmr.2920

