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Resumo 

O cut-out do parafuso da anca é a falha mecânica mais comum em todos os implantes usados para 

tratar fraturas trocantéricas e ocorre quando o parafuso perfura a superfície da cabeça femoral. Um 

dos fatores que influenciam a incidência desta complicação é a posição do parafuso, que pode ser 

caracterizada por duas distâncias chamadas tip-apex (TAD) e calcar tip-apex (CalTAD). Apesar de ser 

bastante discutido na literatura, não há consenso sobre qual a melhor posição do implante para 

reduzir o risco de cut-out. A aplicabilidade do TAD e CalTAD como parâmetros que preveem o risco 

desta complicação também tem sido questionada. Desta forma, o objetivo deste estudo é analisar o 

comportamento biomecânico de diferentes posições do parafuso na cabeça femoral ao longo das 

direções medial-lateral e inferior-superior. Para isso, foram desenvolvidos modelos de elementos 

finitos baseados em imagens de CT de um fémur direito e foi modelado o implante Proximal Femoral 

Nail Anti-rotation. Foram simulados dois casos de carga (andar e subir escadas) e foi atribuído ao 

fémur uma distribuição de densidades real. As deformações principais mínimas sofridas pelo osso 

foram utilizadas para investigar e comparar o desempenho biomecânico de oito modelos com 

diferentes posições do parafuso nas regiões inferior e central com uma distância de 5, 10, 15 e 

20 mm da superfície da cabeça femoral. De modo geral, a posição com menor risco de cut-out foi a 

da região inferior com uma distância de 10 mm da superfície da cabeça femoral. Na região central, o 

movimento do parafuso na direção medial-lateral não é relevante. Os resultados atribuíram um maior 

valor preditivo ao CalTAD. 

Palavras-Chave:  Fémur, Fraturas trocantéricas, PFNA, Parafuso, Modelo de elementos finitos. 
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Abstract 

Cut-out of the hip screw is the most common mechanical complication for all implants used to treat 

trochanteric fractures and occurs when the screw perforates the femoral head surface. One of the 

factors that influence the incidence of this complication is the position of the screw, which can be 

characterized by the tip-apex (TAD) and calcar tip-apex (CalTAD) distances. Although frequently 

discussed in the literature, there is no consensus on the best implant position to reduce the risk of 

cut-out. The applicability of TAD and CalTAD as parameters that predict the risk of this complication 

has also been questioned. Thus, the goal of this study is to analyse the biomechanical behaviour of 

different positions of the screw within the femoral head along the medial-lateral and inferior-superior 

directions. To accomplish this, a Proximal Femoral Nail Anti-rotation implant was modelled and finite 

element models of a right femur were developed using CT images. Two loading cases (walking and 

strair climbing) were simulated and a real density distribution was attributed to the femur. The 

minimum principal strains in the bone were used to investigate and compare the biomechanical 

performance of eight models with different screw positions in the inferior and central regions of the 

femoral head with 5, 10, 15 and 20 mm from its surface. Overall, the position less likely to lead to 

cut-out was in the inferior region with a 10 mm distance. In a central position, the movement of the 

screw along the medial-lateral direction is not relevant. The results attributed a stronger predictive 

value to CalTAD. 

Keywords: Femur, Trochanteric fractures, PFNA, Screw, Finite element model.  
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1. Introduction 

This chapter is a brief introduction to this dissertation, in which the subject addressed in this study and 

its main objectives are described.  

1.1. Motivation and goals 

Proximal femoral fractures are among the most sustained fractures and they typically occur in older 

people. With the aging of the population, the frequency of this injury is increasing, especially of the 

trochanteric type [1,2]. The consequences of trochanteric fractures in the elderly population are 

significant in terms of lives lost and are associated with early and late complications, such as 

thromboembolism, infections and mobility problems [3–5]. Besides, as this group of people is 

characterized by a decreased physical capacity, concomitant systematic diseases and increased 

vulnerability to environmental dangers, even low-energy trauma can cause femoral trochanteric fractures.  

The aim of the treatment of proximal femoral fractures is to help patients to recover to the closest 

degree of activity they had before the trauma. The most appropriate treatment must be considered for 

the patient to be able to move immediately after the surgery, allowing full weight bearing, which 

contributes to fracture healing, and preventing possible complications that may result from a prolonged 

bed rest [1,6]. The treatment of trochanteric fractures is mainly divided into two stages: reduction and 

fixation. The fracture reduction consists in repositioning the bone pieces back in place and it can be 

performed during surgery (open reduction) or externally in which the bone is physically moved by a 

professional (closed reduction). The fracture fixation is the process of reconnecting the bone and 

keeping it in the proper position. It requires surgery in most cases: screws attached to a plate outside 

the body can be applied to the bone (external fixation) or an implant can be inserted into the bone 

(internal fixation) [7].  

The implants used for the internal fixation of trochanteric fractures are generally composed of a 

rod placed along the femoral shaft and a screw that crosses the femoral head. The rod may be placed 

inside the medullary cavity, in an intramedullary fixation, or outside of the bone, in an extramedullary 

fixation. The extramedullary fixation presents good results in stable and minimally displaced fractures, 

but in unstable fractures the internal fixation has been proven to be the best choice. The most 

common treatment of unstable trochanteric fractures is the surgical open reduction and internal 

intramedullary fixation [8,9]. The success of this treatment depends on many factors, such as the 

overall condition of the patient, fracture type, bone and reduction quality, and the choice of the implant 

and its position in the bone. However, not all patients present the best possible outcome, resulting in 

major consequences for them [2].  

Cut-out of the femoral head screw is one of the most frequent mechanical failures, with a reported 

incidence ranging from 2% to 8%. This complication occurs when the neck-shaft angle decreases, 

forcing the screw inserted into the femoral head to migrate and perforate the hip joint surface [10–12]. 

This complication is affected by patients’ age and sex, bone quality, fracture pattern, quality of 

reduction, implant design, screw positioning in the femoral head and the neck-shaft angle. To 
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decrease the risk of cut-out, it is important to ensure a good fracture reduction and the right positioning 

of the implant in the bone, as these factors are the ones that can be controlled by the surgeon [4,13,14]. 

Numerically, the position of the screw can be characterized by the tip-apex distance and the calcar tip-apex 

distance, which are measurements techniques that indicate the distance between the tip of the screw and 

the femoral head surface. Although it is believed that these distances have a correlation with the risk of 

cut-out, their applicability as predictors of cut-out have been recently questioned [15,16]. 

Many studies in the literature have focused on the biomechanical effect of the position of the 

screw in the femoral head. Clinical studies had mainly the purpose of comparing the position of the 

screw in CT images taken immediately after the surgery and after a follow-up period. With that, 

researchers tried to find a relationship between the initial position of the screw and the incidence of 

cut-out, expecting to find the best position to place the screw in the femoral head to reduce the risk of 

this complication. Computational analyses were also carried out to try to predict the best screw 

position to reduce the risk of cut-out. For that, several finite element models with the screw placed in 

different regions along the inferior-superior and anterior-posterior directions of the femoral head have 

been developed and compared to find a position that causes less damage to the bone. The damage 

caused to the bone has been evaluated using several parameters, such as the volume with minimum 

principal strains below the yield strain of the human bone, and the strain and stress registered on the 

fracture surface or along the fracture line. It is unanimous that the anterior, posterior, and superior 

regions are the worst positions to place the screw. However, there is no clear consensus regarding the 

remaining regions, since the studies’ findings are divided between the inferior and central regions of 

the femoral head as the best positions to insert the screw, which complicates the decision of the 

surgeon [10,13,17]. Regarding the medial-lateral direction, the technique guides of the implants used 

in internal fixation recommend placing the screw with a distance of 10 mm from the femoral head 

surface to avoid cut-out [18]. However, to the author’s knowledge, no studies have investigated the 

best medial-lateral position for the screw.  

The present study is motivated by the existence of contradictory findings in the literature regarding 

the best position to place the femoral head screw in the inferior-superior direction and by the lack of 

knowledge regarding the impact of moving the screw along the medial-lateral direction on cut-out. 

Considering three-dimensional finite element models of different femoral head screw positions along 

these two directions, the aim of this study was to investigate the best position for the screw to reduce the 

risk of cut-out. The secondary goal of this work was to evaluate the applicability of the tip-apex and 

calcar tip-apex distances techniques as predictors of cut-out. 

1.2. Thesis Outline 

The present work is divided into six chapters. The first chapter intends to inform the reader about the 

problem addressed in this thesis, as well as the motivation and the main objectives of this work. 

Chapter 2 provides a literature review about the topics discussed in this dissertation. It introduces 

key concepts about the hip joint anatomy and proximal femoral fractures, including treatment 

strategies and complications. 
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Chapter 3 describes in detail the methodology followed in this work, including the geometric 

modelling of the bone and implant and the development of the finite element models. A mesh 

convergence study, performed for the verification of the finite element model, is also presented. The 

methods applied to evaluate the results obtained are explained last. 

In Chapter 4 the results of the computational simulations are described. First, a validation of the 

bone model used in this work is presented, followed by a qualitative and quantitative analyses of the 

eight FE models. 

In Chapter 5 the results obtained are discussed and compared with the computational analyses 

previously published in the literature.  

Chapter 6 includes the final conclusions of this study, along with its limitations and suggestions for 

future work.  
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2. Background  

This chapter presents a general overview of the subject under study, including some key concepts 

about anatomical terminology, femur anatomy, proximal femoral fractures, cut-out complication and 

internal fixation implants. The state of the art regarding the studying of cut-out and the recommended 

position for the implant is also provided here. 

2.1. Reference terminology 

To describe the human body and the relation between its parts, it is important to understand the 

descriptive terminology that is internationally accepted and that identifies body positions and directions. 

The location of all the structures in the body is defined according to a standard anatomical position, 

regardless of the exact position of the body in that moment. In the anatomical reference position the 

body is standing upright, facing forward, the feet are parallel and slightly open and the arms are at the 

sides with hands also facing forward and fingers pointing down, as illustrated in Figure 2.1 [19].  

 

Figure 2.1 – Representation of the cardinal planes in the anatomical reference position. Adapted from [20]. 

Three hypothetical and perpendicular planes that intersect the body in a single point are defined 

to describe the position of the structures and the direction of the movements. The coronal plane (or 

frontal plane) is vertical and divides the body into anterior and posterior sections, corresponding to the 

front and back, respectively. The sagittal plane (or median plane) is also vertical and splits the body 

into two symmetrical right and left halves. The terms lateral and medial describe the position of a 

structure away and towards the sagittal plane, respectively. The last cardinal plane, called transverse 

plane, is horizontal. It divides the body into superior and inferior sections, which are above or below 
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(a) (b) 

the plane, respectively. The terms proximal and distal are used to describe a structure closer to the 

trunk and further away from it, respectively. Regarding the femur, for instance, its proximal extremity 

articulates with the hip and its distal extremity articulates with the tibia in the knee joint [19]. All these 

terms are also represented in Figure 2.1.  

2.2. Proximal femur characterization 

The femur is the thigh bone and it is the longest and heaviest bone in the body. It comprises a 

diaphysis (shaft) and two epiphyses (extremities), one in the proximal region which, together with 

acetabulum in the pelvic bone, forms the hip joint, and the other in the distal part that articulates with 

the tibia and the patella to form the knee joint [21,22]. Considering that the proximal femur is the main 

region of interest in the context of this work, its characteristics are described in the following sections. 

2.2.1. Anatomy 

As depicted in Figure 2.2, the proximal extremity of the femur is characterized by a head, a neck and 

two projections, which are called the greater and the lesser trochanters. The head is spherical, and it 

is the structure that articulates with the acetabulum in the hip joint. It has a small pit, the fovea, for the 

connection of the ligament of the head. This structure is connected to the shaft of the femur through 

the neck. The neck of the femur is cylindrical, and it forms an angle of approximately 125º with the 

long axis of the shaft, which increases the range of movements of the hip joint. The two trochanters 

are located at the top of the shaft and they both form attachment sites for muscles of the hip joint [21].  

Figure 2.2 – Anterior (a) and posterior (b) views of the right proximal femur. Adapted from [23]. 
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The greater trochanter is a superior projection of the femoral shaft, laterally to the region where 

the neck and the shaft connect. This projection continues to the posterior section, which contains a 

region that is extremely grooved, the trochanteric fossa, for the attachment of the obturator externus 

muscle. There are two crests on the anterolateral and lateral surfaces for the connection of the gluteus 

minimus and gluteus medius, respectively. Around the greater trochanter, small impressions exist for 

the attachment of the obturator internus. The lesser trochanter is smaller, and it projects 

posteromedially from the shaft of femur. This prominence is the attachment site for the tendons of 

psoas major and iliacus muscles [21]. 

2.2.2. Muscles  

The origin and insertion sites of the main muscles of the proximal femur are illustrated in Figure 2.3. 

Figure 2.3 – Attachment regions of femoral muscles – right femur. a) anterior view. b) posterior view [22]. 

The muscles of the femur can be divided into three groups or compartments: the anterior or 

extensor muscles, the posterior or flexor muscles and the medial or adductor muscles. The first group 

includes the pectineus, iliopsoas (psoas major and iliacus), sartorius and the quadriceps muscles 

(rectus femoris, vastus lateralis, vastus medialis and vastus intermedius). These muscles are 

responsible for the hip flexion and the knee extension. The posterior compartment is made up of a 

group of muscles called the hamstrings, including semitendinosus, semimembranosus, and biceps 

 
a)  b)  
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femoris. This group has the opposite effect as the flexor muscles and together with the gluteus 

maximus muscle are responsible for the hip extension and knee flexion. The last group is composed of 

the thigh adductors, such as the adductor magnus, adductor longus, adductor brevis, gracilis and 

obturator externus. The gluteus medius and minimus are also important muscles that act on the femur, 

contributing to the abduction and medial rotation of the lower limb [24].  

The three muscle groups are divided by intermuscular septa that are extensions of fascia lata. 

The fascia lata is the deep fascia of the thigh, which consists of a dense layer of connective tissue that 

surrounds individual muscles or groups of muscles to separate them into compartments. This structure 

is thickened at its lateral side where it forms the iliotibial tract, which is a structure that runs to 

the tibia and serves as a site for muscle attachment. The fascia lata is also thicker on its superior 

region and it receives the insertion of the tensor fascia latae muscle, which is a small superficial 

muscle that functions to assist the gluteus medius and minimus in the abduction and medial rotation of 

the lower limb. Although its insertion is not located on the femur, it acts on the greater trochanter by 

wrapping around the bone, impacting its movement and activity [24].  

2.3. Proximal femoral fractures  

Proximal femoral fractures are responsible for a large proportion of hospitalization among trauma 

cases. These fractures are more likely to occur in older patients, especially in those with osteoporosis. 

In this group of people, these fractures are usually the result of low-energy trauma, whereas younger 

patients are often victims of high-energy trauma, such as in a car accident [25]. These fractures can 

be described based on their location on the femur, as shown in Figure 2.4.  

 

Figure 2.4 – Representation of the proximal femoral fractures based on location. Adapted from [26]. 

https://en.wikipedia.org/wiki/Iliotibial_tract
https://en.wikipedia.org/wiki/Tibia
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Primarily, proximal femoral fractures can be categorized into intracapsular and extracapsular, with 

relation to the intertrochanteric line (represented in Figure 2.2.a)). The former are positioned above the 

intertrochanteric line and below the femoral head, whereas the extracapsular fractures occur below 

the intertrochanteric line [25,27]. The extracapsular fractures can be further divided into trochanteric 

and subtrochanteric fractures. The trochanteric fractures take place in the area between the greater 

and lesser trochanters and may affect these two structures. If the fracture occurs between the 

trochanters, it is defined as intertrochanteric. If it involves at least one of the trochanters, it is defined 

as pertrochanteric. The difference between these fractures is very small and these terms are often 

used synonymously. The accidents involving these types of fractures are very common, representing 

45% of all hip fractures. The subtrochanteric fractures occur between the lesser trochanter and, 

approximately, 5 cm below it toward the femoral shaft. This type of fracture is less frequent, accounting 

for 10-30% of all proximal femoral fractures [25,27,28].  

Given their higher incidence rate, trochanteric fractures assume greater clinical significance. 

Therefore, the present study focuses only on this type of fracture. To identify trochanteric fractures, 

surgeons use several classification systems. The most widely used are the Müller AO classification 

and the Evans-Jensen classification, which are described in the following sections.  

2.3.1. Müller AO classification 

The Müller AO classification is an alphanumeric system organized in hierarchies to classify long bone 

fractures. This system allows consistency in describing a fracture by using a 5-element code, as 

detailed in Table 2.1 [29–31]: 

Table 2.1 – Summary of the alphanumeric code used in the Müller AO classification. 

 

 

 

 

The four sets of bones that can be evaluated by this system are the humerus, the radius and ulna, 

the femur, and the tibia and fibula, which correspond to 1, 2, 3 and 4, respectively, in the “Bone” 

column of Table 2.1. The segment is related to the position of the fracture in the bone, which can be 

proximal, diaphyseal, distal or malleolar (only for the tibia and fibula), corresponding to 1, 2, 3 and 4, 

respectively. The type is specific to each bone segment and is related to the extension of the fracture 

into the articular surface. For instance, a femoral neck fracture with no extension to the femoral head 

is an extra-articular fracture. Finally, the group and subgroup are associated with the fracture pattern 

and geometry. Considering this classification system, the code for the trochanteric femoral fractures is 

31-A (3 – femur; 1 – proximal segment; A – extra-articular trochanteric type). These fractures can be 

further subdivided based on stability and fracture pattern in nine distinct subtypes with increasing 

severities from A1 to A3, which are represented in Figure 2.5 [31,32]. 

Position Morphology 

Bone Segment Type Group Subgroup 

1/2/3/4 1/2/3(/4) A/B/C 1/2/3 .1/.2/.3 
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Figure 2.5 – Representation of the three main types of trochanteric femoral fractures by the Müller AO 
classification [31]. 

2.3.2. Evans-Jensen classification  

The Evans-Jensen classification is a system that only categorizes trochanteric fractures. It predicts 

which fractures are stable and can be anatomically reduced and which are at risk for secondary 

displacement after fixation. The Evans-Jensen classification system considers five types of fractures, 

illustrated in Figure 2.6 [29,30]: 

• Type I (Stable) - Non-displaced two-fragment fracture. 

• Type II (Stable) - Displaced two-fragment fracture. 

• Type III (Unstable) - Three-fragment fracture without posterolateral support, due to 

displacement of greater trochanter. 

• Type IV (Unstable) - Three-fragment fracture without medial support, due to displacement 

of lesser trochanter or femoral arch. 

• Type V (Unstable) - Four-fragment fracture without posterolateral and medial support 

(combination of Type III and Type IV).  

 

Figure 2.6 – Representation of the trochanteric fractures by the Evans-Jensen classification. Adapted from [33]. 
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2.4. Treatment of proximal femoral fractures 

After a proximal femoral fracture, treatment should allow the patient to recover as soon as possible. 

Within few days after the surgery, full weight bearing is extremely important for bone metabolism and 

the process of fracture healing [34]. Note that a longer bed rest time delays fracture healing and may 

cause several complications, such as muscle atrophy, contractures, skin ulcers, urinary tract infections 

and, in worst cases, pulmonary embolism [35]. The ability to move after the surgery is especially 

critical for the elderly, as this group of people is more prone to health complications [36].    

The treatment of proximal femoral fractures is determined by the health professional according to 

the fracture type and the patient’s condition. It is mainly divided into two steps: reduction and fixation. 

The fracture reduction consists in placing the bone pieces back in their proper position to allow for the 

correct healing process. In simple and minimally displaced fractures, this stage can be performed 

without resorting to surgery. This case is called closed reduction and has the advantages of not 

disturbing the fracture hematoma and of the risk of bone infection being lower. However, there are also 

possible risks associated with this type of reduction. Since the nerves, blood vessels and other soft 

tissues near the bone may be injured, a blood clot that can travel to the lungs can be formed and there 

may be new fractures that occur during the reduction procedure. For more complex fractures, or when 

the closed reduction failed, an open reduction, which requires a surgery to align the bone, is 

necessary. This type of reduction carries some possible complications, such as a higher infection risk 

for both the bone and the wound and even amputation. However, it also offers a more precise 

reduction of the fracture and reduces the risk of mal-union and non-union, which is the inadequate 

healing of the bone and inability to heal at all, respectively [37].  

The second step of the treatment is the fracture fixation, which consists of keeping and stabilizing 

the bone in the proper alignment. Although fixation can be achieved by only applying cast, more than 

98% of trochanteric fractures require surgery and the application of a fixation implant [35]. The two 

types of surgical fixation most frequently used are the internal and external fixations, illustrated in 

Figure 2.7. In the external fixation, several screws are applied to the regions above and below the 

fracture and are attached to a plate that is placed outside of the body. The internal fixation consists of 

inserting an implant inside the bone. By combining reduction and fixation options, there are two 

techniques commonly used and discussed in the literature: closed reduction and external fixation 

(CLEF) and open reduction and internal fixation (ORIF). The former offers many advantages in terms 

of soft tissue damage and infection risk, but it presents a higher incidence of mal-union and non-union 

[7]. Even though ORIF carries out the risks of higher infection rates, chronic pain associated with the 

implant and loss of range of motion, it allows faster pain relief and rapid mobilization, which 

accelerates the rehabilitation process. In addition, many comminuted and displaced fractures can only 

be managed by ORIF due to the incapacity of CLEF to reduce and stabilize the resulting bone pieces. 

Consequently, open reduction and internal fixation is the most common treatment of unstable 

trochanteric fractures [8]. 

The implants used in the internal fixation of trochanteric fractures can have an intramedullary or 

extramedullary fixation, as shown in Figure 2.7. In the intramedullary fixation, a nail is inserted inside 

the medullary cavity and is connected to one or more screws in the proximal and distal regions of the 
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femur. The distal screw is used to fix the implant and the proximal screw (hip screw) is placed inside 

the femoral head and neck to keep the fragments together. The extramedullary fixation devices 

substitute the nail for a plate that is placed outside the femur in its lateral region [8,9]. 

  
 

a) b) c) 

Figure 2.7 – Representation of the different fixation types. a) External fixation [38]. b) Intramedullary internal 
fixation [39]. c) Extramedullary internal fixation [40]. 

The most common mechanical complications associated with both these fixation types in 

trochanteric fractures is femoral shaft fracture, hip screw cut-out and excessive screw sliding. The 

former occurs mostly in the intramedullary fixation, especially with longer nails or with a larger distal 

diameter, representing 5.3% of all mechanical failures. Cut-out is the most frequent mechanical 

complication of internal fixation and it occurs when the hip screw perforates the femoral head surface. 

This complication accounts for 85% of all failures. Being the focus of this study, it is discussed in 

further detail in the following section. Excessive screw sliding is more characteristic of extramedullary 

fixation and it occurs when the hip screw slides too far into the femoral head [41].  

2.5. Cut-out complication  

The cut-out of the hip screw is considered the most frequent mechanical failure mechanism for all 

implants in the treatment of trochanteric fractures. This problem occurs in 2% to 8% of all internal 

fixation procedures and it is defined as “the collapse of the neck-shaft angle into varus, leading to 

extrusion of the screw from the femoral head” [13,17,42]. This means that the neck-shaft angle 

decreases, due to an approximation of the femoral head to the medial region of the femoral shaft, and, 

consequently, the tip of the screw is pushed into a superior region, perforating  the femoral head, as 

depicted in Figure 2.8. This complication may cause fracture displacement again, pain, joint 

dysfunction, shortening of the lower limb and limping [43]. In the cases of unstable trochanteric 
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fractures, the intact lateral wall provides a medial support for the proximal fragment, playing an 

important role in their stabilization. The lack of that support leads to excessive collapse, resulting in 

medial displacement of the femoral shaft and a higher incidence of screw cut-out. Therefore, unstable 

fractures are more prone to cut-out and, in these cases, it is extremely important for the implant to be 

able to resist this mechanical failure under dynamic loading [44].  

 

Figure 2.8 – CT image of the proximal femur of a patient presenting cut-out of the hip screw [45]. The white arrow 
represents the position of the screw in the femoral head when the implant was inserted in the bone. Posteriorly, 

the neck-shaft angle decreased, causing the screw to extrude from the femoral head. 

The incidence of cut-out is affected by several variables inherent to the patient, such as age and 

sex, bone quality and the fracture pattern, but also by factors that can be controlled by the surgeon, 

such as the quality of fracture reduction and the implant positioning in the bone [5,13]. Although 

frequently studied in the literature, there is no clear consensus about the optimal position of the 

implant to reduce the risk of cut-out. To characterize the position of the screw within the femoral head 

and neck, a technique called tip-apex distance (TAD) was proposed in 1995 by Michael Baumgaertner 

to [45]. This measure allows to summarize the position and depth of the femoral head screw with a 

single number. TAD is defined as the sum of the distances from the tip of the hip screw to the apex of 

the femoral head, which is the intersection point between a line parallel and centred on the femoral 

neck and the joint surface, measured on anterior-posterior and lateral radiographic views, as illustrated 

in Figure 2.9. Mathematically, it can be expressed by [46]:  

TAD = 𝑋𝑎𝑝 + 𝑋𝑙𝑎𝑡, (2.1) 

where 𝑋𝑎𝑝 and 𝑋𝑙𝑎𝑡 represent the distance measured between the tip of the screw and the apex of the 

femoral head in the anterior-posterior and lateral views, respectively.  
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Figure 2.9 – Technique for calculating tip-apex distance with representation of the distances in anterior-posterior 
and lateral views. Adapted from [47]. 

Baumgaertner believed in the clinical usefulness of TAD  as a strong predictor of screw cut-out, by 

attributing a relationship between the distance and the likelihood of the complication occurring [46]. 

Many studies have focused on the influence of TAD on the cut-out risk and the best TAD value to 

minimize it. However, the conclusions reached are controversial, since some studies suggested TAD 

should be greater than 25 mm to reduce the cut-out incidence, whereas other studies found no 

relationship between TAD and the risk of cut-out. 

A new measurement technique, called calcar-TAD (CalTAD), was developed by Kuzyk et al. [48] 

in 2012, giving preference to the inferior region of the femoral head to place the screw. This method 

uses both the anterior-posterior and lateral components, but it refers to the femoral calcar instead of 

the femoral neck centre. The femoral calcar is a plate of dense trabecular bone placed in the posterior 

femoral neck, below and separated from the lesser trochanter [49], as illustrated by Figure 2.10. The 

distance measured on the lateral view is the same as in TAD technique, changing only the 

anterior-posterior view (𝑋𝑎𝑝) also depicted in Figure 2.10.  

  

a) b) 

Figure 2.10 – a) Representation of the femoral calcar [49]. b) Technique for calculating calcar-TAD with 

representation of the anterior-posterior distance [50]. 

Femoral calcar 
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The applicability of both TAD and CalTAD as predictors of cut-out has been questioned in the 

literature and there is no conclusive evidence as to which of these two indices presents the best 

predictive value, which is better explained Section 2.7. 

2.6. Proximal femoral implants 

The current treatment of trochanteric femoral fractures involves the use of implants with two fixation 

systems: extramedullary and intramedullary. The most representative implant of the extramedullary 

fixation is the dynamic hip screw (DHS) or sliding hip screw (SHS), illustrated in Figure 2.11, which 

was developed in the 1960s and for a long time it was considered the gold standard for the treatment 

of trochanteric fractures.  

  

a) b) 

Figure 2.11 – Representation of the Dynamic Hip Screw implant. a) Illustrative image [51]. b) CT image [41]. 

This implant consists of a sliding screw placed in the femoral head and neck that is connected to 

a plate in the external surface of the bone below the greater trochanter. The DHS implant allows 

controlled fracture compression and for stable and minimally displaced fractures it offers reliable 

results [5,17]. However, for unstable fractures this type of implant presents a higher incidence of 

fixation failure. As previously mentioned, in the cases where there is a lack of posteromedial support in 

the lateral wall it is difficult to achieve and maintain a stable fixation. Therefore, maintaining the 

integrity of this structure is a key factor in the stabilization of unstable fractures and the DHS fails to 

give the necessary support, limiting its clinical use [44,52,53].  

To overcome this problem, an intramedullary fixation implant, called Gamma nail, was developed 

to treat both stable and unstable fractures. It was created and commercialized by Stryker in the 1980s 

and it is illustrated in Figure 2.12 [54]. The intramedullary fixation system provides a better 

biomechanical stability due to its shorter lever arm between the tip of the screw and the nail, which 

offers more load sharing, preventing the collapse of the shaft to a medial configuration. The insertion 
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of this type of implants requires less exposure, resulting in a decreased soft tissue trauma and leading 

to a lower infection rate. In addition, as the wound is smaller, fewer blood vessels are damaged and 

the blood loss is minimized [6,9,25]. In general, the intramedullary implants allow immediate 

postoperative mobilization under full weight-bearing conditions, which presents an advantage when 

compared to the DHS implant, especially in elderly patients, for whom this is the primary treatment 

goal. The Gamma nail implant has been widely used for many years, due to its inspiring clinical 

results. Overall, this device provides an adequate stability for unstable fractures, being able to 

overcome massive tensile forces laterally and compressive forces medially. However, many studies 

have revealed that the Gamma nail might cause late complications that often require revision surgery, 

such as the cut-out of the screw and distal femoral shaft fractures [52,55,56]. 

  

a) b) 

Figure 2.12 – Representation of the Gamma nail implant. a) Illustrative image [57]. b) CT image [58]. 

In 1996, the Proximal Femoral Nail (PFN), represented by Figure 2.13, was proposed by 

DePuy Synthes to overcome the limitations of the Gamma nail device. The design of this implant 

innovated by adding another anti-rotation screw in the femoral neck, called hip pin, and reducing the 

length of the nail to avoid new fractures. The main screw is larger and is introduced to carry most of 

the load, whereas the hip pin is smaller and is placed to avoid rotation of the fragments during 

weight-bearing, providing rotational stability. Moreover, the PFN implant presents advantages during 

the insertion procedure when compared with the Gamma nail, since the operation time is shorter and 

the patient loses less blood. However, several studies have demonstrated that the PFN and Gamma 

nail results are comparable in the treatment of unstable trochanteric fractures. Therefore, even though 

the complication rates are lower, there is still a risk of cut-out of both screws [36,59].  
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a) b) 

Figure 2.13 – Representation of the Proximal Femoral Nail implant. a) Illustrative image [60]. b) CT image [58]. 

Finally, in 2004 DePuy Synthes created an implant with a helical blade design, the Proximal 

Femoral Nail Anti-rotation (PFNA), illustrated by Figure 2.14, to overcome the known limitations and 

potential sources of complications of the previous devices [10]. The PFNA is currently the optimal 

procedure to treat unstable fractures and prevent the cut-out problem. This implant has a helical blade 

rather than screws which allows a controlled impact of the fracture zone, providing angular and 

rotational stability. The helical design increases the contact area between the bone and the implant, 

improving the attachment of the blade into the femoral head and neck. Thus, this mechanism prevents 

the rotation of the femoral head and neck, reducing the risk of cut-out. Besides, due to its 

intramedullary position, it enables full and immediate postoperative weigh bearing. The insertion of the 

PFNA also presents advantages, since it is performed by a guide wire and with only one column 

device which provides an easy and smoothing handling, limiting the risk of complications related with 

the implant. Overall, several studies have shown a biomechanical superiority of the PFNA when 

compared with DHS, Gamma nail and PFN in the treatment of unstable fractures, reporting higher 

cut-out resistance [56,59,61,62]. 
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a) b) 

Figure 2.14 – Representation of the Proximal Femoral Nail Anti-rotation implant. a) Illustrative image [63]. b) CT 
image [64]. 

2.7. Literature review on cut-out 

The importance of the screw position within the femoral head has been recognized since the earliest 

reports of clinical results associated with the use of implants for the treatment of trochanteric fractures. 

Therefore, there are many studies that tried to evaluate the best position of the screw to reduce 

mechanical failures. For this reason, it is extremely important to understand the research carried out 

on this matter, as well as the conclusions and limitations of each study.   

The first researchers who addressed these issues conducted clinical studies with patients and 

tried to find a relationship between the initial position of the screw, registered on CT images taken 

immediately in the postoperative, with the incidence of cut-out, observed in CT images after a 

follow-up period [14,46,65–69]. The purpose of these studies was to find a position in the bone that 

presented lower rates of cut-out incidence. Later, with the invention of the TAD concept, the studies 

started to measure this distance in the first CT images and also tried to relate it with the cut-out 

incidence [4,12,14,17,46,70]. Davis et al. [65], Leung et al. [66] and Valentini el al. [12] compared 

intramedullary and extramedullary fixation devices to evaluate the superiority of one over the other in 

terms of cut-out incidence. The conclusions taken were similar, stating that the intramedullary implants 

present a lower rate of cut-out. Regarding the best position, inferior, central, and superior positions, 

and posterior, central, and anterior positions in the sagittal plane have been evaluated. All studies 

concluded that the hip screw should be placed in the centre of the femoral head for the 

anterior-posterior direction. However, concerning the inferior-superior direction, different conclusions 

were drawn. Regarding the impact of TAD, the recommended value to reduce the risk of cut-out differs 

among studies, even though a positive relationship has been observed in the majority. Recently, some 
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clinical studies compared the importance of TAD and CalTAD as predictors of cut-out to find which 

technique presents the stronger predictive value. However, both concluded that TAD remains the most 

accurate measurement technique [15,16]. 

To predict the biomechanical effect of different implants and their position on the bone, 

computational analyses have also been performed using the finite element method [3,10,11,71]. All 

these studies considered a single implant, most of them based on an intramedullary fixation device, to 

evaluate the impact of moving the screw in the femoral head. None of them used the PFNA, which is 

the most suitable implant to resist cut-out. Goffin et al. [11] simulated the DHS implant to compare nine 

models of a femur with different screw positions along the inferior-superior and anterior-posterior 

directions. An unstable fracture with lack of medial support in the lesser trochanter was modelled. The 

purpose of the study was to predict the best place for the screw and the importance of TAD as a good 

predictor of cut-out. For that, to predict the regions more susceptible to undergo irreversible 

deformations, the volume of the proximal femur with minimum principal strains smaller than the yield 

strain of the human bone and its correlation with TAD was computed. This study concluded that the 

screw should be placed in an inferior-central or inferior-posterior position and that TAD has a negative 

correlation with the risk of cut-out, which indicates that the risk increases when the distance is 

reduced. However, this study only used a single force applied to the femoral head instead of 

simulating the action of each muscle, which would better represent the in-vivo loading conditions of 

the proximal femur.  

Pei-Yuan Lee et al. [10] simulated an intramedullary implant to evaluate the impact of varying the 

screw from inferior to superior and anterior to posterior positions on a femur with a stable fracture. The 

normal strains at the fracture surface, the minimum principal strains in the trabecular bone and the von 

Mises stresses in the implant were evaluated and compared between five models. Like Goffin et 

al. [11], the volume susceptible to yield was also computed in this study using the same concept. The 

results showed that the inferior and posterior positions present the best outcomes and may be the 

ideal regions to place the screw. To define the bone, a uniform density distribution and a constant 

Young’s modulus were used, which do not represent the real properties of the bone, thus being a 

limitation of this study. 

Konya and Verim [71] assessed the impact of varying the screw of an intramedullary implant from 

inferior to superior and anterior to posterior positions in nine models of the proximal femur with a 

stable fracture. The optimum position of the proximal screw was determined based on the von Mises 

stress values occurring on the fracture line, which suggested the best position to be in the centre of 

the femoral head. In addition, the study found no correlation between TAD and the stresses on the 

fracture, stating that this parameter is not a predictor of cut-out. A uniform density distribution and 

constant Young’s modulus were used in this study. 

Finally, Cheng-Hung Lee et al. [3] simulated an intramedullary implant to predict the risk of cut-out 

on a femur with an unstable fracture with lack of medial support. For that, five positions of the screw 

along the inferior-superior direction of the femoral head were modelled. The observed indicators were 

the maximum displacement of the screw and the stress on the fracture. The best position for the screw 

was found to be in the inferior region. Furthermore, no relationship was identified between this 
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complication and TAD. This study presents some limitations, since it was applied a uniform density 

and a constant Young’s modulus to the bone and only a single force was used to simulate the action of 

all the muscles. Despite providing insight into the mechanism of cut-out, the limitations of these 

studies may have affected the results and need to be taken into consideration.  

Table 2.2 summarizes the findings of several clinical and computational studies available in the 

literature that addressed these issues and indicates the recommended screw positions, if TAD is a 

predictor of cut-out, including its recommended value, and whether these factors have a positive or a 

negative correlation.  

Table 2.2 – Optimal position of the screw in the femoral head and the correlation between TAD and the risk of 
cut-out according to the literature. The TAD recommended by the clinical studies is also presented.  

Regarding the anterior-posterior direction, most studies concluded that the screw should be 

placed in the centre of the femoral head, excluding completely the anterior position. However, in the 

inferior-superior direction there are no consensual findings since the results are divided between the 

inferior and central positions. Along the medial-lateral direction, the surgical technique guides of the 

implants recommend the positioning of the screw 10 mm away from the femoral head surface. 

However, to the author’s knowledge, no studies have addressed the best screw position along this 

direction. As this is a factor that can also be controlled by the surgeon, it is very important to 

Reference Type of study 

Recommended position TAD conclusions 

Inferior-
Superior 

Anterior- 
Posterior 

Correlation 
Recommended 

value 

[3] 
Computational 

analysis 
Inferior - 

Not a 
predictor 

- 

[4] Clinical study - - 
Not a 

predictor 
- 

[10] 
Computational 

analysis 
Inferior Posterior - - 

[11] 
Computational 

analysis 
Inferior Posterior/Central Negative - 

[12] Clinical study - - Positive < 25 mm 

[14] Clinical study Inferior/Central Central Positive < 15 mm 

[17] Clinical study - - Positive < 25 mm 

[46] Clinical study Central Central Positive < 25 mm 

[65] Clinical study Central Central - - 

[66] Clinical study Inferior Central - - 

[67] Clinical study Inferior/Central Central - - 

[68] Clinical study Inferior Central - - 

[69] Clinical study Inferior Central - - 

[70] Clinical study - - Positive < 20 mm 

[71] 
Computational 

analysis 
Central Central 

Not a 
predictor 

- 
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understand whether the medial-lateral positioning of the screw impacts the cut-out incidence and to 

identify the best position to minimize that risk.  

Many studies suggested that a TAD smaller than 25 mm could prevent the cut-out of the screw. 

However, some researchers found evidence of failure in bones with a TAD smaller than 25 mm, 

proposing a different value instead. As mentioned, the computational analyses reported a negative or 

an inexistent correlation between TAD and cut-out incidence. Despite the controversy in results, TAD 

is still considered a valuable clinical parameter for the assessment of the risk of cut-out [16]. 

2.8. Novel aspects of the work 

To the author’s knowledge, this is the first study to perform such an extensive evaluation of the impact 

of the position of the screw/blade within the femoral head in the proximal fixation of unstable 

trochanteric fractures using the PFNA, the most suitable implant to prevent cut-out. Considering the 

data available in the literature, discussed in Section 2.7, this work focused on the regions that are 

considered the best in the literature along the inferior-superior direction and simulated the ones that 

have not been studied. No studies have addressed the impact of moving the proximal screw from a 

medial to lateral position, being this the main novelty of this work. This work also overcomes some of 

the limitations presented by previous studies, such as the consideration of a real non-uniform density 

distribution and variable Young’s modulus, and the application of loading conditions closer to in-vivo 

conditions. In addition, the applicability of TAD and CalTAD as predictors of cut-out is also addressed 

and compared in this study. Eight geometries with different positions of the implant in the bone were 

modelled and used to develop three-dimensional finite element models, which can also be used in 

future studies, contributing for further investigation on preventing mechanical failures of unstable 

trochanteric implants.  
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3. Methods 

This chapter describes in detail the geometric modelling process of the femur and the PFNA 

components, and the development of the finite element models, including the convergence analysis 

for model verification. The methods applied to validate and evaluate the results obtained in this work 

are also explained. 

3.1. Geometric model 

This section presents a detailed description of the steps performed to obtain the three-dimensional 

(3D) solid model of the bone and the implant.  

3.1.1. Bone image acquisition 

The first step of the 3D modelling of the femur was to resort to medical images. In the context of this 

study, Computed Tomography (CT) images are more appropriate to use since bone has a high 

contrast signal when compared with soft tissues. The value of each pixel in the image corresponds to 

the tissue density or its attenuation coefficient, which means that hard tissues appear in the images 

with higher signal [72]. For this study, a CT dataset from the hip and pelvis of a 38-year-old man was 

used, taken from the Visible Human Project datasets [73].  

3.1.2. Bone image segmentation 

Image segmentation was performed to create the 3D model of the femur from the CT images. This 

step consisted in partitioning an image into multiple regions that are homogeneous according to a 

certain characteristic of the structure, which in this case, was its intensity. This process can be 

performed by combining three segmentation methods: global thresholding, active contour method and 

manual segmentation [74]. The global thresholding allows the detection of the region of interest. It 

uses two intensity values corresponding to the bottom and top thresholds of the intensity of that 

region, selecting the tissue of interest (image foreground) and excluding all the other tissues (image 

background). The original intensity values are then mapped into new ones, ranging from -1 to 1, where 

the background and foreground pixels correspond to the bottom and top limits, respectively. The active 

contour method is a semi-automatic process that consists in positioning deformable closed surfaces, 

such as spherical bubbles, inside the region of interest. These bubbles then proceed to deform and 

adapt to the image features, by increasing their size and filling the region of interest as the number of 

iterations increases. The deformation of these surfaces is due to their physical properties, in which 

under a stimulus of internal and external mechanical forces, they change according to the image 

contours. This is an iterative process and the forces are calculated in each iteration based on the 

probability of a certain pixel belonging to the region of interest or to the background. Internal forces 

contribute for smooth surface variations, while external forces contribute for the deformation of the 

bubbles. This process ends when the bubbles enclose all pixels with considerable probability of 
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belonging to the foreground or when the user finds the solution to be suitable. This method is unable 

to provide accurate results due to segmentation errors and CT limitations. Therefore, a manual 

segmentation procedure is usually necessary to correct inaccuracies left by the active contour method [75].  

The software used to perform the segmentation of the bone was ITK-SNAP (version 3.8.0, 2019), 

which receives as input a set of CT slices and offers both manual and semiautomatic segmentations. 

After the definition of the region of interest, i.e., the right femur, the global thresholding method was 

applied. Two intensity values were chosen, and the image of the bone was selected, as depicted in 

Figure 3.1.  

 

a) 

  

b) c) 

Figure 3.1 – a) Thresholding definition properties on ITK-SNAP. b) Original CT image of a coronal section of the 
right femur. c) Segmented CT image with global thresholding of a coronal section of the right femur. 

The next step was the active contour method in which several bubbles were inserted in specific 

regions, such as the femoral head, greater and lesser trochanters and the cortical cortex of the 

femoral shaft. The distal end of the femur was not included in the region of interest because it is not 

relevant for this study. The reduction of the geometric model also benefits the computational 
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complexity of the finite element models as a smaller number of elements will be required. Figure 3.2 

depicts the evolution of the active contour method and the 3D model generated along different 

iterations.  

 

a) 

 

b) 

Figure 3.2 – Evolution of the active contour method along different iterations. (a) Coronal section. (b) 3D model – 
anterior view. 

The final step to obtain the 3D model of the right femur was the manual segmentation. The most 

relevant inaccuracy to be corrected was related to the segmentation of the head of the femur since it 

included a part of the acetabulum, as shown in Figure 3.2. The final 3D model, presented in Figure 

3.3, was generated as a surface mesh.  
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a) b) c) d) 

 Figure 3.3 – Final segmentation of the femur after the active contour and manual segmentation methods. a) Left 
view. b) Anterior view. c) Right view. d) Posterior view.  

3.1.3. Bone surface mesh smoothing  

The 3D model of the femur generated by ITK-SNAP presented a stair-step surface, commonly 

observed due to the discretized nature of the CT images. To improve the quality of the 3D surface, the 

software MeshLab (version 2016.12) was used. A Laplacian smoothing (low-pass) filter was applied to 

adjust the nodal coordinates while keeping the mesh topology. This filter was able to repair the 

stair-step artefact and polish the mesh surface. Figure 3.4 presents the surface mesh before and after 

the Meshlab processing. The final model was exported as a point cloud data file.  

  

a) b) 

Figure 3.4 – Adjustments on the surface mesh of the femur - posterior view. (a) 3D model obtained in the 
segmentation step. (b) 3D model obtained after the surface mesh adjustment process. 
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3.1.4. Bone model generation  

The last step was the generation of a 3D solid model in SolidWorks (Education Edition, Academic Year 

2017-2018). The 3D surface mesh was imported using the ScanTo3D tool, which receives as input a 

point cloud data file and automatically creates a volume by using the option Mesh Prep Wizard. The 

final model is presented in Figure 3.5.  

 

Figure 3.5 – Anterior view of the solid model of the right femur generated in SolidWorks. 

3.1.5. Implant model generation 

The 3D geometry of the PFNA implant was modelled in Solidworks. The PFNA considered in this work 

is based on the Synthes implant, represented in Figure 2.14. It contains three components: the 

intramedullary nail, the blade, and the distal locking screw. All these parts can have different lengths 

and diameters and the dimensions were chosen according to the size of the femur and type of 

fracture. To represent as close as possible the geometry of the implant, all relevant dimensions were 

performed on a real implant and the PFNA Synthes technique guide was considered [18].  

The intramedullary nail, depicted in Figure 3.6, is inserted in the medullary cavity of the femur to 

control the micromovements of the fragments. The PFNA nail has a medial-lateral angle of 6° to allow 

its insertion at the tip of the greater trochanter. It contains two holes: one in the proximal part for the 

insertion of the blade with an angle of 130º, and another in the distal part for the insertion of the 

locking screw. Depending on the type of fracture, two PFNA implants can be considered: the PFNA 

short and the PFNA long. The former is available in three sizes – 170 mm (xs), 200 mm (small) and 

240 mm (standard) – and it is used in pertrochanteric, intertrochanteric and high subtrochanteric 

fractures. The PFNA long is longer, with a length ranging from 300 mm to 420 mm with increments of 

20 mm, and it is used in low subtrochanteric fractures. As the focus of this work is to evaluate the 

cut-out risk in trochanteric fractures, the PFNA small is the implant considered. The 3D solid model of the 

intramedullary nail developed in Solidworks is presented in Figure 3.6.  
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Figure 3.6 – Representation of the Synthes PFNA nail. a) Real model with its specifications [18]. b) Computational 
solid model – frontal view. c) Computational solid model – anterior view. 

The blade, shown in Figure 3.7, is implanted in the femoral head and neck and it works as an 

anchor to keep the fragments in place. It has a head that, when unlocked, works as a drill to enter the 

femoral head. The inferior part of this component is not circular but contains two projections along its 

length to block its rotation inside the PFNA hole. The length of this component ranges from 75 mm to 

130 mm. As the focus of this work is to evaluate the position of the blade along the medial-lateral 

direction, four models were developed with the following lengths: 90 mm, 95 mm, 100 mm and 

105 mm. Further detail on the selection of these lengths is provided in Section 2.7. Figure 3.7 presents 

the computational model of the blade with 100 mm.   

 
 

a) b) 

Figure 3.7 – Representation of the Synthes PFNA blade with 100 mm. a) Real model with its specifications [18]. 
b) Computational solid model. 

100 mm 

55.5 mm 

Ø 10.5 mm 

Blade hole 

200 mm 

Ø 16.5 mm Ø 10 mm 
Locking screw 

hole 

(a) 

(b) 

(c) 
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The locking screw, depicted in Figure 3.8, is inserted in the distal part of the femoral shaft. Its 

purpose is to stabilize the distal end of the implant. The length of this component can go from 26 mm to 

100 mm depending on the diameter of the femoral shaft. Considering the average diameter of the 

femoral shaft, a length of 44 mm was selected to be modelled. Since the position of the locking screw is 

far from the femoral head, the characteristics of this component are not relevant for the study. Therefore, 

to simplify the simulations, both the screw thread on the body and the screw drive on the head were 

neglected.  

 
 

a) b) 

Figure 3.8 – Representation of the Synthes PFNA locking screw. a) Real model with its specifications [18]. 
b) Computational solid model. 

3.1.6. Implant and bone assembly 

Before the insertion of the PFNA implant in the bone, a trochanteric fracture was simulated. Since 

unstable fractures with lack of medial support represent higher risk of cut-out, a pertrochanteric 

fracture without medial support was modelled. The fracture was characterized according to the 

literature and was defined as 31-A2 in the Müller AO classification (unstable in the Evans-Jensen 

classification), dividing the bone into three parts: a part above the fracture line, which includes the 

femoral head and neck and the superior part of the greater and lesser trochanters; a part below the 

fracture line containing the femoral shaft and the inferior part of the greater and lesser trochanters; 

and one last part that corresponds to a fragment of the lesser trochanter, causing lack of medial 

support in this structure. An angle of 43º was considered to exist between the fracture line and the 

femoral shaft axis. The medial fragment was defined with an intrusion distance of 30% into the fracture 

complex, which was calculated  by [11]: 

𝐼𝑛𝑡𝑟𝑢𝑠𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (%) =
𝐴𝐵

𝐴𝐶
 (3.1) 

where 𝐴𝐵 is the length of the medial wedge in the anterior-posterior view and 𝐴𝐶 is the length of the 

fracture line. The defined fracture is represented in Figure 3.9. For the sake of brevity, henceforth, the 

parts of the bone above and below the fracture line will be referred to as superior and inferior parts, 

respectively.   

Ø 7.9 mm Ø 4.9 mm 

44 mm 
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Figure 3.9 – Representation of the pertrochanteric fracture modelled in Solidworks and the identification of the 
parameters used to defined the fracture. Green line – femoral shaft axis. Red line – fracture line. 

For the simulation of the fracture treatment using the PFNA implant, each component of the 

implant was inserted sequentially in the bone following the recommendations in the Synthes surgical 

technique guide [18]. Prior to the insertion of the nail, a hole is made in the bone with a 16.5 mm drill. 

The entry point of the drill is on the tip or slightly lateral to the tip of the greater trochanter to create an 

angle of 6° with the femoral shaft axis in the anterior-posterior view. The drill stops when it reaches the 

region above the lesser trochanter. After, it is used another drill to make a hole with 1.5 mm greater 

than the distal nail diameter which, in this case, was 11.5 mm. This step is performed to enlarge the 

medullary cavity for the entrance of the nail and the length of the hole is slightly longer than the nail. 

Considering these details, the PFNA nail was introduced in the bone, having only the possibility to 

rotate itself inside the hole or to move vertically. For the definition of the femoral shaft axis, four 

polygons, resembling circles, were defined along the femoral shaft, and their centroids were identified 

and used to estimate the shaft axis. 

The second part of the implant to be inserted was the blade. The technique guide recommends 

adapting the insertion depth of the nail to place the blade in the centre of the femoral head. Then, 

since the head of the blade works as a drill when unlocked, it is used a hammer to push the blade into 

the recommended position, at a distance of 10 mm from the external surface in the anterior-posterior 

view, as illustrated in Figure 3.10. Despite the recommended position, note that different distances 

were considered between the blade tip and bone surface with the purpose of studying the impact of 

the blade position on the risk of cut-out. 

A 

B 

C 
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Figure 3.10 – Recommended position for the screw in the anterior-posterior view [18]. 

Overall, 8 configurations were considered by varying the blade position along the medial-lateral 

and inferior-superior directions, as illustrated by Figure 3.11. As mentioned in Section 2.7, both central 

and inferior positions in the frontal plane have been suggested to reduce the risk of cut-out, so both 

these positions were considered. The central position was aligned with the femoral head centre, 

estimated by fitting a sphere to the femoral head surface. The inferior position moved the blade to half 

the distance between the femoral head centre and the bone surface along the inferior-superior 

direction, which was measured to be 13.5 mm. For each of these regions, medial-lateral positions 

distancing 5 mm, 10mm, 15 mm, and 20 mm from the femoral head surface were defined.  

 

Figure 3.11 – Representation of the eight geometries used in this study. Superior half – models with the blade in 
the central position. Inferior half – models with the blade in the inferior positions. Left to right – 5 mm, 10 mm, 

15 mm, 20 mm distance between the tip of the blade and the femoral head. 
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Finally, the locking screw was introduced in the bone. According to the technique guide, the 

insertion of this component can provide a dynamic or static locking of the model. In the former, the 

screw is placed horizontally, allowing a small movement of the nail. In the static locking, the screw is 

introduced diagonally, fixing the distal end of the nail and blocking its movement. As the locking screw 

was expected to have little impact on the findings of this study, the static locking was considered to 

prevent the movement of the nail for the sake of simplicity.  

After the insertion of the implant, the bone was cut 30 mm below the distal end of the nail to 

simplify and reduce the size of the model. Figure 3.12 presents the final geometry of the 3D model with 

the blade in the central position and a distance of 10 mm to the femoral head surface. 

  

a) b) 

Figure 3.12 – Anterior view of the final 3D model of the configuration with a central screw position and a distance 
of 10 mm to the femoral head surface. a) Shaded view. b) Wireframe view.  

3.2. Finite element model 

The development of the finite element (FE) models is described next. For the sake of brevity, the 

procedures followed, common to all models, are described only for one configuration. The software 

used was Abaqus (version 6.14-1, 2014). 

3.2.1. Description of the parts 

The assembly created in SolidWorks was imported into Abaqus in the parasolid (x_t) format, which 

automatically placed each part in the right position. Apart from these components, two additional 

structures were defined to overcome an artifact inherent to the CT images: the partial-volume effect. 

When two or more tissues with different attenuation coefficients are encompassed on the same CT 

pixel, the resulting CT value represents the average of these tissues’ properties [76]. Since the femur 

is surrounded by soft tissues, with a lower attenuation coefficient, the boundaries of the bone are 

affected by this artifact. Therefore, to try to minimize the partial-volume effect, two shells were created 
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to simulate the cortical cortex of the bone. These shells, illustrated in Figure 3.13, correspond to the 

surfaces of the bone, one for each fragment above and below the fracture. 

 

a) 

 

b) 

Figure 3.13 – Shell components developed in the finite element models for the simulation of the cortical cortex of 
the femur: a) superior part shell. b) inferior part shell. 

3.2.2. Material properties 

According to the assembly components, different materials were created for the bone, the implant, and 

the shells. All materials were defined as elastic and isotropic, and the implant and the shells were also 

characterized as homogeneous. Considering that bone properties depend on bone density, the density 

distribution of the femur under analysis needed to be defined. For that purpose, the bone densities 

were estimated from the CT images used to create the 3D geometry of the bone.  

Each CT pixel represents a numerical value, known as CT gray value, which is the average of all 

the attenuation coefficients within the corresponding pixel. This number is calculated by comparison 

with the attenuation coefficient of water (𝜇𝑤𝑎𝑡𝑒𝑟) and is displayed on a dimensionless scale, named 

Hounsfield Units (HU), expressed as [77]: 

CT − value (HU) =
𝜇−𝜇𝑤𝑎𝑡𝑒𝑟

𝜇𝑤𝑎𝑡𝑒𝑟
× 1000, (3.2) 

To extract the HU values from the CT data, a freeware plug-in for Abaqus, called Bonemapy, was 

used. As the data obtained from Bonemapy is not in fact bone density, the next step was the 

conversion of the HU values into bone apparent density (𝜌𝑎𝑝𝑝). This conversion was achieved using a 

linear calibration derived from 2 reference points of the CT images. One of the points corresponds to 

the HU value of water, which represents non-bone condition such as the marrow in the medullary 

cavity of the femoral shaft. This first point defined the minimum of the HU values in the calibration 
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process and was assigned an apparent density of 𝜌𝑎𝑝𝑝 = 0.01 g cm−3.  The second point is the HU 

value of cortical bone, corresponding to the maximum in the HU scale, to which an apparent density of 

𝜌𝑎𝑝𝑝 = 1.86 g cm−3 was assigned [78]. The equation of the linear calibration between HU values and 

apparent bone density was defined as: 

𝜌𝑎𝑝𝑝 = a + b × CT − value (HU), (3.3) 

with a and b determined in Matlab (version R2016a-9.0.0, 2016) using the data from the 2 reference 

points defined. Using Equation 3.3, bone density was defined for all nodes of the bone FE mesh.  

As expected, the nodes closer to the surface presented higher densities (cortical bone) and the 

inner nodes had lower densities (trabecular bone). Due to the partial-volume effect, there was an 

abrupt change in densities on the external boundary of the bone, which led to the appearance of 

superficial nodes with lower densities. To correct this problem, besides defining the shells, the 

maximum density value was attributed to the superficial nodes. Figure 3.14 presents the bone density 

distribution. 

  

 

 

a) b) c)  

Figure 3.14 – Bone density distribution in g cm-3. a) External surface. b) Anterior view of a coronal cut. c) Superior 
view of a transverse cut. 

To define bone material properties, a relationship between Young’s modulus and bone apparent 

density was considered. Among the relationships available in the literature, the one selected was 

shown to represent best experimental measurements compared to others [79,80]. The elastic-density 

relationship was defined as: 

𝐸 = 6850𝜌𝑎𝑝𝑝
1.49, (3.4) 



 

35 
 

The resulting Young’s moduli ranged between [7.17 × 10−3 − 17.3] GPa, considering the minimum 

and maximum values of the apparent density introduced in MATLAB ([0.01 − 1.86] g cm−3).  

Regarding the shells, as these structures are supposed to represent the cortical cortex, their 

properties were defined as those of cortical bone, which is characterized by the maximum Young’s 

modulus, assuming a thickness of 0.5 mm. The implant is composed of a titanium alloy (Ti-6Al-7Nb), 

as described in the PFNA technique guide [18]. The Young’s moduli (E) and Poisson’s ratios (ν) 

considered are summarized in Table 3.1.  

Table 3.1 – Material properties for each part of the finite element model. 

 

 

 

 

 

Considering that the bone density distribution generated is associated with a 38-year-old male, 

but proximal femoral fractures occur especially in older people, an additional, separate, condition was 

also considered in which lower bone densities were considered to simulate the bone of an elderly 

person. The maximum density was reduced to 1.4 g cm−3, since there is a 24% reduction in the cortical 

cortex value between the ages of 20 to 90 years old [82], and the corresponding Young’s modulus 

obtained was 11.3 GPa, which was the value attributed to the shells.  

3.2.3. Interactions 

For the bone-shell interactions, tie constraints were defined considering the bone as master and the 

shell as slave. A similar condition was also considered for the interaction between the locking screw 

and bone since this region was expected to have little impact in the femoral head. All other 

interactions, including bone-implant and implant-implant, were defined as surface-to-surface contact 

with different friction coefficients, as detailed in Table 3.2.  

Table 3.2 – Interact conditions considered between the different components of the finite element models. 

 

 

 

 

 

 

 

Model Part 𝐄 (GPa)  𝛎 

Implant 105 [81] 0.3 

Shell 17.3 0.3 

Model Parts Interaction Type Friction Coefficient 

Bone - Shell Tie ----- 

Locking screw – Bone Tie ----- 

Superior Part Bone – 
Inferior Part Bone 

Surface-to-surface contact 0.46 [10], [11] 

Bone - Nail Surface-to-surface contact 0.3 [83] 

Bone - Blade Surface-to-surface contact 0.3 [83] 

Implant - Implant Surface-to-surface contact 0.2 [10], [11] 
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3.2.4. Loading and boundary conditions 

The loading conditions considered simulated two cases commonly referred in the literature: normal 

walking and stair climbing. Both activities included the action of the hip joint force and of several 

muscles essential to the movement. The effect of each muscle was represented by a force applied on 

its attachment site, described by single points. In Abaqus, these points were defined as attachment 

points since they are independent from the model mesh and allow the force to be transferred to an 

area around them simulating their attachment site. To do this, coupling constraints were defined to 

connect the attachment points to the corresponding nodes in selected surfaces near them. All forces and 

application points were taken from Bergmann and Heller study [84]. Considering this, four points were 

defined: one on the femoral head (P0), another on the lateral region of the greater trochanter (P1), one 

additional on the lateral side below the lesser trochanter line (P2) and one more in the medial region of 

the femoral shaft (P3). Point P1 contains several muscles that act on the greater trochanter and thus 

was defined as the average of the insertion points of those muscles. To determine the location of each 

point, the coordinates presented in the study of Bergmann and Heller [61] were considered but were 

adjusted to fall on the bone surface. For the application of P0, which simulates the contact between 

the femur and the hip joint, its force vector was projected from the hip joint centre onto the surface to 

estimate the hip contact centroid. The coordinates of the resulting surface point were used to defined 

point P0. As there are two loading cases with different forces, there are two attachment points for this 

interaction, one for each case. Figure 3.15 represents all the attachment points defined in the model.  

 

Figure 3.15 – Identification of the selected attachment points. 

For the muscle forces, all coupling constraints considered a continuum and uniform distribution, 

which means that the force is equally distributed to all nodes. For the hip contact force, the distribution 

was defined quadratic, in which the force decreases with the squared radial distance from the 

attachment point [85]. Table 3.3 details the muscles involved in each loading case, including the 

magnitude and direction of the forces and the points where they were applied. It is worth mentioning 

P0 

P1 

P2 

P3 
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that the magnitude of the forces correspond to a percentage of the body weight, specific to each 

individual, and some of the muscles involved in the stair climbing case have no influence in the normal 

walking case [84]. 

Table 3.3 – Muscles involved in each loading case with the corresponding force components (Fx, Fy, Fz) and the 
point where the force is applied. W – normal walking case. SC – stair climbing case. 

The insertion areas of the muscles defined for the coupling constrains in the finite element model 

are represented in Figure 3.16. Considering that the focus is on the femoral head, the areas related to 

P1, P2 and P3 were reduced to decrease the computational cost. 

 

  

a) 

 

b) c) d) 

Figure 3.16 – Representation of muscle insertion surfaces created in the finite element model. a) P0 surface –
 walking case. b) P0 surface – stair climbing surface. c) P1 surface. d) P2 surface. e) P3 surface. 

Muscle Involved 
Fx (%) Fy (%) Fz (%) 

Acting Point 
W SC W SC W SC 

Hip contact 54.0 59.3 -32.8 -60.6 -229.2 -236.3 P0 

Abductor -58.0 -70.1 4.30 28.8 86.5 84.9 P1 

Iliotibial tract, proximal part - -10.5 - 3.0 - 12.8 P1 

Iliotibial tract, distal part - 0.5 - -0.80 - -16.8 P1 

Tensor fascia latae, proximal 
part 

-7.20 -3.1 11.6 4.90 13.2 2.90 P1 

Tensor fascia latae,  
distal part 

0.50 0.20 -0.70 -0.30 -19.0 -6.50 P1 

Vastus lateralis 0.90 2.20 18.5 22.4 -92.9 -135.1 P2 

Vastus medialis - 8.80 - 39.6 - -267.1 P3 
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To avoid rigid body motion, the distal end of the femur was fixed with an encastre condition, 

restricting all displacements and rotations. 

3.2.5. Mesh generation  

In 3D models both tetrahedral and hexahedral elements are commonly used. In some cases the use 

of tetrahedral elements is the only solution because a 3D domain cannot always be decomposed by 

hexahedral elements, especially when it comes to complex geometries [86]. Due to the complexity of 

the structures being modelled, quadratic tetrahedral (C3D10) elements were used to define the finite 

element meshes of the bone and the implant. As the cortical shell is a 2D structure, its elements were 

defined as quadratic triangles (STRI65). To choose a proper element size, a convergence analysis 

was performed. Since the femoral head is the region of most interest in this study, 3 points were 

selected near that structure, one internal and two superficial, identified as Node 1, Node 2 and Node 3 

in Figure 3.17, respectively.  

  

a) b) 

Figure 3.17 – Identification of Node 1, Node 2 and Node 3 used for the convergence analysis. a) Shaded view. 
b) Wireframe view. 

The average element size of the superior bone, superior shell and blade was decreased from 

4 mm to 1 mm, with a reduction of 0.5 mm in each simulation, whereas the element size of the rest of 

the FE model was fixed at 3 mm since it was expected to have little impact on the region of interest of 

the study. For each point, the minimum principal strains were evaluated per element size, as well as 

the time taken to complete each simulation. For the sake of comparison, simulations were performed 

considering homogeneous material properties for the bone with a Young’s modulus of 17.5 GPa and 

Poisson’s ratio of 0.3. The results obtained for the convergence analysis are presented in Figure 3.18. 

The relative error shown is computed with respect to the solution of the model with an average 

element size of 1 mm. 
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a) 

 

b) 

Figure 3.18 – Mesh convergence analysis of Node 1, Node 2 and Node 3 to select the appropriate mesh for the 
FE model.  

For average element sizes smaller than 3 mm, the relative error was smaller than 5%. 

Considering that time started to increase significantly for average element sizes smaller than 2 mm, 

the optimal mesh size selected was 2 mm. 

3.3. Analysis of the results 

This section presents the methodology followed for the verification of the finite element model of the 

bone and evaluation of the results obtained.  
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3.3.1. Verification of the bone model  

To validate the definition of the material properties in the finite element models, the average density of 

the femoral neck was measured and compared with the literature. This comparison was based on a 

study that used the quantitative computed tomography exam to obtain the total volumetric Bone 

Mineral Density (BMD) of the femoral neck of male patients between 20 and 29 years old [82]. The 

intact model of the femur, without the fracture and the holes made for the implant, was considered for 

this purpose. The femoral neck was defined according to the description in the study using model 

partitions. Nodal densities within this region were then extracted to compute the average density of 

this structure. The average density of the femoral neck obtained in the simulation with lower density 

values was also computed and compared with the literature. The anatomy of the proximal femur was 

compared with the literature, considering the neck-shaft angle and the femoral head diameter.  

3.3.2. Assessment of the risk of cut-out 

To evaluate the risk of cut-out, qualitative and quantitative comparisons were performed between the 

different finite element models. Based on the assumption that cut-out incidence is more likely to occur 

due to high compressive strains in the femoral head and neck [11], the minimum principal strains (𝜀) in 

these regions were evaluated qualitatively through visual inspection of their distribution. In addition, 

the von Mises stresses experienced by the implant were also evaluated. 

To complement this approach and have a more objective evaluation, the bone volume susceptible 

to yielding was computed and compared among the eight geometries. Yielding was assumed to have 

occurred for a given bone point whenever the minimum principal strain exceeded the compressive 

yield strain of the human bone (-0.84%) [87]. A greater volume was expected to represent a higher risk 

of cut-out. According to Goffin [11], the regions that might be critical for the cut-out complication are 

the contact region between the superior and inferior parts of the bone (fragments above and below the 

fracture, respectively, as previously mentioned) and the region around the blade, which in this case 

would be at the tip of the blade and in the transition region between the head and tail of the blade. 

Therefore, one of the selected regions to evaluate was the superior part (SP) and the proximal region 

of the inferior part (IP) of the bone, henceforth called SP-IP Region, which was isolated by applying a 

plane in the inferior part of the bone. To isolate and assess the remaining regions, two spheres with a 

radius of 4.5 mm and 10 mm (equal to the blade’s diameter in those regions) were applied at the 

centre of the tip of the blade (Tip Region) and the centre of the head-tail transition (HT Region), 

respectively. The plane and the spheres used to isolate the elements are depicted in Figure 3.19. All 

calculations were performed in Matlab. For the sake of simplicity, yielding volumes were computed 

assuming a worst-case condition for which the minimum principal strains for each bone point were the 

largest, in magnitude, obtained for both the walking and stair climbing cases.  

Regarding the simulation with lower densities, the visual comparison of the minimum principal 

strains of the proximal femur and the volume of the SP-IP Region susceptible to yield was also 

computed. This assessment was performed to evaluate the variation of the results with a decrease in 

density. No further evaluation was performed for the simulation of the elderly bone. 
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Figure 3.19 – Representation of the geometric structures used to isolate the elements of the regions of interest.  

Finally, to evaluate the possible relationship between TAD and CalTAD and the risk of cut-out, the 

distances between the tip of the blade and the apex of the femoral head considering the femoral neck 

centre and the femoral calcar of all geometries were computed. Pearson correlation coefficient (r) was 

considered between TAD and CalTAD and the computed yielding volumes of the SP-IP Region to 

assess their relationship. Three correlation coefficients were computed for each measurement 

technique: one for the eight FE models together, an additional one considering only the four 

geometries with the blade inserted in the central position and another only for the inferior geometries.    
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4. Results 

This chapter presents the results obtained from the finite element analyses. It is divided into three 

sections: verification of the bone FE model and qualitative and quantitative analyses of the eight 

geometries modelled. 

4.1. Verification of the bone model  

Table 4.1 presents the average bone density computed for the femoral neck of both younger and older 

bone models (Young BMD and Old BMD, respectively), as well as the average BMD and minimum and 

maximum values reported in the literature [86, 88]. The neck-shaft angle (NSA) and the femoral head 

diameter (FHD) of the FE element model of the bone are also presented in Table 4.1, along with the 

normal values found in the literature.  

Table 4.1 – Average BMD of the young and old femoral neck, NSA and FHD computed for the model used in this 
study and average and range normal values of these parameters taken from the literature. 

4.2. Assessment of the risk of cut-out 

In the following sections is presented the results obtained for the assessment of the risk of cut-out 

through qualitative and quantitative analyses. 

4.2.1. Qualitative analysis 

Figure 4.1 presents the minimum principal strain distribution of the walking case for all the geometries 

in a coronal section of the head and neck of the femur. Since no qualitative differences were obtained 

for the stair climbing case, the results for this loading condition are presented in Appendix A.1. These 

two images correspond to the simulation with the original densities of the 38-year-old man. The 

corresponding results for the analysis with lower densities, simulating an older bone, are very similar 

and, for the sake of simplicity, are presented in Appendix A.2. 

Common to all geometries, low strains, more compressive, are observed in the superior region of 

the femoral head, closer to the surface. In addition, the contact region between the superior and 

inferior parts of the bone presents the largest volume with the lowest strains, below the yield strain 

of -0.84%. Comparing the FE models with the blade placed in the inferior and central regions, the 

 FE model Literature average Literature range 

Young BMD (mg cm-3) [86] 383.8 366 317 – 415 

Old BMD (mg cm-3) [88] 306.5 291.5 243 – 340 

NSA (º) [89] 128.0 129.6 113.2 – 148.2 

FHD (mm) [90] 54.58 46.61 40.20 – 59.00 
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yielded bone volume, illustrated by black regions in Figure 4.1, is larger in the contact region for the 

central geometries. For the inferior models, black regions are also identified at the tip of the blade and 

around the transition between its head and tail, especially above the blade. Comparing the positions 

along the medial-lateral direction, there are no significant visual differences, except for the head-tail 

transition in the inferior geometries, in which the black area increases from 5 to 20 mm distances. 

 

Figure 4.1 – Minimum principal strains in a coronal section of the proximal region of the femur for the walking 
case. The minimum of the strain scale is defined as the yield strain of the human bone (-0.84%) to emphasize the 

regions of the bone more susceptible to undergo irreversible deformations (black areas).  

The von Mises stress distribution in a coronal section of the proximal region of the implant is 

presented in Figure 4.2 for the walking case of the young bone simulation. Like for the minimum 

principal strains, the results for the stair climbing case are presented in Appendix A.1. In general, the 

blade supports higher loads than the nail, resulting in greater stresses for this component. Additionally, 

high stresses are observed in the contact region between the blade and the nail and in the head-tail 

transition of the blade. Comparing the positions along the medial-lateral direction, the stress in the 

transition region of the blade increases as the distance from the tip of the blade to the femoral head 

surface also increases. Regarding the inferior-superior direction, the inferior geometries present 

greater regions with high stresses than the central geometries for both the nail and the blade. 
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Figure 4.2 – Von Mises stresses (MPa) in a coronal section of the proximal region of the implant for the walking 
case. For the sake of comparison, the scale is limited to a maximum Von Mises stress of 100 MPa. 

4.2.3. Quantitative analysis 

Figure 4.3 presents the bone volume of SP-IP Region with compressive strains smaller than -0.84% 

for the original density distribution corresponding to the 38-year-old man. The contributions of both the 

SP and IP are also detailed.  

  

Figure 4.3 – Volume of bone in the SP-IP Region with minimum principal strains below the compressive yield 
strain of -0.84%. The contributions of the superior (SP) and inferior (IP) parts are also detailed. 
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Overall, the contribution of the IP of the bone is more relevant than that of the SP. The volume 

obtained for the geometries with the blade placed in the central region of the femoral head is very 

similar for all medial-lateral distances considered, even though a small increase is observed for the 

20 mm distance. These FE models present a higher volume of bone susceptible to yielding than the 

geometries with the blade in the inferior regions. Focusing on the inferior geometries, the volume of 

the SP increases as the screw is moved away from the femoral head surface. However, in the IP, the 

volume appears to be similar for all but the 10 mm distance in which it is evidently smaller, 

representing the model with the lowest volume of damaged bone. From a qualitative point of view, a 

similar result was obtained when simulating an elderly bone. For this reason, and for the sake of 

brevity, the results for this condition are only presented in Appendix A.2. Due to the lower bone 

densities, and consequently lower bone material properties, the calculated damage volumes are 

higher than those presented in Figure 4.3. Henceforth, the results were only obtained for the bone with 

the original density distribution, corresponding to the 38-year-old man.  

To assess the sensitivity of the results to the yield strain considered for bone, the damaged bone 

volume was also computed for hypothetical yield strains of -0.6%, -0.7%, -0.8%, and -0.9%. From a 

qualitative point of view, no differences were observed regardless of the yield strain considered. For 

further detail, see Appendix A.3. 

The regions of the bone at the tip of the blade (Tip Region) and around the transition between its 

head and tail (HT Region) were also evaluated. Figure 4.4 presents the proportion of these regions 

within the damaged volume of the superior part of the bone, displayed in yellow in Figure 4.3.  

 

Figure 4.4 – Volume of bone in the superior fragment with minimum principal strains below the compressive yield 
strain of -0.84%. The contributions of the Tip Region and HT Region are also detailed. 

For the central geometries, no damage occurred in the Tip and HT Regions. For the inferior 

geometries, the damage in these regions was similar for the 5 and 10 mm distances, but increased for 
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Regions, the amount of damaged bone was greater for the region around the transition between the 

head and tail of the blade (HT Region). Despite the yielded bone volume for the Tip and HT Regions, 

note that it only represents about 14% of the entire volume of SP-IP Region, which means that the 

damaged bone is mainly restricted to the contact region between the fragments.  

The TAD and CalTAD of the eight geometries, shown in Figure 4.5, were measured to evaluate 

their relationship with the cut-out incidence. Both TAD and CalTAD increase as the blade is placed 

further away from the femoral head surface. For the same medial-lateral position, TAD is bigger for the 

inferior region. Comparing the two techniques, for the central geometries, CalTAD is larger than TAD, 

whereas for the inferior geometries, it is smaller. In addition, the difference between the distance 

measured for 20 mm and 5 mm is smaller for CalTAD, which means that a movement of the blade 

along the medial-lateral direction leads to higher differences in TAD than in CalTAD. 

 

Figure 4.5 – TAD and CalTAD values for the eight positions of the tip of the blade within the femoral head. 

Table 4.2 presents the Pearson correlation coefficients computed between these two distances 

and the volumes susceptible to yielding of the SP-IP Region considering the eight geometries together 

and only the central or inferior models in separate. Regarding TAD, a very weak negative correlation 

was found for the eight geometries, which would indicate that higher values of TAD correspond to 

smaller risks of cut-out. On the other hand, CalTAD has a moderate positive correlation with the risk of 

0,00

10,00

20,00

30,00

40,00

50,00

60,00

Central Inferior

C
al

TA
D

 (
m

m
)

5 mm 10 mm  15 mm 20 mm

0,00

10,00

20,00

30,00

40,00

50,00

60,00

TA
D

 (
m

m
)



 

48 
 

cut-out, meaning that increasing this distance leads to a greater risk of this complication. By looking 

only to the central and inferior regions in separate, the correlation between both distances and the 

volume susceptible to yield is positive and stronger, especially in the central region. Comparing the 

two techniques, CalTAD presents stronger correlation coefficients than TAD for all cases. 

Table 4.2 – Pearson correlation coefficients between TAD and CalTAD, and the volume with strains smaller 
than -0.84% for SP-IP Region. 

 

 

 

 

 

 

 

 

 

 

  

Models  TAD CalTAD 

All -0.24 0.48 

Central 0.88 0.92 

Inferior 0.73 0.75 
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5. Discussion 

The computational studies in the literature that focused on the position of the femoral head screw did 

not assess all possibilities as their evaluation was mainly restricted to only two directions: 

inferior-superior and anterior-posterior. It is consensual that the most appropriate position for the 

insertion of the screw on the lateral view is the central position, but on the anteroposterior view, the 

conclusions differ between the central and inferior positions. Considering the most suitable implant to 

treat unstable trochanteric fractures (PFNA), this work aimed to contribute to the existing knowledge 

on the best screw position by evaluating its position along not only the inferior-superior direction but 

also the medial-lateral direction. To the author’s knowledge, this is the first exhaustive computational 

study about the impact of moving the blade/screw along the medial-lateral direction. For the sake of 

simplicity and considering that most implants use a screw instead of a blade, in the following sections 

the blade will be referred as screw to allow a general evaluation of the results obtained in this study. 

Considering that bone failure (yielding) may occur due to compressive strains, the risk of cut-out was 

evaluated qualitatively, by visually comparing the minimum principal stains between the eight 

geometries and, quantitatively, by computing the volume of bone susceptible to yield, i.e., which 

strained beyond the yield strain, in different regions of the proximal femur.  

5.1. Verification of the bone model  

The average density obtained in this study is within the limits of the literature range, which is a good 

indicator that an adequate density distribution was attributed to the FE model of the bone and that it is 

similar to the real characteristics of the femur of young males. Regarding the analysis with lower 

density values, the obtained average density is also very similar to the literature, which suggests that 

this simulation represents the actual properties of the femur of an elderly. In addition, the femoral head 

diameter and the neck-shaft angle also fall within the range found in the literature for young males. All 

these findings provide confidence in the finite element model developed, which is expected to be 

representative of femurs in general, and, consequently, in the results.  

5.2. Assessment of the risk of cut-out 

The minimum principal strains distribution along the superior and inferior fragments of the bone is 

coherent with previously published studies [10,11]. Overall, higher compressive strains were observed 

in the superior region of the femoral head, closer to the surface, which is a result of the hip contact 

load applied in that region. Since the z component of the force is negative, it compresses the femoral 

head, resulting in high compressive strains. In the inferior geometries, the superior tip of the nail lays 

inside the hole, as shown in Figure 3.11, exerting high pressures in the surrounding bone, which 

results in a damaged region with compressive strains. The contact region between the fragments is 

the largest with damaged bone, being this the primary location that contributes to the incidence of 

cut-out. This occurs probably due to the moment created in that region by the force applied on the 

femoral head and the absence of the medial fragment causes lack of medial support, contributing to 
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the moment and increasing the compressive forces, which results in low minimum principal strains. 

Regarding the computed yielding volumes, the obtained values are smaller than the ones reported by 

Goffin et. al [11], as already expected since that study used an extramedullary implant which increases 

the instability of the device causing higher compressive strains. On the other hand, the values are 

similar to those of Pei-Yuan Lee [10] who also used an intramedullary implant. 

Positioning the screw in the inferior region of the femoral head reduces the damaged bone in the 

contact region between the superior and inferior fragments. This can be explained by a lower position 

of the screw, restricting the femoral head rotation and reducing the pressure caused in the contact 

region of the bone. In addition, when the screw is placed on the central region, only one support point 

is provided, which is the contact point between the nail and the screw, since the surrounding bone is 

characterized by low density values. In a position closer to the inferior region of the femoral head, an 

additional support is provided by the femoral calcar, which is a dense region. In the inferior region, the 

screw is very close to the missing medial fragment, thus the load is transferred to the screw, 

increasing the stress in this component, as illustrated in Figure 4.2, and, consequently, relieving the 

bone in the contact region. However, due to this phenomenon, the screw exerts greater forces on the 

bone around it, which is expressed by high compressive strains along the screw. This explains the 

black areas and the yielding volume obtained around the tip of the screw and in the head-tail 

transition. Therefore, when the screw is inserted in the inferior position, the stability of the implant 

increases, reducing the pressure caused in the contact region of the bone, but increasing the forces 

acting on the bone around the screw. Consequently, along the inferior-superior direction, the best 

place for the insertion of the screw seems to be the inferior region of the femoral head, which is in line 

with the findings of Cheng-Hung Lee et al. [3], Pei-Yuan Lee et al. [10] and Goffin et. al [11]. However, 

Konya and Verim [71] suggested a central positioning for the screw, which may be due to the 

application of a different evaluation method, based on the von Mises stresses in the implant. 

Considering only the central geometries, no significant differences were observed in the 

computed volume when the screw was moved from 5 to 20 mm. This suggests that the medial-lateral 

positioning of the screw has little impact on the risk of cut-out when the screw is in the central region. 

Therefore, orthopaedic surgeons have a margin for error without compromising the patient’s health. 

The recommendation of the PFNA surgical guide to place the screw at 10 mm from the femoral head 

surface is thus appropriate, even though a central rather than an inferior position is suggested. 

Regarding the models with the screw in the inferior position, at a 10 mm distance from the femoral 

head surface, the volume of bone susceptible to yield was smaller which means that the risk of cut-out 

is lower. Thus, the most stable position to place the screw is in the inferior region of the femoral head, 

10 mm away from the surface. As previously mentioned, to the author’s knowledge no studies have 

assessed the impact of moving the screw in the medial-lateral direction. Hence, no direct comparisons 

with the literature are possible.  

The results obtained for the simulation of an older person were similar to those of a younger 

person, showing a similar trend in the risk of cut-out. Therefore, when the density was reduced no 

qualitative differences were observed, suggesting that the inferior region of the femoral head with a 

10 mm distance from its surface is the best position to place the screw regardless of the patient’s age. 
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From a quantitative point of view, higher volumes were obtained since with lower density values the 

bone has lower mechanical resistance.  

To understand the applicability of TAD and CalTAD, the Pearson correlation coefficient was 

computed for the eight geometries together and for the inferior and central models in separate, 

considering the SP-IP Region. Overall, CalTAD presented a stronger correlation with the risk of cut-out 

than TAD, contrary to what has been reported in the literature [15,16]. This may result from the 

different positions chosen for the screw, including inferior-superior and anterior-posterior rather than 

central-inferior and medial-lateral positions. Most of the obtained coefficients were positive, meaning 

that higher values of TAD and CalTAD represent a higher risk of cut-out, which is in agreement with 

the findings of most of the clinical studies found in the literature [4,12,14,17,46,70]. However, none of 

the computational studies [3,10,11,71] reached this conclusion, reporting either a negative or a null 

correlation. Again, this may be explained by the different chosen position or it may be due to the 

simultaneous evaluation of all positions instead of a separate evaluation by central-inferior position as 

performed in the present work.  

Considering only the central geometries, a very strong correlation was found for both TAD and 

CalTAD, which was expected since the computed volume was observed to increase as the screw 

moved further away from the femoral head surface. Being the difference between 5 and 20 mm 

smaller for CalTAD, a higher coefficient was expected for this technique because the differences 

obtained for the calculated volume were also small. These results suggest TAD and CalTAD to be 

good predictors of cut-out when the screw is positioned in the central region of the femoral head. 

Regarding the inferior FE models, the correlation coefficients for both TAD and CalTAD were smaller 

due to the non-linear evolution of computed volume, particularly between the 5 and 15 mm positions. 

However, the computed coefficients were still high, representing a strong correlation, thus suggesting 

that both TAD and CalTAD can be used as predictors of cut-out for the inferior positioning of the screw, 

even though they present a weaker correlation when compared with the central geometries. Finally, 

taking into consideration the eight geometries, a negative coefficient was found for TAD. This can be 

explained by an overall increase of TAD from the central to inferior models, whereas the computed 

volume decreased from the central to the inferior geometries. This opposite trend led to a negative 

correlation between TAD and the risk of cut-out. However, considering that the computed coefficient 

magnitude was smaller than 0.3, the correlation is considered to be negligible [91]. Considering that 

for CalTAD there is no significant difference between the central and inferior models, the impact of the 

volume reduction is smaller, keeping a positive correlation with the volume susceptible to yielding. Its 

correlation coefficient was 0.48, representing a low-moderate relationship with the risk of cut-out. 

Considering all the information, the obtained results suggest that TAD and CalTAD should only be 

used as predictors of cut-out for specific regions in separate, instead of being compared across the full 

range of possible positions of the femoral head.   
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6. Conclusions  

The main goal of the present work was to find the best position to place the femoral head screw to 

reduce the risk of cut-out. To accomplish this, 3D finite element models with different configurations 

were developed. The verification of the models through the simulation of the actual density distribution 

and Young’s modulus of the femur provided confidence in the results. Additionally, this work was 

strengthened by the application of loads that replicated the in-vivo loading conditions, including muscle 

and joint reaction forces. Most important, the evaluation of moving the screw from medial to lateral 

positions and the use of PFNA, the most suitable implant to use in unstable fractures, were the main 

novelties of this study.  

The best position to place the screw was found to be in the inferior region at a 10 mm distance 

from the femoral head surface. Additionally, the results obtained in this study revealed that the position 

of the screw in the medial-lateral direction of the central region is not relevant for the prevention of 

cut-out. The contact region between the fragments was found to be the principal location with 

damaged bone, representing the region that most likely contributes to the cut-out effect. Regarding the 

measurement techniques, the applicability of TAD and CalTAD was tested and a possible correlation 

with the risk of cut-out was found. However, the predictive value of both techniques is stronger when 

they are used only to compare positions in the same region of the femoral head. Comparing the two 

techniques, the results showed that CalTAD seems to be a better predictor of cut-out than TAD. 

Overall, the results of this study regarding the position of the implant are coherent with previous 

computational analyses and are expected to provide further insight into the best position for the 

femoral head screw placement. However, for TAD and CalTAD the findings of this work are different 

from the ones already published, which may be due to the agglomeration of the positions into some 

groups instead of evaluating all the range of positions together.  

To the author’s knowledge, this is the first study to perform such an extensive evaluation of the 

impact of moving the femoral head screw along the medial-lateral and inferior-superior directions with 

the PFNA implant. Although the findings of this work may give indications to orthopaedic surgeons 

about the recommended position for the placement of the screw, further studies are required to 

strengthen the knowledge regarding this issue and address some of the limitations of this work. This 

study used only one bone model, specific to the subject, and the differences in bone anatomy or 

material properties were believed to not have great impact on the results. However, further studies 

using a larger number of femurs should be carried out to increase the confidence in the results. 

Additionally, it would be useful to compare the results obtained for femurs of patients with different 

genders. Regarding the loading conditions, the use of 8 loads strengths the model used in this study. 

Nevertheless, the addition of more loads considering other regions of the proximal femur would allow 

a closer approximation to the in-vivo conditions of this bone. Furthermore, the evaluation of more load 

cases, especially of daily activities, would be beneficial for this work. Regarding bone properties, the 

density distribution used in this study corresponds to a 38-year-old patient which is likely to present 

better bone quality than older people. Being the elderly the group of people that most suffers 

trochanteric fractures and although a simulation of an older bone was performed, future studies should 
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resort to CT images of a femur from an elderly to simulate its real properties. Finally, bone damage 

and cut-out were not actually simulated. Like in previous computational studies [10,11], the risk of 

cut-out was assumed to be related to the volume of bone presenting larger compressive strains, in 

magnitude, than the yield strain of the human bone. 
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Appendix  

A.1. Stair climbing results for the young bone   

 

Figure A.1 – Minimum principal strains in a coronal section of the proximal region of the femur for the stair 
climbing case for the young bone. The minimum of the strain scale is defined as the yield strain of the human 

bone (-0.84%) to emphasize the regions of the bone more susceptible to undergo irreversible deformations (black 
areas). 
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Figure A.2 – Von Mises stresses (MPa) in a coronal section of the proximal region of the implant for the stair 
climbing case. For the sake of comparison, the scale is limited to a maximum Von Mises stress of 100 MPa.  
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A.2. Results for the old bone 

Figure A.3 – Minimum principal strains in a coronal section of the proximal region of the femur for the walking 
case for the old bone. The minimum of the strain scale is defined as the yield strain of the human bone (-0.84%) 

to emphasize the regions of the bone more susceptible to undergo irreversible deformations (black areas).  
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Figure A.4 – Minimum principal strains in a coronal section of the proximal region of the femur for the stair 
climbing case for the old bone. The minimum of the strain scale is defined as the yield strain of the human bone 

(-0.84%) to emphasize the regions of the bone more susceptible to undergo irreversible deformations (black 
areas). 
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Figure A.5 – Volume of bone in the SP-IP Region with minimum principal strains below the compressive yield 
strain of -0.84% for the simulation with the old bone. The contributions of the superior (SP) and inferior (IP) parts 

are also detailed. 
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A.3. Yield strain sensitivity 

 

Figure A.6 – Volume of bone in the SP-IP Region with minimum principal strains below a cut-off value 

of -0.006, -0.007, -0.008 and -0.009 for the young bone. 
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