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ABSTRACT 

This study explores the biomechanical role of the fabella in human locomotion and its 

evolutionary history alongside other posterior knee sesamoids within the primate 

family. While fabella biomechanical effects related to its functions remain 

underexplored, fabella excisions are commonly performed to address associated knee 

issues. Understanding the fabellaôs evolutionary history within the primate context and 

its relationship with other posterior knee sesamoids can provide valuable insights into 

its role in humans. Sesamoids are periarticular skeletal elements associated with 

tendons and ligaments, exhibiting variable composition as cartilage, fibrocartilage, or 

bone. 

The first study employs phylogenetic comparative methods to explore the evolution of 

knee sesamoids in primates. The findings reveal that knee sesamoids are highly 

conserved across primates, with their presence/absence uncorrelated to locomotor 

mode. Moreover, the medial and lateral fabellae frequently co-occur in most primate 

clades, challenging previous assumptions that linked the lateral fabella with the 

cyamella. In contrast, the Hominoidea display a decoupled pattern, with humans 

uniquely retaining only the lateral fabella. This suggests a distinct developmental 

pathway potentially linked to bipedalism and endurance running. 

The second and third studies investigate the biomechanical effects of the fabella in 

human locomotion. In the second study, a portable handheld ultrasound device was 

employed to identify fabella presence in a healthy population in London, yielding a 

prevalence rate of 17.33%. This aligns with European prevalence rates from a 2018 

meta-analysis. Unlike most clinical studies, which often feature skewed samples, this 

in vivo study of a healthy population provides robust validation of European prevalence 

rates. 

The final study examines the kinematics, kinetics, and muscle activation patterns of 

individuals with and without fabellae during walking, running, and two-legged hopping. 

Using a matched-control design, it identifies reduced gastrocnemius activation during 

running in individuals with fabellae. This finding supports the hypothesis that the 

fabella enhances the gastrocnemius's moment arm, reducing the force required to 
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produce joint movement (mechanical advantage). The results suggest that the 

fabellaôs mechanical advantage is more significant during running than walking or 

hopping. These findings have evolutionary implications, leading to two hypotheses: 

first, that bipedalism and endurance running generated the mechanical stimuli 

necessary for the development of the lateral fabella in humans; and second, that the 

lateral fabella, once present, may have been selectively retained due to its 

biomechanical benefits for endurance running. 
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1 GENERAL INTRODUCTION  

The medial and lateral fabellae are two sesamoid bones in the knee, located within 

the tendons of the gastrocnemius muscle. Like other sesamoid bones, the medial and 

lateral fabellae exhibit significant inter- and intraspecific variation in size, shape, and 

presence across mammalian species (e.g. [1ï4]). For example, both fabellae are 

consistently found in dogs [5] and cats [6]. Particularly in dogs, the medial and lateral 

fabellae are a critical consideration in veterinary orthopaedic surgeries [7]. In humans, 

however, the lateral fabella is typically referred to just as ófabellaô, as it is the only one 

that is variably present, with a global prevalence of approximately 36% [8]. By contrast, 

medial fabellae are rarely present in humans, with prevalence rates ranging from 0% 

to 1.3% [9ï11]. To avoid confusion, throughout the text, only the lateral fabella can be 

referred to as ófabellaô, while the medial fabella will always be specified as such. 

The fabella, like other sesamoid bones, has a phylogenetic history. Studying its 

evolutionary background can provide valuable insights into its function in humans and 

other primates. For instance, a study investigating the genetic control of the fabella in 

humans, based on a literature survey of fabella presence in extant primates, found 

that this sesamoid is consistently present in cercopithecines, variably present in lesser 

apes, absent in great apes, and variably present in humans [37]. These findings 

suggest that evolutionary selection may have acted against fabella presence in non-

human hominoids while favouring its presence in humans. The study also proposed 

that the presence of the fabella in humans is associated with bipedalism and may 

provide a mechanical advantage to the gastrocnemius muscle. 
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Understanding the biomechanical function of the fabella in humans is important for two 

main reasons. First, its prevalence has increased markedly over the past century, 

becoming approximately 3.5 times more common [35]. Second, the fabella has been 

linked to various knee ailments, including knee osteoarthritis [12ï14] and fabella 

syndrome [15ï17], as well as medical complications such as fractures and 

dislocations. Despite the common practice of fabella excisions, fabellectomies to 

address problematic fabellae, there remains a lack of comprehensive understanding 

regarding the impact of the fabella on human biomechanics. This makes it imperative 

to investigate the biomechanical effects of the fabella in human locomotion, particularly 

its role in enhancing the mechanical advantage of the gastrocnemius muscle. Such 

research could also help predict potential adverse outcomes associated with treatment 

options like fabellectomies. 

All things considered, the aim of this research is to understand fabella biomechanical 

effects in human locomotion and its evolutionary history within the Primate order. This 

introductory chapter provides an overview of key concepts and theories related to the 

fabella and other knee sesamoids (the medial fabella and cyamella) in evolution and 

biomechanics of primates and humans. This information is foundational for 

understanding the three studies presented in subsequent chapters, each of which 

addresses a specific objective derived from the overarching research aim. The chapter 

concludes with the framework of this dissertation and an overview of its structure. 
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1.1 SESAMOIDS 

Sesamoids are:  

Periarticular skeletal elements, which initially form in juxtaposition with or 

independently of bones and joints. They are commonly related to tendons and 

ligaments, have a genetic basis, and, once they are formed, epigenetic stimuli 

drive their growth and development with the acquisition of their definitive tissue 

composition, which can be diverse, for example, cartilage, fibrocartilage, or 

bone [18] 

These skeletal elements present high inter- and intraspecific variation in terms of size, 

location, shape, and presence [18,19]. Because sesamoid bones have this variability 

and are morphologically agnostic, early studies have debated whether these skeletal 

elements were the result of functional adaptation [20,21] or a trace of past functional 

structures [1,11,22]. Nowadays, the latest paradigms of sesamoids consider these 

skeletal elements as structures that have a biomechanical function and that are 

phylogenetically informative [18,19]. 

Sesamoids in tetrapods are found around joints and located in the appendicular 

skeleton, although there are reported exceptions in the cranium [18] (Figure 1). Within 

mammals, common postcranial sesamoids include the patella ulnaris in the elbow 

[1,2,23,24], prepollex [25ï32] and palmar [33] sesamoids in the hand, patella [23,33ï

43], cyamella [1,6,42,44ï47], and medial [19] and lateral fabellae [1,2,4,6,9,42,47ï49] 

in the knee, metacarpal and phalangeal sesamoids in the hands and feet 

[2,4,18,33,49ï56]. 
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The investigation of knee sesamoids has been central to the understanding of the 

evolutionary origins, functional attributes, and developmental pathways of these 

anatomical elements. Concurrently, this research has been instrumental in reshaping 

not only the prevailing paradigm concerning sesamoid bones but also the 

conceptualisation of the skeleton as a dynamic entity, dispelling the notion of a static 

structure defined by a fixed number of elements [19]. Consequently, the focus of this 

dissertation is the evolution and biomechanical function of sesamoids in the primate 

knee, namely, the cyamella and fabellae. The following section describes how the 

research on knee sesamoids has helped in the understanding of sesamoid evolution. 

 

Figure 1. Knee sesamoids in mammals. 

This figure taken from Abdala et al. [18] represents A) The location of the main 
sesamoids that are present in the tetrapod skeleton and taxa in which they were 
reported. B) In anurans, the tarsal bones are elongated, and fusion of the tibia and 
fibula is present.  
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With this figure I want to show that most sesamoids present in mammals (depicted in 
yellow, green, orange and brown) are in the appendicular skeleton, except for two of 
them (cartilage of Paaw and sesamoid of the caudal vertebrae) [18]. Main sesamoids 
present in mammals are: 9, cartilage of Paaw (Mammalia); 10, os nuchale (Sauropsida 
and Mammalia); 15, radial (Sauropsida and Mammalia); 18, phalange-phalange 
sesamoid (manus: Lissamphibia, Sauropsida, and Mammalia, pes: Lissamphibia and 
Mammalia); 19, metacarpal-phalange sesamoid (Lissamphibia, Sauropsida and 
Mammalia); 22, pisiform sesamoid (Sauropsida and  Mammalia); 27, patella ulnaris 
sesamoid (Lissamphibia, Sauropsida and Mammalia); 29, sesamoid of the caudal 
vertebrae (Mammalia); 33, suprapatella (Lissamphibia, Sauropsida and Mammalia); 
34, patella sesamoid (Lissamphibia, (Sauropsida and Mammalia); 35, lunula 
(Lissamphibia, Sauropsida andMammalia); 40, os peroneus (Mammalia); 42, plantar 
sesamoid (Lissamphibia, Sauropsida and Mammalia); 44, parafibula (Sauropsida and 
Mammalia); 45, cyamella sesamoid (Sauropsida and Mammalia); 47, fabella 
sesamoid (Lissamphibia, Sauropsida and Mammalia). This figure and part of the text 
has been taken from Abdala et al. [18]. CC-BY-NC 2019 by John Wiley and Sons, Inc. 
Reprinted with permission. 

 

1.2 EVOLUTION OF KNEE SESAMOIDS  

The definition of the sesamoid has been difficult due to its controversial identity [19] 

and the type of skeletal elements it includes. Early 20th-century perspectives regarded 

sesamoids as skeletal intratendinous elements, products of intensive stress that have 

a function [57ï60]. However, Furst (1903) [60] and Frey (1913) [22] noted that the 

medial and lateral fabellae were not true sesamoids, in the sense of being 

intratendinous elements, but more like remnants of skeletal pieces. Consequently, 

these two perspectives became contrasting definitions of sesamoid and led to two 

different models for the origin of sesamoids and their interaction with long bones. One 

perspective, viewing sesamoids as elements of phylogenetic legacy, was led by 

Pearson and Davin in 1921 [1,11]. The other perspective considered sesamoid bones 

as preexisting intratendinous elements that occur in places of strain, proposed by 

Barnett and Lewis in 1958 [23]. 
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Pearson and Davin (1921) [1,11], with their study of knee sesamoids in tetrapods 

considered sesamoids as skeletal elements produced by evolution. They proposed a 

detach/debris process involving certain posterolateral knee sesamoids. These knee 

sesamoids include the lateral fabella (sesamoid within the tendon of the lateral 

gastrocnemius), cyamella (sesamoid within the popliteus tendon) and parafibula 

(sesamoid that sits on top of the fibula) in tetrapods. They noted a fibular crest 

(sometimes called the fibular process) in monotremes (e.g. platypus and echidnas) 

that developed from a different ossification centre from the rest of the proximal fibula. 

At the same time, they observed a large sesamoid that sat on top of the fibula in 

edentates (Xenarthra) and some Marsupialia taxa in a location similar to the fibular 

crest, but detached from the fibula. This led them to hypothesise that the parafibula is 

a detached fibular crest.  

Furthermore, they observed in Marsupalia that the parafibula had appeared to ósplitô 

into a lateral fabella and a cyamella in some species, and cyamella had ódisappearedô, 

leaving only the lateral fabella in other species. As a result, they proposed an 

evolutionary route in which the fibular crest first detached from the fibula in early 

mammals and became the parafibula, and later the parafibula divided into the lateral 

fabella and cyamella in some marsupials and all placental mammals. They argued an 

evolutionary path whereby sesamoid evolution from long bone processes/epiphyses 

is more likely and consistent with their hypothesised evolutionary history of the lateral 

fabella, cyamella, and parafibula in tetrapods. Consequently, they defined sesamoids 

as the the debris of past functional structures, rejecting the notion of sesamoids as 

preexisting bones that appeared due to stress, Parsonsô view.  
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On the other hand, Parsonsô [57,58] early view of sesamoids as preexisting 

intratendinous elements, led him to propose a model in which sesamoids could fuse 

with long bones, creating processes/epiphyses (traction epiphysis). Although he 

assumed that fabellae were intratendinous sesamoids [57], no proposition was made 

with regard to their evolutionary origin in mammals. In 1958, after Parsonsô traction 

epiphysis model and Pearson and Davinôs detach/debris process proposition, Barnett 

and Lewis [23] reclaimed the traction epiphysis model and interpreted knee sesamoid 

evolution in an opposing view to Pearson and Davinôs work.  

Barnett and Lewis [23] interpreted the fibular crest in monotremes as a specialised 

form rather than an ancestral state because there are no known species in reptiles 

with a fibular crest [1]. They proposed that, within the monotreme clade, a sesamoid 

fused to the fibula during evolution, giving rise to the fibular crest. Consequently, they 

regarded the parafibula, observed in edentates and certain marsupial taxa, as a 

compound sesamoid resulting from the fusion of the lateral fabella and cyamella. They 

even cited instances, such as wombats occasionally presenting the parafibula fused 

to the fibula, as examples illustrating this traction epiphysis (fusion) process. Barnett 

and Lewis argued against a separation process contending that it would lead to an 

unstable tendon attachment, while the fusion process would effectively transfer the 

tendon's origin to the long bone. However, at this point too little is known about bone 

development in sesamoids to accept or reject either hypothesis. 

Recent research has found that the lateral fabella behaves like an intratendinous 

element, forming within the tendons independently of the long bones, while the patella 

emerges initially in juxtaposition with the femur and then by mechanical stimuli 

detaches and forms a synovial or fibrocartilaginous joint [37]. Furthermore, 
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chondroprogenitors relevant for bone eminences (apophysis/epiphysis) [61,62], were 

also found to be important to originate sesamoids (TGFɓ) [37] and differentiate (BMP2 

and BMP4) [37]. These discoveries suggest that sesamoids and bone eminences 

share the same origin in progenitor cells that can join or detach from the main skeleton 

(long bones) [37,62]. Therefore, these contrasting hypotheses about the origin of 

sesamoids are included in the ódynamic modelô proposed by Abdala et al. [18], which 

proposes that both phenomena can occur in tetrapods at the ontogenetic and 

phylogenetic levels. 

1.3 KNEE SESAMOIDS IN PRIMATES 

Common knee sesamoids in primates are the patella, cyamella, and medial and lateral 

fabella [1]. The patella is ubiquitous in the order Primates, found in all species. Despite 

the few studies carried out in primates on the pattern of presence/absence of the 

cyamella and both fabellae, some patterns have been observed [1,4,21,22,45,63]. For 

example, it has been observed that both fabellae are present in Lemuriformes, 

Chiromyiformes, Tarsiiformes, Cercopithecoidea, and are variably present in 

Hylobatidae; but absent in Lorisiformes and Hominidae [4,21,22]. The only exception 

being the variable presence of the lateral fabella in humans [4]. In the case of the 

cyamella, this is present in prosimians, variably present in atelids and orangutans, and 

absent/very rare in cercopithecines, capuchins, gorillas, gibbons, chimpanzees, and 

humans [21,45,63]. 

While some authors attribute the pattern of presence/absence of these sesamoids to 

a morphological adaptation to a locomotor mode [21,64], others discuss the 

phylogenetic history of the origin of these sesamoids, and their presence in taxa give 

proof of a shared history among the species [1,22]. For instance, Juoffroy [21], based 
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on Vallois [20], observed that lemuriformes, tarsius, and galago have well-developed 

fabellae and gastrocnemii, whereas Lorisids have absent fabellae and reduced 

gastrocnemius; thus, he hypothesised that these differences can be attributed to the 

distinctive slow locomotion of Lorisids, different from their counterparts which move 

with jumps and rapid movements. Whereas Pearson and Davin [1] observed in the 

arrangement of the lateral fabella and cyamella in strepsirrhines the reflection of the 

evolutionary past of these sesamoids: once they formed together a big sesamoid, the 

parafibula. 

However, little is known or discussed regarding the coincidental development of the 

medial and lateral fabellae in primates (c.f., [21,22]). Despite noticing the coincidental 

appearance of medial and lateral fabellae in primates, Juoffroy [21] and Frey [22] 

made contrasting hypotheses regarding the pattern of presence/absence of both 

fabellae. Juoffroy [21], hypothesised a functional adaptation, while Frey [22] attributed 

this process to phylogenetic history. Pearson and Davin [1] meanwhile, based on 

medial and lateral fabellae presence not only in primates but also in tetrapods, 

proposed that these two sesamoids had different evolutionary origins, and they 

suggested no hypothesis for how the medial fabella evolved.  

The latest research about lateral fabella presence in humans investigated 

evolutionarily this character by collecting data on sesamoid occurrence across certain 

primate taxa [4]. This study observed that the lateral fabella is always present in 

cercopithecines, it regressed in Hominoidea, but it reappears in Homo sapiens (Figure 

1). The researchers hypothesised that the reappearance of the lateral fabella in 

humans could be attributed to the characteristic model of locomotion of our species: 

bipedalism [4]. This mode of locomotion provided the necessary mechanical 
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environment in the tendon of the lateral gastrocnemius to form the lateral fabella. At 

the same time, they concluded that the presence of lateral fabella is due to genetic 

and epigenetic factors, understanding that epigenetic factors in this case may be 

mechanical stresses that can alter the genetically controlled thresholds and cause 

sesamoids to develop [50,65]. 

 

Figure 1. Cladogram of lateral fabella presence in extant primate phylogeny. 

[4][8,9]This cladogram shows the presence of the lateral fabella at the family level for Cercopithecidae, Hylobates, 
great apes and Homo sapiens. It can be observed that this sesamoid is consistently present in Cercopithecidae, 
regresses in Hominoidea, but reappears in humans. The percentage displayed is calculated based on the total 
number of specimens examined in the surveyed sources and the number of those specimens that contained the 
sesamoid. Data on non-human primates were gathered by Sarin et al. [4], through a literature survey. This figure 
is modified from Sarin et al. [4], and includes updated lateral fabella prevalence ranges for humans from the 
systematic review of Berthaume et al. [8,9].[4] * Data for Homo sapiens represent the lateral fabella prevalence 
ranges for humans based on a systematic review done by Berthaume et al. [8,9]. 

Since the publication of this research, it has become well established that sesamoids 

have a genetic component determining the ability to develop one, and the epigenetic 

factors will lead their growth and final tissue composition [18]. Further detailed 

information about the fabella developmental pathway has also been revealed (Section 
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Evolution of knee sesamoids). Simultaneously, phylogenetic comparative methods 

use time-calibrated phylogenetic trees - built from molecular and fossil data - and 

statistical analysis (e.g., Maximum likelihood and Bayesian methods) to understand 

the evolution of morphological traits [66,67]. As a result, if data on the 

presence/absence of knee sesamoids in primates is combined with calibrated 

molecular phylogenies of these primate taxa, hypotheses may be formulated and 

tested to discover the intertwined evolution of these three knee sesamoids - the 

cyamella, and the medial and lateral fabella - in primates. 

1.4 POSTERIOR KNEE SESAMOIDS IN HUMANS 

Humans as well as other primates can present three posterior knee sesamoids: the 

lateral and medial fabellae, and the cyamella (Figure 2 depicting the anatomic location 

of these knee sesamoids). There are two main factors to consider in researching the 

lateral fabella (hereafter ófabellaô). First is Sarin et al.ôs [4] proposition, mentioned 

above, that the fabella reappeared in humans because bipedalism created the 

mechanical stimuli necessary to form this sesamoid. Second is Berthaume et al.ôs [9] 

discovery that the lateral fabella is the only variably present sesamoid bone in the 

human body whose prevalence rate increased by ~3.5 times in the last 100 years, 

based on a systematic review of the prevalence of fabella reported in humans 

worldwide from 1875 to 2018. Consequently, the possible impact of the presence of 

the fabella on human musculoskeletal health and biomechanical performance that has 

attracted scientific interest. 
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Figure 2. Posterior knee sesamoids that can be present in the Primate order, including humans. 

This generalized knee showing the posterior view shows the tendons of the gastrocnemius and popliteus in which 
lateral and medial fabella, and cyamella are imbedded correspondingly. Lateral fabella is the most common 
posterior knee sesamoid bone present in humans. 

Research on the presence of the fabella in humans has demonstrated genetic and 

environmental factors [4,8,9,68]. For example, Berthaume et al. [8] in a meta-analysis 

on the prevalence of the fabella in humans worldwide, a study following up the above 

mentioned systematic review, identified key factors suggesting that the occurrence of 

the fabella in humans has both genetic and environmental components. 

Evidence that points towards fabella formation being genetically controlled includes, 

firstly, the fact that having a bilateral fabella is ~73% more common than having one 

fabella (~27%). Secondly, fabella prevalence has a regional variation in the world 

population, meaning that the likelihood of fabella formation varies among populations 
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with different genetic backgrounds. For instance, Asian populations have the highest 

rates, followed by populations from Oceania, South America, Europe, the Middle East, 

North America, and Africa. 

At the same time, environmental factors identified as influencing fabella ossification 

include sexual dimorphism, asymmetry in unilateral cases, and increasing prevalence 

rates with age [8]. Berthaume and colleagues [8] also found a significantly higher 

prevalence of ossified fabellae in men than women. Studies over the last 143 years 

have found that men have fabellae ~1.3-2.6% more frequently than women on 

average; in 2018, this difference increased slightly to between 2.5% and 2.6%. 

Because sesamoids appear in places of high mechanical stimuli, the authors 

explained that sexual dimorphism benefits men with higher prevalence rates: their 

larger muscles and longer tibia create the force in the tendon of the lateral head of the 

gastrocnemius necessary to develop a fabella. 

In addition, unilateral cases of fabella are equally distributed. Since structural 

asymmetry with a direction is generally a sign of genetic control [69], any 

nondirectional asymmetry (antisymmetry) suggests that the ossification of fabella is 

environmentally controlled. These considerations gain further support from the age-

related increase in prevalence rates. Even though the fabella can ossify throughout 

ontogeny, beginning as early as 12 years old or later in life, such as at 70 years old, 

rising prevalence rates with age bolster the argument that environmental factors play 

a crucial role in fabella ossification. 

At the same time, the presence of the fabella is associated with distinctive anatomical 

features such as the fabellofibular ligament [70ï74], the double-headed popliteus 

muscle [75ï77], and a femorofabellar ligament [77]. First, when an ossified fabella is 
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present, a thick fabellofibular ligament can be found [70]. Although this ligament can 

be present without a fabella, the opposite scenario is not possible [78]. Second, when 

the double-headed popliteus appears, the fabella is approximately 3.7 times more 

likely to be present [77]. Lastly, the femorofabellar ligament has not been previously 

reported and is only similar to the femoropatellar ligament found in canines and felids 

[77]. Furthermore, Jin et al. [68] discovered an anatomical difference between human 

foetuses that have cartilage fabella and those who do not; the fabella was present 

when the lateral head of the gastrocnemius was separated from the plantaris, and the 

fabella was absent when these two muscles formed a belly. These are examples of 

anatomical peculiarities associated with the presence of the fabella which have led to 

a a strengthening of the connection among the tendons, ligaments and muscles 

involved. The fabellaôs strengthening function can help to reduce the stress 

concentration in this area [79], and to play a role as a knee stabilizer [10], as it is likely 

that this sesamoid is multifunctional [77]. 

On the other hand, the cyamella is rarely present in humans, it has  a prevalence range 

between ~ 0.57%-2.8%, based on three prevalence reports [11,80,81]. Recent 

research has found minimal evidence of genetic factors influencing the presence of 

the cyamella, as no global variation was observed, and no correlation was found 

between the presence of the cyamella and the fabella. However, the variable presence 

of the cyamella across primate taxa (Knee sesamoids in Primates section) indicates 

that this sesamoid exhibits a phylogenetic signal in primates, suggesting a genetic 

origin of the bone [81]. In humans, the cyamella can be divided into one of three 

classes based on its location, and there is a proposed difference in function between 

classes. Important limitations of these studies on cyamella in humans are the small 

sample sizes. Low prevalence rates of cyamella demand larger sample sizes and 
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more statistical power to identify correlations of sesamoid presence and possible 

explanatory parameters. 

The medial fabella in humans has the lowest prevalence rate, with a range of 0 to 

1.3% [9ï11,80], compared to the fabella and the cyamella. Little is known about 

possible factors involved in its presence in humans. One important limitation in 

studying this sesamoid in humans, shared with the cyamella, is the need for large 

sample sizes to identify patterns and correlations with possible factors, due to its low 

prevalence rate.  

As can be seen, excluding the patella - which is always present - the fabella is the 

most common sesamoid bone in the human knee. As research has found that fabella 

presence is becoming more prevalent [35,55], further exploration into its possible 

effects and functions is necessary to understand musculoskeletal health implications 

and locomotion involvement. While investigating the factors and functions of the 

cyamella and medial fabella in humans is challenging, alternative approaches 

involving research of these sesamoid evolution in primates can be employed to gain 

insights of their functions. 
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1.5 BIOMECHANICS OF POSTERIOR KNEE SESAMOIDS 

Since part of this dissertation examines the effects of one of the hypothesised 

functions of the fabella, it is pertinent to explore the proposed functions of both the 

fabella and the cyamella in humans. In contrast, no specific functions have been 

attributed to the medial fabella due to its rarity in humans, and as such, it is not 

discussed further. 

The functions of the fabella are largely unknown, but several have been hypothesised 

for humans. The main three proposed functions of the fabella are: as a knee stabiliser 

[10], offering a mechanical advantage [4,9], and strengthening the connections of 

muscles, tendons, and ligaments in that region [77].  

The fabella is proposed as a knee stabiliser because it is involved with anatomical 

structures, such as the oblique, popliteal, arcuate, fabellofibular and fabellopopliteal 

ligaments, which have the same function [10,70]. These structures also fix the position 

of the fabella within the head of the gastrocnemius [72]. Additionally, it has been 

observed that the fabella shares a small articular capsule with the lateral femoral 

condyle, allowing articulation of this sesamoid bone with the femoral condyle [10].  

Another function hypothesised for fabella is that it increases the mechanical advantage 

of the gastrocnemius muscle. When the perpendicular distance (moment arm) 

between the line of action of the muscle and the centre of rotation of the joint is 

increased, less muscular force is required to produce a given movement. In the case 

of the patella, energy required for locomotion is drastically reduced [42]. The fabella 

may serve a similar function to the patella, reducing the energy required for locomotion 

[4,9]. 
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In humans, the gastrocnemius is a biarticulate muscle that crosses both the knee and 

the ankle joints, and its activation is highly dependent on behaviour. During 

locomotion, its biomechanical behaviour depends on speed, gait type (walking vs. 

running), and knee/ankle joint angles [82,83]. As the fabella is embedded in the tendon 

of the lateral head of the gastrocnemius, its presence could affect locomotory 

energetics, and the magnitude of this effect could depend on other biomechanical 

parameters. For example, as the proximal tendon of the gastrocnemius wraps around 

the femoral condyle when the knee is straight but ñunwrapsò when the knee is bent, 

the fabella may only be able to increase the moment arm of the gastrocnemius when 

the knee is straight and the tendon/fabella is articulating with the femur. As such, the 

fabella may only decrease the force necessary for the gastrocnemius to exert, and 

thereby the energy required for locomotion, during moments that the leg is straight in 

the locomotion. During repetitive two-legged hopping, where participants tend to land 

on the balls of their feet, there are moments when the legs are straight or close to it, 

and gastrocnemius is highly engaged. It is possible that the biomechanical effects of 

the fabella may be significant. 

Lastly, the bony fabella has been proposed as a sesamoid that strengthens the 

connection of the soft tissue elements that surround it, such as ligaments, tendons, 

and muscles [77]. This is mainly because the fabella cannot be found in the absence 

of the fabellofibular ligament [78]. This ligament might therefore induce the 

development of this sesamoid [84]. Additionally, the ossified fabella is usually found at 

the junction of the plantaris and gastrocnemius, and sometimes it is the origin of one 

of the heads of the double-headed popliteus muscle (a possible anatomical variation) 

coupled to being the origin of the anatomical variation [77]. 
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The two hypothesised functions for cyamella in humans are coupled with its location 

[81]. When the cyamella is found at the origin of the popliteal tendon within a popliteal 

groove (Class I), its function could be related to reducing tensile stress at this location. 

When found at the intersection of the popliteofibular ligament and popliteus tendon or 

at the intersection of the popliteal tendon and popliteus muscle (Classes II and III), it 

might be strengthening these structures [81]. 

1.6 AILMENTS RELATED TO POSTERIOR KNEE SESAMOIDS 

1.6.1 Lateral and Medial fabella 

Unfortunately, the presence of the fabella has been linked to several knee conditions, 

most notably knee osteoarthritis (KOA), where individuals with KOA are twice as likely 

to have a fabella compared to those without KOA [13,14,85,86]. Moreover, the fabella 

itself can lead to medical issues such as fractures [87,88], and dislocation [89,90] and 

may impede medical interventions such as total knee arthroplasty. Berthaume et al. 

[77] provided an extensive list of medical conditions associated with the fabella (Table 

1). Notably, problematic fabellae are often surgically removed (fabellectomy) [91] to 

alleviate symptoms. A recent study with a 21-month follow-up post-fabellectomy 

reported symptom improvement and a return to pre-injury activities for most patients 

(8 out of 10) [92]. However, no long-term studies have examined the effects of 

fabellectomies, nor have any studies investigated the biomechanical implications of 

the fabella. Consequently, its removal may yield negative consequences akin to 

patellectomies. This research aims to contribute to the lack of knowledge of fabella 

effects in the biomechanics of locomotion that are related to its function. Potentially, 

this can lead to a better understanding of potential long-term effects when 

fabellectomies are performed. 
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As can be seen, some of these problems or medical conditions related to fabella 

presence can be directly caused by the sesamoid, while others are merely associated 

with its presence (Table 1, taken from Berthaume et al. [77]). For example, proximity 

of the fabella to the common peroneal nerve (CPN) can result in compression and 

subsequent pain or palsy (causing a neuropathy) [93ï95]. There are case reports 

documenting instances where an unusually large fabella entrapped the popliteal 

artery, leading to popliteal artery entrapment syndrome [12]. Additionally, conditions 

related to the fabella can be overlapping or undergo name changes over time. For 

instance, initially termed "chondromalacia fabellae" by Goldenberg and Wild in 1952 

[96], cases of knee pain in the posterolateral aspect are often treated with fabella 

excision. Subsequently, the term "fabella syndrome" has been adopted since Winer 

and McNab's work [97,98], characterised by intermittent pain in the posterolateral 

aspect of the knee and exacerbated by full extension [98ï101]. This pain arises when 

the fabella exerts pressure on the lateral femoral condyle during extension, with 

cartilaginous and ossified fabellae implicated in the syndrome [98]. As noted earlier, 

symptoms related to common peroneal nerve irritation may also manifest in fabella 

syndrome [73,102]. 

Table 1. Clinical issues associated with fabella presence. 

Table taken from [77] 

Clinical 

issues 

Condition Source 

Peroneal neuropathy [94,103,104] 

Chondromalacia [96,99,105] 
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Problems 

caused by the 

fabella 

Knee osteoarthritis [12ï14,106] 

Fabella-femoral 

osteoarthritis 

[107] 

Popliteal artery entrapment 

syndrome 

[12] 

Nerve palsy [93,95,108ï110] 

Rheumatoid arthritis [111] 

Pain caused 

by the fabella 

Dislocation [89,90] 

Fracture [87,88,112ï122] 

Generalized discomfort (i.e., 

fabella syndrome) 

[16,17,97,98,123ï126] 

 

KOA is a condition that can lead to fabella ossification, deformity, or enlargement, 

resulting in clinical issues [12,127]. For example, the case report mentioned above 

describes popliteal artery entrapment syndrome caused by an abnormally enlarged 

fabella in a patient with severe KOA [12]. This finding suggests a potential correlation 

between KOA and unusual fabella size. Furthermore, individuals with KOA are twice 

as likely to have a fabella compared to those without KOA [13], with more severe KOA 

observed in those with fabella presence compared to those without the sesamoid [86]. 

Another study categorised the presence of medial and lateral fabellae based on their 

position and number in individuals with KOA, analysing the association of these five 
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different fabellae types with KOA severity [127]. This analysis revealed that type V, 

characterised by the presence of two lateral fabellae in one knee, is associated with 

higher KOA grades. However, attributing KOA causation to the fabella cannot be 

definitively stated, as this analysis was not designed to test such a hypothesis. It is 

plausible that severe KOA may lead to degenerative changes in the fabella sesamoid, 

raising the question whether double fabellae precede joint degeneration in KOA or if it 

is the result of the degenerative process. The correlation between knee osteoarthritis 

(KOA) and the presence of the fabella suggests that knee ailments (e.g., problems 

caused by the fabella, as shown in Table 1) can eventually be resolved through 

fabellectomies. Understanding the biomechanical impact of the fabella on locomotion 

becomes relevant in this context. By doing so, we can not only anticipate the long-

term effects of fabellectomies but also consider solutions for these conditions. 

1.6.2 Knee ailments associated with cyamella 

As the cyamella is rarely present in humans (prevalence rates ~0.57-2.8% [11,80,81]), 

reported ailments associated with this sesamoid are minimal [81]. A systematic review 

of cyamellae by Berthaume et al. [81] identified only five cases in the literature detailing 

symptomatic cyamellae. These cases primarily involved knee injuries that 

consequently impacted the cyamella [101,128ï130]. For instance, two case reports 

documented injuries resulting from twisting incidents while participating in sports, one 

during recreational basketball play, resulting in cyamella dislocation [129], and the 

other while running, causing cyamella sesamoiditis [128]. Similarly, a case of popliteal 

tendonitis secondary to the cyamella was diagnosed in a patient, likely due to trauma 

[130]. Another report described a painful cyamella, with signs of bone marrow 

oedema-like changes in the sesamoid and lateral femoral condyle [101]. However, the 
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aetiology of this pain remained unclear, whether resulting from repetitive micro-

trauma/friction between the cyamella and femoral condyle or popliteus tendon 

dislocation along with the sesamoid. Additionally, a cyamella was implicated in knee 

clicking following a knee injury, with the diagnosis revealing popliteus tendon laxity 

and cyamella hypermobility [131]. 

1.7 FRAMEWORK 

The increasing prevalence rates of fabellae in humans is more common with ageing. 

At the same time, it is related to several knee ailments (e.g. knee osteoarthritis) or can 

cause problems on its own. This makes it clinically important to understand the 

biomechanical effects related to the hypothesised functions of the fabella, especially 

the mechanical advantage of the lateral gastrocnemius.  

On the other hand, that the fabella is not common or present in apes, but has 

reappeared in humans, points to a mechanical stimuli related to bipedalism. This may 

trigger fabella formation in the tendon of the lateral gastrocnemius. This hypothesis 

has led to the proposal that fabella function offers a mechanical advantage to the 

lateral gastrocnemius. Therefore, it is important to studying the evolutionary history of 

the fabella and its association with modes of locomotion. 

Given the fabellaôs clinical and evolutionary importance, the aim of this research is to 

understand fabella biomechanical effects in human locomotion and its evolutionary 

history within the Primate order, at the same time shared with the rest of the posterior 

knee sesamoids. Therefore, to accomplish this aim these are the specific objectives: 
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1) Investigate the evolutionary history of knee sesamoids, coincidental 

development, and correlations between sesamoid presence/absence and 

mode of locomotion in primates. 

2) Identify the fabellae presence/absence in a sample of a London population 

using a portable ultrasound device, and determine fabella prevalence in this 

sample. 

3) Compare measured locomotory kinematics and kinetics during walking, 

running, and hopping between a sample of individuals with and without fabellae, 

to identify the biomechanical effects of fabella, related to the hypothesised 

function of mechanical advantage. 

In this dissertation, I present three research projects aimed, first, at understanding the 

evolutionary history of the fabella within the primate family, including the other two 

posterior knee sesamoids (the medial fabella and the cyamella); and, second at 

identifying the biomechanical effects of the fabella on human locomotion. 

The first project involves an evolutionary analysis of posterior knee sesamoids in the 

Primate order, examining their distribution and significance across primate species. 

The second project serves as an intermediate step between the evolutionary and 

biomechanical studies. In this phase, I will identify individuals with and without fabellae 

using a portable ultrasound device as a method of detection. At the same time, this 

approach enables a study of fabella prevalence rates within the sample population 

and facilitates an analysis of demographic factors influencing fabella presence; these 

have been related to both genetic and environmental components. 

The third project is a biomechanical study comparing the kinematics and kinetics of 

individuals with and without fabellae during activities such as running, walking, and 
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repetitive hopping. The goal is to identify differences in kinematics and kinetics, 

including muscle activation patterns, between groups and consequently to determine 

the biomechanical effects of the fabella. 

1.7.1 Overview of the dissertation 

This dissertation begins with a general introduction to the evolution of knee sesamoids 

and their relevance in research, with the aim of developing hypotheses regarding the 

origins of sesamoids. It also addresses the significance of the increasing prevalence 

of the fabella in humans and its correlation with knee ailments, as well as its potential 

to cause problems independently. These discussions establish the research aim and 

objectives of the investigation. 

In Chapter 2, it is investigated the phylogenetic history of the fabella and cyamella, 

examine the potential for coincidental development among these three sesamoids, 

and explore associations between their presence/absence and locomotor styles. This 

project involves a systematic review of the presence or absence of these knee 

sesamoids across primate taxa to build a dataset. We then use published, calibrated 

molecular phylogenies and data on modes of locomotion in primate taxa with known 

sesamoid presence/absence. Using phylogenetic comparative methods, we estimate 

phylogenetic signals, reconstruct ancestral states, analyse trait evolution and 

coincidental development, and evaluate correlations between sesamoid 

presence/absence and locomotor behaviour. 

The results of this evolutionary analysis are significant as this is the first application of 

phylogenetic comparative methods to the study of fabella evolution. Additionally, the 

hypothesized appearance of the fabella in humans due to bipedalism and its proposed 
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mechanical advantage to the gastrocnemius muscle has been primarily based on 

evolutionary observations. Therefore, our findings can serve to either corroborate or 

challenge these hypotheses using robust phylogenetic comparative methods. 

Ultimately, this analysis contributes to a broader understanding of the evolution of the 

fabella and other sesamoids, as well as their potential locomotor functions within the 

Primate order. 

Chapter 3 focuses on identifying the presence or absence of fabella in healthy 

individuals using a portable ultrasound device. Prevalence rates are estimated, and 

demographic factors affecting fabella occurrence are analysed. Previous research has 

shown regional differences in fabella prevalence rates, with higher rates observed in 

men than women and increasing prevalence with age, suggesting both genetic and 

environmental influences. The prevalence rates obtained in this study are particularly 

important because they are derived from a healthy population outside clinical settings, 

unlike most previous studies. Comparing these findings to prevalence rates in the 

European region will be crucial, along with analysing the demographic composition of 

the sample and its effects on fabella rates. 

In Chapter 4, I investigate the hypothesized mechanical function of the fabella, 

specifically its role in offering a mechanical advantage to the lateral gastrocnemius 

muscle by reducing the force needed to generate specific joint moments. Based on 

previously identified individuals with and without fabellae, joint angles, moments, and 

muscle activation patterns are measured and compared during activities such as gait 

and repetitive hopping. The objective is to identify differences between the groups and 

infer the biomechanical effects of the fabella. The two main hypotheses for this study 

are: (1) individuals with a fabella will exhibit lower activation patterns in the lateral 
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gastrocnemius muscle across activities compared to those without a fabella, and (2) 

no significant differences will be observed in the kinematics and kinetics of activities 

between the groups. 

The results of this chapter represent an important first step in understanding the 

biomechanical effects of the fabella on human locomotion, specifically in relation to its 

hypothesized function of providing a mechanical advantage to the gastrocnemius 

muscle. On the one hand these findings support the functional role of the fabella, and 

on the other they carry several clinical implications. This is particularly significant given 

the association of the fabella with various knee ailments and the evidence of its 

increasing prevalence over the past 100 years. Consequently, these results should be 

considered by clinicians when evaluating treatment options for problematic fabellae, 

helping to mitigate potential long-term consequences for patients. 

Chapters 2 through 4 are written as standalone investigations but are connected to 

the overarching aim of this research. Chapter 5 synthesizes the results of the three 

research projects to provide a comprehensive discussion of the entire investigation. It 

also includes general conclusions, outlines limitations, and proposes directions for 

future research. 
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2 THE EVOLUTION OF THE KNEE SESAMOIDS IN PRIMATES: A SYSTEMATIC 

REVIEW AND PHYLOGENETIC META-ANALYSIS 

2.1 ABSTRACT 

Sesamoids are variably present bones found in tendons and ligaments near joints. 

Their variability in size, location, and even presence/absence could be a critical source 

of skeletal innovation in the conservative tetrapod bauplan. Skeletal innovations in the 

knee could have played a key role in opening ecological niches, particularly in animals 

which load their hindlimb and move through a variety of habitats, like primates. This 

study examines the evolution of knee sesamoidsðcyamellae, medial fabellae, and 

lateral fabellaeðin primates. Our findings reveal that while these sesamoids are 

ubiquitous in most primate families, they are notably absent in Hominoidea. There was 

a high phylogenetic signal in all sesamoids (Pagelôs ɚ = 0.656 to 0.916, Dstatistic = -

0.489 to 0.040) indicating evolution of knee sesamoids in primates are under Brownian 

motion or even more conserved. Phylogenetic analyses revealed it is much easier to 

gain than lose a sesamoid, and sesamoid presence/absence is uncorrelated with 

mode of locomotion. Coincidental development of fabellae suggests they may have 

similar developmental or evolutionary pathways which may be distinct from cyamellae. 

The pattern of presence/absence of sesamoids was not correlated to mode of 

locomotion, suggesting that sesamoid biomechanical function requires more 

information like size and location. 
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2.2 INTRODUCTION 

Despite centuries of research [1,11,57,58,132], sesamoid bones remain the most 

understudied skeletal elements. Sesamoids are small skeletal elements located within 

tendons and/or ligaments, often near joints [18]. Unlike other skeletal elements, 

sesamoids can vary greatly in size, shape, location, histological composition, and even 

presence/absence. Consequently, they are often not counted as bones of the skeleton 

[133]. Due to their hypothesised phenotypic variation during tetrapod evolution (under 

the dynamic model proposed by Abdala [18]) and a variety of functions, sesamoids 

can lead to skeletal innovations 1  in the relatively conservative tetrapod bauplan, 

allowing animals to move in new, novel manners [18,19].  

In mammals, sesamoids are mostly found in the appendicular skeleton [18,55](Error! 

Reference source not found., Chapter 1, The medial and lateral fabellae are two 

sesamoid bones in the knee, located within the tendons of the gastrocnemius muscle. 

Like other sesamoid bones, the medial and lateral fabellae exhibit significant inter- and 

intraspecific variation in size, shape, and presence across mammalian species (e.g. 

[1ï4]). For example, both fabellae are consistently found in dogs [5] and cats [6]. 

Particularly in dogs, the medial and lateral fabellae are a critical consideration in 

veterinary orthopaedic surgeries [7]. In humans, however, the lateral fabella is typically 

referred to just as ófabellaô, as it is the only one that is variably present, with a global 

 

1 Sesamoids are regarded as skeletal innovations in the context of the dynamic model proposed by 
Abdala et al [18]. This model, illustrated in Figure 2 of their article, highlights the role of sesamoids in 
generating morphological plasticity within the skeleton. According to this model, sesamoids can 
transform bidirectionally into epiphyses, or into apophyses, and vice versa. Building on this concept, 
Amador[19] proposed an additional example of sesamoids acquiring new functions in specific clades of 
aerial mammals. She suggested that sesamoids may serve as the origin of rod-like skeletal elements 
that play a critical role in gliding or flying, as seen in structures like the calcar in bats and the unciform 
element in scaly-tailed squirrels. However, she acknowledged that this hypothesis requires validation 
through developmental studies. 
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prevalence of approximately 36% [8]. By contrast, medial fabellae are rarely present 

in humans, with prevalence rates ranging from 0% to 1.3% [9ï11]. To avoid confusion, 

throughout the text, only the lateral fabella can be referred to as ófabellaô, while the 

medial fabella will always be specified as such. 

The fabella, like other sesamoid bones, has a phylogenetic history. Studying its 

evolutionary background can provide valuable insights into its function in humans and 

other primates. For instance, a study investigating the genetic control of the fabella in 

humans, based on a literature survey of fabella presence in extant primates, found 

that this sesamoid is consistently present in cercopithecines, variably present in lesser 

apes, absent in great apes, and variably present in humans [37]. These findings 

suggest that evolutionary selection may have acted against fabella presence in non-

human hominoids while favouring its presence in humans. The study also proposed 

that the presence of the fabella in humans is associated with bipedalism and may 

provide a mechanical advantage to the gastrocnemius muscle. 

Understanding the biomechanical function of the fabella in humans is important for two 

main reasons. First, its prevalence has increased markedly over the past century, 

becoming approximately 3.5 times more common [35]. Second, the fabella has been 

linked to various knee ailments, including knee osteoarthritis [12ï14] and fabella 

syndrome [15ï17], as well as medical complications such as fractures and 

dislocations. Despite the common practice of fabella excisions, fabellectomies to 

address problematic fabellae, there remains a lack of comprehensive understanding 

regarding the impact of the fabella on human biomechanics. This makes it imperative 

to investigate the biomechanical effects of the fabella in human locomotion, particularly 

its role in enhancing the mechanical advantage of the gastrocnemius muscle. Such 
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research could also help predict potential adverse outcomes associated with treatment 

options like fabellectomies. 

All things considered, the aim of this research is to understand fabella biomechanical 

effects in human locomotion and its evolutionary history within the Primate order. This 

introductory chapter provides an overview of key concepts and theories related to the 

fabella and other knee sesamoids (the medial fabella and cyamella) in evolution and 

biomechanics of primates and humans. This information is foundational for 

understanding the three studies presented in subsequent chapters, each of which 

addresses a specific objective derived from the overarching research aim. The chapter 

concludes with the framework of this dissertation and an overview of its structure. 
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Sesamoids section) and include the patella ulnaris in the elbow [1,2,23,24], prepollex 

[25ï32] and palmar sesamoid [33] in the hand, patella [23,33ï43], cyamella 

[1,6,42,44ï47] and medial and lateral fabellae [1,2,4,6,9,42,47ï49] in the knee, and 

metacarpal and phalangeal sesamoids in the hands and feet [2,4,18,33,49ï56]. 

Sesamoids have been hypothesized to serve a variety of functions, including acting 

as an extra digit [28], redirecting muscle forces [1,4,11,134ï142], decreasing tendon-

bone friction [79], and increasing tendon strength and tendonous connections [81]. 

The hypothesised ability for sesamoids, epiphyses, and apophyses to transform into 

each other throughout evolution [18] gives sesamoids further flexibility in their 

function.[19]. 

There are four sesamoids on the primate knee: the patella, cyamella, and medial and 

lateral fabellae. The patella, located in the quadriceps tendon, is ubiquitous in 

primates. It increases the mechanical advantage of the quadriceps by increasing the 

distance between the muscleôs line of action and the centre of rotation of the knee, 

decreasing locomotor energetics [143ï145]. As the quadriceps includes the rectus 

femoris muscle, a biarticular muscle type, the patella affects both knee and hip 

function. The cyamella, which resembles a small, bean-stone ornament worn by 

Roman women [11], is in the tendon of the popliteus muscle and the medial and lateral 

fabellae (Latin for ñlittle beanò) are in the tendons of the medial and lateral heads of 

gastrocnemius, respectively. The cyamella and fabellae are variably present in 

primates and, unlike the patella, there has been little experimental or computational 

work testing the function of these sesamoids in mammals. 

Primates are a diverse mammalian clade occupying an array of ecological niches, with 

habitats ranging from savannas, woodlands, and rain forests (e.g., Pan troglodytes) to 
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temperate forests (e.g., Macaca fuscata) and high altitude mountains (e.g., 

Rhinopithecus bieti, Yunling Mountain System, China [146]). Consequently, primates 

evolved a wide range of locomotor repertoires placing variable biomechanical 

demands on the skeleton [147], where the hindlimb often plays a dominant role in 

supporting body weight and propulsion [148ï154]. This has affected the evolution of 

the hindlimb musculoskeletal system, but the effect of locomotor repertoires on knee 

sesamoids in primates remains understudied. 

Based on the cyamellaôs location in lemurs, Taylor and Bonney hypothesised that the 

cyamella aided in lower leg rotation [155]. The large cyamella in Pongo, which rotates 

its lower leg to an exceptional degree during quadrumanous locomotion, supports this 

hypothesis [156]. Le Minor hypothesised the cyamella may reduce the pressure 

between the popliteus muscle and popliteal tendon [45]. Based on the cyamellaôs 

location in lemurs, Taylor and Bonney hypothesised the cyamella aided in lower leg 

rotation [155]. The large cyamella in Pongo, which rotates its lower leg to an 

exceptional degree during quadrumanous locomotion, supports this hypothesis [156]. 

Le Minor hypothesized the cyamella may reduce the pressure between the popliteus 

muscle and popliteal tendon [45]. This aligns with the hypotheses proposed by 

Berthaume and Bull [81], who attributed specific functions to the cyamella based on 

its anatomical positions in humans. They classified cyamellae into three categories: 

Class I (located in the popliteal sulcus), Class II (associated with the tibial condyle), 

and Class III (near the fibular head), assigning distinct roles to each class. For 

instance, Class I cyamellae in humans may reduce pressure and stress where the 

popliteal tendon wraps around the lateral femoral condyle. Meanwhile, Class II and III 

cyamellae are hypothesized to strengthen the connections between the popliteofibular 

ligament and the popliteus muscle, as well as the popliteal tendon.[81] 
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No hypotheses have been generated concerning medial fabella function [1,157]. 

Medial fabellae in humans are only rarely reported on, and it is possible that, when 

they are present, they are rarely/never ossified [158,159]. Based on the function of the 

patella in the quadriceps and presence/absence of the fabella in a subset of primates, 

Sarin et al. [4] hypothesised that the lateral fabella may increase the mechanical 

advantage of the gastrocnemius. For humans, this would only be true for the straight-

legged portion of gait, when the fabella is in contact with the posterior femoral condyle. 

Additional hypothesized functions include stabilizing and reinforcing the posterolateral 

corner of the knee, which reduces knee rotation [160ï162]. 

Here, we investigate 1) the evolutionary history of knee sesamoids in primates and 2) 

correlations between sesamoid presence/absence and mode of locomotion. We chose 

the knee as there are no sesamoids in the mammalian hip and the distinction (or lack 

thereof) between sesamoids and accessory ossicles2 in the foot and ankle leads to 

issues with classifying sesamoids in this region [163].  

If the knee sesamoids serve a mechanical function during locomotion, we hypothesize 

they will be present in taxa that regularly experience high hind-limb loads (i.e., 

terrestrial primates; knuckle walkers, terrestrial quadrupeds), variably present in taxa 

with occasionally experience high hind-limb loads (i.e., arboreal quadrupeds, vertical 

 

2In the clinical field, sesamoids are defined as skeletal elements embedded within tendons that serve a 
functional purpose, whereas accessory ossicles are considered developmental anomalies that fail to 
unite with the main bone [320]. However, the classification of these skeletal elements can sometimes 
be arbitrary. For example, some clinical articles have misclassified recognized sesamoids, such as the 
os peroneum, as accessory ossicles [250]. The classification of skeletal elements in the foot and ankle 
is a complex issue. Identifying a skeletal element as a sesamoid or an accessory ossicle depends not 
only on the definitions applied, but also formal testing is necessary. For example, Abdala et al [18] note 
that some skeletal elements, referred to as ñproblematic sesamoids,ò require rigorous testing of their 
homology and developmental origins to establish their identity with certainty. As a result, this study 
excluded sesamoids and accessory ossicles of the foot and ankle. 
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clingers), and rarely/never experience high hind-limb loads (i.e., suspensory 

locomotors). 

We conducted a systematic review to determine cyamella, medial fabella, and lateral 

fabella presence/absence in primates. Phylogenetic analyses were carried out to 

investigate the evolutionary history of these sesamoids and to investigate correlations 

between sesamoid presence/absence and mode of locomotion. 

2.3 METHODS 

2.3.1 Systematic review 

To obtain information about the presence/absence of the posterior knee sesamoid 

bones in primate taxa, a systematic review was performed. Following PRISMA 

guidelines [164], the following literature searches were employed: (1) computer 

searches in a platform, (2) bibliographic review of all articles retrieved, and (3) targeted 

searches in databases of older, subject-specific journals. Textbooks were not utilized 

unless they specifically came up in computer searches or bibliographies.  

2.3.2 Computer search 

We searched scholar.google.co.uk using the search terms in Table 2Error! Reference 

source not found. Each search term was a search strategy for each knee sesamoid. 

Whenever a search term was used, it was omitted from subsequent searches to 

prevent duplication. This means a hyphen before the search term already used. As 

ñfabellaò is a surname, we used the terms knee and sesamoid connected by the 

Boolean operator ñORò to focus our search. Several additional search terms were used 

for the cyamella as this sesamoid was not named cyamella until 1921 [1,11]. Searches 
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for the cyamella and fabellae were completed in March 2021 and May 2021. Google 

Scholar alerts up until 31st of January of 20222 were set up to stay apprised of the 

literature.  

Titles and abstracts of records were reviewed by one of the authors (NAFV) and 

selected for further review if they met the following criteria: (1) sources were on non-

human primates, (2) sources were anatomical or veterinary in nature, and (3) a link 

was provided through which the article could be accessed. Data on humans came 

from the recent systematic reviews [9,81]. Full texts were reviewed by NAFV and 

excluded if (1) genus level taxonomic data was missing, (2) articles did not contain 

primary data on sesamoid presence/absence, or (3) taxa were extinct. A total of 9 

sources not in English were translated using Google Translate. While imperfect, 

Google Translate worked well enough for the task at hand. 

Table 2. Search terms used for the systematic review. 

 Search terms 

Cyamella cyamella, cyamellae, cyamelle, cyamelli, cyamellus, ñfabella 
distalisò, ñfabella of the popliteusò, ñfibular patellaò, ños 
sesamoideu musculi popliteiò, ños sesamoideum m. Popliteiò, 
ñpopliteal fabellaò, ñpopliteus sesamoidò, ñsesamoids poplitellaò, 
ñsesamoideum genu inferius lateraleò 

Fabellae fabella knee OR sesamoid, ñsesamoid bone of the 
gastrocnemiusò, ñsesamoid bone of Vesalliò 

 

2.3.3 Review of bibliographies 

Bibliographic reviews were conducted in sources selected for further review, and full 

texts were obtained either through scholar.google.co.uk or interlibrary loan. If sources 

could not be obtained, e.g., due to age, they were excluded.  
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2.3.4 Review of targeted journal databases 

During bibliographic reviews, I discovered some early sources (circa 1900 and before) 

that did not appear in the Google Scholar search. In December 2020, I searched in 

the digital platforms: PubMed, Jstor, The Royal Society of London, Wiley and Taylor 

and Francis of the following journals for the term ñsesamoidò: Journal of Anatomy and 

Physiology, Proceedings of the Royal Irish Academy, Proceedings of the Royal 

Society of London, Proceedings of the Zoological Society of London, Annals and 

Magazine of Natural History, and The Royal Society of London. The search strategies 

for articles before 1920 are presented in Table 3. I limited our search for papers 

published before 1920 and used the same inclusion/exclusion criteria as above. 

Table 3. Literature search in targeted journals to find references before 1920. 

Journal Search strategy Platform 

Journal of Anatomy and 
Physiology 

Journal of Anatomy and 
Physiology AND 
"sesamoid" 

PubMed 

Proceedings of the Royal 
Irish Academy 

("sesamoid") AND 
pt:(Proceedings of the 
Royal Irish Academy) 

Jstor 

Proceedings of the Royal 
Society of London 

"sesamoid" AND 
Proceedings of the Royal 
Society of London 

The Royal Society of 
London 

Proceedings of the 
Zoological Society of 
London 

"sesamoid" AND 
Proceedings of the 
Zoological Society of 
London 

Wiley 

Annals and Magazine of 
Natural History 

[All: sesamoid] AND [in 
Journal: Annals and 
Magazine of Natural 
History] 

Taylor & Francis 
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The Royal Society of 
London 

"sesamoid" AND The 
Royal Society of London 

The Royal Society of 
London 

 

2.3.5 Data collection  

2.3.5.1 Presence/absence data 

NAFV extracted data on ossified cyamella, medial fabella, and lateral fabella 

presence/absence. Information on the method of data collection reported by sources 

(e.g., dissection, survey of museum skeletons) was collected and used to resolve 

disagreements between sources, with dissection being the gold standard. Sesamoids 

were marked as absent if 1) it was explicitly stated in the publication, or 2) other 

sesamoids were mentioned, but the cyamella/fabellae were not. Random entries were 

checked by MAB. Any disagreements were discussed, and a consensus solution was 

agreed upon. 

Taxonomic classifications were updated using databases including: Mammal Species 

of the World [165], AnimalBase (http://www.animalbase.org/), BioLib, Handbook to the 

Primates (Wikisource, 2013), and IUCN Red List (iucnredlist.org). Semnopithecus 

orientalis and Jacchus sp. from (Pearson and Davin, 1921b) could not be confidently 

updated, so were excluded, although the former may be Nasalis larvatus orientalis 

[166]. Genus-level data were excluded except for Pithecia sp., Pygathrix sp., and 

Tarsius sp. for which no species-level data was available. 

Updated and time-calibrated phylogeny of primates was taken from Springer et al. 

[167]. The tip label Chiropotes utahickae was renamed to match our dataset with the 

species Chiropotes satanas as this was not in their phylogeny [167]: these are sister 

http://www.animalbase.org/
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taxa and have the same relationship with Pithecia pithecia [168ï170]. This adjustment 

was made only because no other species from that genus were included in our 

analysis. Cebus flavius was not in Springer et al.ôs phylogeny and was excluded from 

analysis, as its closest living relatives are some populations of C. apella [171] and C. 

apella was already in our analysis. It is possible that C. flavius is a subspecies of C. 

apella, or that C. apella is represented by many species. 

When present, the sample size (number of knees or individuals analysed) was 

recorded. When absent, sample size was assumed to be ñoneò. Taxon sample sizes 

were too small to estimate prevalence rates; only sesamoid presence/absence was 

considered. The presence/absence of knee sesamoids was coded as a binary trait 

with two coding strategies that resulted in two datasets. The ñpresenceò dataset 

assumed that if a single specimen had an ossified sesamoid, the taxon had the genetic 

potential to grow that sesamoid and it was coded as present. The "majorityò dataset 

assumed a prevalence of 50%+ was needed for the bone to be coded as present. 

These two coding strategies were designed with two primary goals in mind. First, to 

address the lack of sufficient data to treat the presence/absence of these skeletal 

elements as a continuous variable that could have reflected the variability nature of 

the presence/absence of these traits at the species level. Second, to effectively 

address potential biases associated with isolated instances of false positives or false 

negatives in taxa. 

2.3.5.2 Mode of locomotion 

Primates were classified as knuckle walker, arboreal quadrupedal, terrestrial 

quadrupedal, vertical clinger, or suspensory based on published literature [152,172ï

183], and this search of information was not part of the systematic review. Here, 
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ñsuspensoryò is a catch-all term for arm swingers, brachiators, and quadrumanous 

primates as these primates forelimb-load during locomotion. Pongo is the only 

quadrumanous primate and likely loads its hind-limb more than the arm swingers and 

brachiators. As having a sample of 1 for a mode of locomotion risks overfitting, we 

coded Pongo as suspensory as it is arboreal and spends little time on the ground. 

2.3.6 Phylogenetic analyses 

The time-calibrated phylogeny used [167] consists of four time-calibrated molecular 

trees that correspond to two different relaxed clock models analysis, autocorrelated 

and independent evolutionary rates each ran under two types of constraints analysis: 

hard and soft bounded. These time-calibrated trees only differ on divergence times 

because of the different clock model analysis [84]. We ran all the analyses using the 

four time-trees; results were similar regardless of which tree we used, so we decided 

to show the results of the first time-tree that corresponds to autocorrelated rates and 

hard-bounded constraints.  

2.3.7 Trait evolution and phylogenetic signal 

We modelled sesamoids as two-state discrete characters and fit eight evolutionary 

models; these included continuous-time Markov chain models (simple Mk models; 

[66,184]) and hidden rates (HR; [185]) models to both coding strategies (presence and 

majority) using the fitHR function, phytools package, R [186]. The fitMk function uses 

simple Mk models and assumes transitions between trait states follow a Markov 

process [187,188]. The three simple Mk evolutionary models were: 1) equal rates 

(ER), 2) all rates different (ARD), and 3) irreversible loss model (ILM). The ER model 

is symmetrical, which assumes it is as easy to gain as it is to lose a sesamoid. The 

ARD and ILM models are asymmetrical, with ARD assuming unequal transition rates 
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between gaining/losing sesamoids and ILM assuming a sesamoid can be lost but not 

gained. Additionally, we fitted an extra five HR models to relax assumptions, in the Mk 

models, about the homogeneity of the rate of character evolution across branches and 

nodes of the phylogeny [189], without incrementing the number of parameters [190]. 

The five HR evolutionary models were: 1) one hidden rate in absence state (1HRA), 

2) one hidden rate in presence state (1HRP), 3) one hidden rate covarion model 

(1HRCO, transitions between hidden states are set to zero), 4) full one hidden rate 

(1HR), and 4) two hidden rates (2HR). We used the Fitzjohn option for estimating the 

initial probabilities of each state at the root. All analyses were conducted on all four 

trees for both coding strategies (presence, majority), see supplementary Table S 1 to 

S 3. However, in the main text we presented results of the first tree (autocorrelated 

rates and hard-bound constraints), as no significant differences between trees were 

seen on both coding strategies. For comparisons, we reported the bias-corrected 

Akaike information criterion (AICc [191,192]), and log-likelihood (lnL). We determined 

the goodness of fit of the candidate simple Mk and HR evolutionary models separately 

by ranking the model of the lowest AICc scores (Table 4). Then, we compared the 

best-fitting simple Mk model against the best-fitting HR model using DAICc and the 

likelihood ratio test (Chi-square distribution; Table 5). The best-fitting simple Mk and 

HR models were used for ancestral state reconstruction (ASR) for each knee 

sesamoid and coding strategy separately. Marginal likelihoods of internal nodes were 

plotted using the maximum likelihood (ML) approach with the ancr function in the 

phytools package [193]. The HR model values for the ASR and the marginal scaled 

likelihoods probabilities were summed across the hidden states applicable, and 

therefore only the states of presence/absence were reported.  
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We tested for phylogenetic signal of presence/absence knee sesamoid with Pagelôs l 

[194]) and the D-statistic [195] on both code strategies. The best-fit simple Mk (ARD) 

model was used to test for phylogenetic signal using Pagelôs ɚ (fitDiscrete function; 

[113]. We fitted the value of l by maximum likelihood, using the fitDiscrete function of 

the geiger R package [196]. The estimate of ɚ was compared to one in which the tree 

was transformed to a polytomy (ɚ = 0) using the likelihood ratio test (Chi-square 

distribution) to determine statistical significance ɻ πȢπυ. A value of ɚ ḙ 1 indicates 

that the trait evolution is consistent with Brownian motion, whereas a value of ɚ ḙ 0 

corresponds to a trait evolving independent of phylogeny. Additionally, we estimated 

the D-statistic [195] using the phylo.d function of the caper R package [197]. The D-

statistic was designed to evaluate phylogenetic signal for discrete binary traits. If D-

statistic value is equal or close to 0 indicates that the presence/absence of knee 

sesamoid evolves according to a Brownian evolution process, and if D-statistic value 

is equal to 1 indicates a random distribution of presence/absence of knee sesamoid in 

the phylogeny. Negative values mean trait is more conserved than expected under 

Brownian motion. We also calculated the probabilities that the calculated D-statistic 

were significantly different from D-values simulated under the Brownian motion and 

random distribution. 

2.3.8 Coincidental development and trait correlations 

Sarin et al. [4] argued coincident development of sesamoids indicates sesamoid 

formation may be linked to intrinsic genetic factors and may provide clues to sesamoid 

evolution. To investigate if the knee sesamoids had shared or distinct evolutionary 

histories, coincident development among knee sesamoids was quantified using 

pairwise phylogenetic logistic regressions [198] using the phyloglm function in the 
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phylolm package [199]. The strength of the relationships was measured using R2
lik (R2 

function, rr2 package; [200,201]). 

To examine the relationship between sesamoid presence/absence and mode of 

locomotion, we performed a phylogenetic logistic regression with Firth correction [198] 

using the phyloglm function in the phylolm package [199]. This method is a modified 

generalized lineal model (GLM), that estimates the relationship between one or more 

discrete independent variable(s) and a discrete binary variable. 

All phylogenetic analyses were carried out in R 4.2.3 using RStudio [202]. 
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2.4 RESULTS 

We identified 2,625 sources through our search and an additional 13 through Google 

Scholar alerts (Error! Reference source not found.). Most sources were excluded 

because they were not on non-human primates. Twenty-seven sources were 

screened, and an additional 32 were identified through a bibliographic review. Of the 

59 sources, 15 were excluded: 2 could not be obtained [20,203], 3 were on extinct 

taxa where sesamoid presence/absence was inferred [204ï206], 8 did not include 

primary data  [207ï214], 1 species was not specified [215] and 1 did not mention 

sesamoids [216]. The remaining 44 sources were combined with data from [9,81] for 

analysis, yielding data on cyamella, medial fabella, and lateral fabella 

presence/absence in 73, 85, and 88 taxa, respectively (93 taxa total, see. 

Supplementary Materials: Table S 4. 

The cyamella and fabellae are present in most primate families, but most commonly 

absent from the apes (Error! Reference source not found., Error! Reference 

source not found., and Error! Reference source not found.). There are no reported 

cyamellae in Atelidae or Hylobatidae, medial fabellae in Aotidae, Hominidae, or 

Lepilemuridae, or lateral fabellae in Aotidae, although the potential presence of 

ossified medial fabellae in humans, and therefore Hominidae, remains a point of 

contention.  

All rates different (ARD) had the lowest AICc value, making it the best simple Mk 

evolutionary model for all sesamoids and datasets (Table 4). The ER model for the 

cyamella in the majority dataset also had substantial support (DAICc = 1.134). 

Whereas for the best HR evolutionary model for cyamella was the hidden rate in 

absence state (1HRA) and for both fabellae was the one hidden rate in presence 
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(1HRP) on both code strategies (Table 4). The 1HRP model for the cyamella in the 

presence dataset also had substantial support (DAICc = 1.573). When comparing the 

best simple Mk and HR evolutionary models for all sesamoids and datasets, the AICc 

scores were close to each other. The HR evolutionary model had the support to be the 

best model in cyamella majority dataset, medial fabella presence dataset and lateral 

fabella on both coding strategies with the likelihood ratio test (p-value<0.01, Table 5). 

Whereas the ARD model is the best evolutionary model for cyamella presence and 

medial fabella majority dataset with le lowest AICc score and being the simplest model 

Cyamella presence = 67.829, medial fabella majority = 40.737, Table 5). 
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Figure 3. PRISMA Flow Diagram for the systematic review. 
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Figure 4. ASR of cyamella in primates using presence dataset. 

Marginal ancestral-state reconstructions (ASR) of cyamella in primates on the presence dataset using the fitzjohn method 
for estimating the state at the root under a) the best-fitting simple Mk model: the all rates different (ARD), and b) the best-
fitting hidden rate (HR) model: one hidden state in absence (1HRA). Pie charts indicate proportional likelihoods of 
presence/absence of cyamella at each internal node; and on the HR model values are summed across the hidden presence 
state and the observed presence state. Pie charts on tip nodes indicate observed presence absence of cyamella. 0 = 
absence of cyamella, 1 = presence of cyamella. 
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Figure 5. ASR of medial fabella in primates using presence dataset. 

Marginal ancestral-state reconstructions (ASR) of medial fabella in primates on the presence dataset using the 
fitzjohn method for estimating the state at the root under a) for the best-fitting simple Mk model: the all rates 
different (ARD), and b) the best-fitting hidden rate (HR) model: one hidden state in presence (1HRP). Pie charts 
indicate proportional likelihoods of presence/absence of medial fabella at each internal node; and on the HR model 
values are summed across the hidden presence state and the observed presence state. Pie charts on tip nodes 
indicate observed presence absence of medial fabella. 0 = absence of medial fabella, 1 = presence of medial 
fabella. 
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Figure 6. ASR of lateral fabella in primates using presence dataset. 

Marginal ancestral-state reconstructions (ASR) of lateral fabella in primates on the presence dataset using the 
fitzjohn method for estimating the state at the root a) for the best-fitting simple Mk model: the all rates different 
(ARD), and b) the best-fitting hidden rate (HR) model: one hidden state in presence (1HRP). Pie charts indicate 
proportional likelihoods for presence/absence of lateral fabella at each internal node; and on the HR model values 
are summed across the hidden presence state and the observed presence state. Pie charts on tip nodes indicate 
observed presence absence of lateral fabella. 0 = absence of lateral fabella, 1 = presence of lateral fabella. 
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Instantaneous rates of change under the ARD model (Table 6), best-fitting Mk model, 

indicate it is always easier to gain than lose sesamoids (q01 > q10), and fabellae are 

almost impossible (presence dataset) or impossible (majority dataset) to lose. 

Similarly, the instantaneous rates of change for cyamella under the 1HRA model, best-

fitting HR model, across datasets showed that it is easier to gain than lose sesamoid 

(Table 7). Whereas, for medial and lateral fabella under the 1HRP model, best-fitting 

HR model, on both datasets the rates of changed indicate it is easier to lose than gain 

sesamoids (Table 7). As can be seen, cyamella and both fabellae have a different 

best-fitting HR model. The cyamella 1HRA model has the absence trait with two levels: 

an absence that can develop the sesamoid, and another absence that cannot regain 

the sesamoid; whereas for medial and lateral fabella 1HRP model is the presence trait 

with two levels: one that can lose sesamoids, and one without the evolutionary ability 

to lose sesamoids. 

We found a strong phylogenetic signal in the presence/absence of knee sesamoids 

on both datasets in primates, indicating that these sesamoids are conformed with a 

Brownian expectation and were not random with respect to phylogeny (Table 8). 

According to Pagelôs ɚ values were all high (0.656 - 0.916) and statistically significant 

(p < 0.001; Table 8). Nonetheless, D-statistic [195] estimates <0 in all sesamoids but 

cyamella in presence dataset (Table 8), pointing towards a greater phylogenetic 

conservatism of knee sesamoid presence/absence than expected under Brownian 

motion model. This is expected given the visible phylogenetic structure to the data 

(Error! Reference source not found., Error! Reference source not found., Error! 

Reference source not found.). 

Cyamella ASRs showed high levels of uncertainty and disagreements between the 

best-fitting simple Mk and HR model for the last common ancestor (LCA) of primates, 

catarrhines and hominoids (Error! Reference source not found. and Table 9). Both 

evolutionary models agree it is likely that the LCA of strepsirhhines, haplorrhines, 

platyrrhines and Cercopithecoidea had cyamella, only with lower estimated values for 

the 1HRA model on the marginal scaled likelihood probabilities (Table 9). Cyamella 

ASRs showed high levels of uncertainty and disagreements for comparisons within 

the same evolutionary model between code strategies (presence and majority 

datasets) for the majority of the important internal nodes (root of primates, 
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Strepsirhhini, Haplorrhini, Platyrrhini, Catarrhini, Cercopithecoidea and Hominoidea), 

but cercopithecoids within the ARD and 1HRA models. All models and code strategies 

agreed on the presence of cyamella on cercopithecoids. 

Medial and lateral fabellae ASRs are similar within datasets and evolutionary models, 

indicating the two fabellae may have had similar evolutionary histories. Results from 

both code strategies on the ARD model were confident the LCA of primates, 

strepsirrhines, haplorhines, catarrhines and hominoids did not have either medial and 

lateral fabellae, but the LCA of platyrrhines and cercopithecoids had them (Table 9, 

Error! Reference source not found., Error! Reference source not found.). 

Likewise, also on the 1HRP model, between code strategies, agreed on the presence 

of both fabellae on the LCA of platyrrhines and cercopithecoids, although disagreed 

on the rest of the important internal nodes. 

Coincident development was found for medial and lateral fabellae in both datasets, 

indicating species were likely to have a lateral fabella if they had a medial fabella, and 

vice versa (R2
lik = 0.69 - 0.80, p < 0.001). The presence dataset indicated species with 

lateral fabellae likely had cyamellae (R2
lik = 0.46, p < 0.05), but not that species with 

cyamellae were likely to have lateral febellae (p > 0.05, Table 10). 

Because the phylogenetic structure in sesamoid presence/absence and mode of 

locomotion differs, we found no relationship between sesamoid presence/absence 

and mode of locomotion (p = 0.957 -0.999, Table 11). 
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Table 4. Comparison of evolutionary models for primate knee sesamoids. 1 

Comparison of the fit of different likelihood models, simple Mk and hidden rates (HR) models (using fitMk and fitHRM), for the evolution of the knee sesamoids (cyamella, medial and lateral 2 
fabella) in primates using two coding strategies (presence and majority dataset). We coded the knee sesamoid character as present or absent with two coding strategies, sesamoid 3 
presence is considered if one individual of the species is reported with the sesamoid (state 1; presence dataset), or sesamoid presence is considered if 50% or more of the species 4 
individuals are reported with the sesamoid (state 1, majority dataset). Observed states were coded as 0 (absence) or 1 (presence), and hidden states as A or B. The fitzjhon option was 5 
used for estimating the initial probabilities of each state at the root. Log-likelihood (i.e., natural logarithm, lnL) and bias-corrected Akaike information criterion (AICc) values are shown for 6 
each model. DAICc relative to the best-fitting Mk and HR model in each sesamoid (Cyamella: ARD model and 1HRA model, medial and lateral fabella: ARD model and 1HRP model on 7 
presence and majority datasets). We describe the transition matrix structure: transitions constrained and allowed, and whether transitions rates differed or not between states. Values for 8 
the best-fitting Mk and HR models by knee sesamoid are boldfaced. The models are arranged as follows. There are two sets of three and 5 models by knee sesamoid.  These total of 8 9 
models per sesamoid were designed to explore the different combinations of the simple Mk (ER, ILM and ARD) and HR (1HRA, 1HRP, 1HRCO, 1HR and 2HR) models by changing: (1) 10 
possible transitions and transitions rates in the transition matrix, and (2) different numbers of hidden states per observed state (when applicable on the HR models). ER = equal rates; ARD 11 
= all-rates-different; ILM = irreversible loss model; 1HRA = one hidden rate in absence; 1HRP = one hidden rate in presence; 1HRCO = one hidden rate covarion; 1HR = one hidden rate; 12 
2HR = two hidden rates. 13 

   Transition matrix Presence Majority 

Bone Model States Structure Rates lnL AICc DAICc lnL AICc DAICc 

Cyamell

a 

ER 0,1 All Equal -34.452 70.904 3.075 -33.161 68.323 1.134 

ILM 0,1 
0->1 not 

allowed 
--- 

-36.578 75.157 7.328 -36.578 75.157 7.968 

ARD 0,1 All Different -31.914 67.829 0 -31.594 67.189 0 
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1HRA 0, 0A, 1 
0A-1 not 

allowed 
Different 

-30.565 69.130 0 -27.963 63.926 0 

1HRP 0, 1, 1A 
1A-0 not 

allowed 
Different 

-31.351 70.703 1.573 -30.588 69.177 5.251 

1HRCO 0, 0A, 1, 1A 
0A-1A not 

allowed 
Different 

-30.154 72.307 3.177 -27.730 67.459 3.533 

1HR 0, 0A, 1, 1A All Different -29.449 74.898 5.768 -27.730 71.459 7.533 

2HR 
0, 0A, 0B, 1, 1A, 

1B 
All Different 

-28.142 84.283 15.153 -27.533 83.066 19.140 

Medial 

fabella 

ER 0,1 All Equal -27.566 57.132 8.555 -22.021 46.043 5.306 

ILM 0,1 
0->1 not 

allowed 
--- 

-32.871 67.741 19.164 -40.709 83.418 42.681 
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ARD 0,1 All Different -22.289 48.577 0 -18.368 40.737 0 

1HRA 
0, 0A, 1 0A-1 not 

allowed 
Different 

-19.486 46.972 3.108 -18.368 44.737 2.016 

1HRP 
0, 1, 1A 1A-0 not 

allowed 
Different 

-17.932 43.864 0 -17.360 42.721 0 

1HRCO 0, 0A, 1, 1A 0A-1A not 

allowed 

Different -17.638 47.277 3.413 -17.619 47.237 4.516 

1HR 0, 0A, 1, 1A All Different -17.638 51.277 7.413 -17.620 51.241 8.520 

2HR 0, 0A, 0B, 1, 1A, 

1B 

All Different -17.576 63.153 19.289 -17.368 62.736 20.015 

ER 0,1 All Equal -27.970 57.939 10.561 -27.134 56.269 8.675 
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Lateral 

fabella 

ILM 0,1 
0->1 not 

allowed 
--- 

-32.871 67.741 20.363 -35.565 73.131 25.537 

ARD 0,1 All Different -21.689 47.378 0 -21.797 47.594 0 

1HRA 
0, 0A, 1 0A-1 not 

allowed 
Different 

-21.424 50.849 6.433 -21.797 51.594 5.196 

1HRP 
0, 1, 1A 1A-0 not 

allowed 
Different 

-18.208 44.416 0 -19.199 46.398 0 

1HRCO 0, 0A, 1, 1A 0A-1A not 

allowed 

Different -18.208 48.416 4.000 -19.199 50.398 4.000 

1HR 0, 0A, 1, 1A All Different -18.185 52.370 7.954 -19.199 54.398 8.000 

2HR 0, 0A, 0B, 1, 1A, 

1B 

All Different -18.185 64.369 19.953 -19.120 66.240 19.842 
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Table 5. Comparison of best-fitting Mk model vs best fitting-HR model. 16 

Comparison of knee sesamoid (cyamella, medial and lateral fabella) evolution between the best-fitting simple Mk 17 
model against the best-fitting HR model for each coding strategy (presence and majority dataset). We coded the 18 
knee sesamoid character as present or absent with two coding strategies, sesamoid presence is considered if 19 
one individual of the species is reported with the sesamoid (state 1; presence dataset), or sesamoid presence is 20 
considered if 50% or more of the species individuals are reported with the sesamoid (state 1, majority dataset). 21 
ARD = all-rates-different; ER = equal rate; ILM = irreversible loss model; 1HRA = one hidden rate in absence; 22 
1HRP = one hidden rate in presence; 1HRCO = one hidden rate covarion; 1HR = one hidden rate; 2HR = two 23 
hidden rates; lnL = log-likelihood; AICc = bias-corrected Akaike information criterion; Params = parameters; 24 
DAICc between the best-fitting Mk and HR model by sesamoid and code strategy. Values for the best-fitting 25 
likelihood model by knee sesamoid and code strategy are boldfaced and p-values<0.01 are followed by *. 26 

Bone Dataset Model lnL AICc  Param
s 

DAIC
c 

ὼtest(lnL
) 

p-
value 

Cyamell
a 

Presenc
e 

ARD -
31.914 

67.829 2 1.663 2.337 0.311 

1HRA -
30.565 

69.13 4    

Majority 

ARD -
31.594 

67.189 2 3.263 7.263 0.026* 

1HPA -
27.963 

63.926 4    

Medial 
fabella 

Presenc
e 

ARD -
22.289 

48.577 2 4.713 8.713 0.013* 

1HRP -
17.932 

43.864 4    

Majority 

ARD -
18.368 

40.737 2 1.984 2.016 0.365 

1HRP -17.36 42.721 4    

Lateral 
fabella 

Presenc
e 

ARD -
21.689 

47.378 2 2.962 6.962 0.031* 

1HRP -
18.208 

44.416 4    
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Table 6. Instantaneous rate of change under ARD model. 27 

Instantaneous rate of change (q) under ARD model, best-fitting Mk model, from absence to presence (q01) and 28 
presence to absence (q10), and the transition ratio (q01/q10) between gaining and losing a sesamoid. It is always 29 
easier to lose than gain a fabella or cyamella in primates. 30 

Bone Datase q01 q10 q01/q10 

Cyamella 

Presence 7.174 1.662 4.315 

Majority 4.035 0.978 4.126 

Medial fabella 

Presence 4.379 0.083 52.863 

Majority 2.357 0.000 --- 

Lateral fabella 

Presence 4.423 0.079 55.951 

Majority 2.674 0.000 --- 

 31 

Table 7. Instantaneous rate of change under best fitting-HR model. 32 

Instantaneous rate of change (q) under the best-fitting HR model for each knee sesamoid, from absence to 33 
presence (q01), presence to absence (q10), absence to hidden absence (q00A), hidden absence to absence 34 
(q0A0), presence to hidden presence (q11A), and hidden presence to presence (q1A1). The cyamella best-fitting 35 
HR model is 1HRA and for medial and lateral fabellae is 1HRP on both code strategies. 36 

Bone Dataset q01 q10 q00A q0A0 q11A q1A1 

Cyamella 

Presence 62.766 7.627 2.528 0.000 --- --- 

Majority 62.766 5.130 0.000 3.440 --- --- 

Medial 
fabella 

Presence 26.226 62.766 --- --- 0.000 0.000 

Majority 9.995 62.766 --- --- 15.642 0.000 

Majority 

ARD -
21.797 

47.594 2 1.196 5.196 0.074* 

1HRP -
19.199 

46.398 4    
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Lateral 
fabella 

Presence 27.359 62.766 --- --- 0.000 0.265 

Majority 15.849 62.766 --- --- 9.640 0.000 

 37 

Table 8. Phylogenetic signal of primate knee sesamoids. 38 

Measures of phylogenetic signal in presence/absence of knee sesamoid bones in primates and under two coding 39 
strategies (presence and majority dataset), using Pagel's l and D statistic. Pagelôs l values close or equal to 1 40 
indicates trait evolution according to Brownian motion model. Small D statistic values indicate evolution under 41 
Brownian motion model and negative values show that the traits are highly conserved. *** indicates that l is 42 
significantly different from 0 based on a likelihood ratio test, p-value<0.0005. 43 

Bone Dataset l 
D 

statistic 

Probability of D 
resulting from 

Brownian 
phylogenetic 

structure 

Probability of D 
resulting from no 

(random) 
phylogenetic 

structure 

Cyamella 

Presence 0.656*** 0.040 0.445 0.001 

Majority 0.795*** -0.449 0.906 0 

Medial 
fabella 

Presence 0.853*** -0.360 0.842 0 

Majority 0.916*** -0.489 0.946 0 

Lateral 
fabella 

Presence 0.868*** -0.326 0.824 0 

Majority 0.867*** -0.449 0.906 0 

44 
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Table 9. Probabilities of ASR at selected internal nodes. 45 

Marginal scaled likelihoods probabilities of the ancestral state reconstructions (under all rates different model and one hidden rate in absence) for each knee sesamoid 46 
presence on primates, at the internal nodes corresponding to root of primates, Strepsirrhini, Haplorrhini, Platyrrhini, Catarrhini, Cercopithecoidea and Hominoidea using two 47 
coding strategies (presence and majority datasets). 48 

Bone Dataset Model Root of 
Primates 

Strepsirrhini Haplorrhini Platyrrhini Catarrhini Cercopithecoidea Hominoidea 

Cyamella 

Presence 

ARD 50.50% 70.69% 58.94% 59.39% 71.28% 90.92% 57.85% 

1HRA 32.01% 72.92% 56.70% 58.99% 59.31% 86.76% 45.22% 

Majority 

ARD 48.39% 74.03% 49.58% 36.20% 38.57% 91.03% 13.61% 

1HRA 0.00% 49.78% 0.00% 6.13% 0.00% 76.64% 0.00% 

Medial 
fabella 

Presence 

ARD 2.92% 29.72% 6.24% 96.43% 9.44% 93.17% 0.07% 

1HRP 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 40.83% 

Majority 

ARD 0.00% 0.00% 0.00% 98.12% 0.00% 95.17% 0.00% 

1HRP 31.19% 15.26% 11.04% 99.18% 15.87% 97.47% 7.95% 

Presence ARD 2.60% 29.30% 5.90% 96.40% 9.00% 93.10% 0.10% 
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Lateral 
fabella 

1HRP 100.00% 100.00% 100.00% 100.00% 100.00% 100.00% 41.45% 

Majority 

ARD 0.00% 0.00% 0.00% 97.80% 0.00% 94.70% 0.00% 

1HRP 38.47% 22.12% 17.93% 99.20% 22.86% 97.69% 14.93% 

49 
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Table 10. Coincidental development between cyamella, medial and lateral fabella. 

Phylogenetic logistic regression modelôs R-squared (R2lik) values for coincidental development between 
cyamella, medial fabella and latera fabella. Sesamoid presence columns are predicting sesamoids presence 
rows. * indicates p-value<0.05. 

 R2
lik Cyamella Medial fabella Lateral fabella 

Presence Cyamella 1 0.43 0.46* 

Medial fabella 0.45 1 0.69*** 

Lateral fabella 0.58 0.72*** 1 

Majority  Cyamella 1 0.55 0.55 

Medial fabella 0.61 1 0.79*** 

Lateral fabella 0.62 0.80*** 1 

 

Table 11. Correlation between knee sesamoids and locomotor mode in primates. 

Summary of phyloglm models for phylogenetic correlation between cyamella, medial fabella and lateral fabella 
with a locomotor mode. Locomotor mode (Parameter), coefficient estimate (Estimate), standard error (SE) and 
Wald-type p-value (p). 

Sesamoid/dataset Parameter Estimate SE P 

Presence dataset 

Cyamella Knuckle walker -18.07 6985.286 0.998 

 Arboreal 
quadruped 

-16.22 6985.286 0.998 

 Terrestrial 
quadruped 

-16.16 6985.286 0.998 

 Suspensory 
Locomotion 

-19.06 6985.286 0.998 
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 Vertical Clinger -1.92 7070.035 0.999 

Medial fabella Knuckle walker 2.653 18930.643 0.999 

 Arboreal 
quadruped 

22.026 18712.309 0.999 

 Terrestrial 
quadruped 

36.478 18747.644 0.998 

 Suspensory 
Locomotion 

19.931 18712.309 0.999 

 Vertical Clinger 36.479 18771.255 0.998 

Lateral fabella Knuckle walker -17.717 317.368 0.956 

 Arboreal 
quadruped 

-10.203 317.108 0.974 

 Terrestrial 
quadruped 

-10.483 317.109 0.974 

 Suspensory 
Locomotion 

-12.930 317.109 0.968 

 Vertical Clinger -10.966 317.109 0.972 

Majority dataset 

Cyamella Knuckle walker 0.376 10222.923 1.000 

 Arboreal 
quadruped 

20.168 9222.175 0.998 

 Terrestrial 
quadruped 

21.156 9222.175 0.998 

 Suspensory 
Locomotion 

16.773 9222.175 0.999 
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 Vertical Clinger 36.756 10150.803 0.997 

Medial fabella Knuckle walker 4.243 20189.533 0.999 

 Arboreal 
quadruped 

21.028 20141.363 0.999 

 Terrestrial 
quadruped 

34.889 20147.150 0.999 

 Suspensory 
Locomotion 

19.244 20141.363 0.999 

 Vertical Clinger 34.889 20151.008 0.999 

Lateral fabella Knuckle walker 7.847 21627.068 0.999 

 Arboreal 
quadruped 

21.162 21627.068 0.999 

 Terrestrial 
quadruped 

31.285 21625.659 0.999 

 Suspensory 
Locomotion 

19.432 21625.786 0.999 

 Vertical Clinger 31.287 21625.659 0.999 
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2.5 DISCUSSION 

Sesamoids are variably present within the skeleton and are often not considered due 

to variability in size, presence, and location. They are often ignored when found in 

isolation in the archaeological and paleontological record, as their size and shape 

makes them largely undiagnostic. Some, like the patella, are functionally important, 

and the role of sesamoids in primate evolution remains largely unexplored. 

The results of this study suggest that the evolution of knee sesamoids in primates is 

intricate. There is a strong phylogenetic signal (Pagelôs ɚ = 0.656-0.916), indicating 

that sesamoid evolution is generally conserved (D-statistic < 0, Table 8). Most primate 

species are capable of developing ossified cyamellae and fabellae, and once these 

sesamoids appear, they are rarely lost (Table 6). Regarding the evolutionary history 

of these bones, Le Minor [45] hypothesized that the cyamella was plesiomorphic in 

primates, as it is present in other mammal orders. Our ASR results are ambiguous, 

potentially with low statistical power, and cannot support or reject this hypothesis. 

Sarin et al. [4] used parsimony to hypothesise that the lateral fabella was present in 

the LCA of catarrhines. However, our phylogenetically-informed ASRs, except for the 

presence dataset under the 1HRP evolutionary model, are confident the lateral fabella 

was absent from the LCA of catarrhines. Formulating hypotheses on the evolution of 

these sesamoids is challenging due to the incongruent results from the ASRs. 

However, considering the presence of these sesamoids in other mammalian clades, it 

would be expected that the LCA of all primates had these bones. 

The low difference on DAICc values between the best-fitting simple Mk and HR models 

(Table 7), resulted in the ARD model being the best model for cyamella presence 

dataset and medial fabella majority dataset; whereas for the rest it is the best-fitting 
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HR model (1HRA for cyamella majority dataset and 1HRP for medial fabella presence 

dataset). Also, the instantaneous rates of change from the ARD and 1HRA model 

(Table 6, Table 7) showed that it is easier to gain than to lose a sesamoid, even 

impossible for both fabellae under ARD model on the majority dataset (q10 = 0, Table 

7). It is likely that an irreversible gain model of trait evolution, as a simple Mk model 

option, would fit the fabellae majority data the best. However, if we ran such a model 

and compared it to the ARD model, AICc would find it impossible to distinguish 

between the models, as both models would fit the data equally well. On the other hand, 

for both fabellae the 1HRP model transition rates indicated the opposite, it is easier to 

lose than to gain the sesamoid, although this assumes the character presence has 

two levels, one with the capacity to lose the sesamoid and one without it.  

Phylogenetic signal and transition rates, considering the best fitting Mk model, indicate 

that it is easier to gain a sesamoid than to lose or even impossible to do it (transition 

ratio range from ~4.1 to ~62.8 under ARD model and 1HRA, Table 6, Table 7 and 

Table 8). We interpret these lines of evidence to mean it is more-or-less random 

whether knee sesamoids evolve in primates, but once they evolve, it is 

difficult/impossible to lose them. This model type could easily lead to a highly 

conserved evolutionary scenario. For instance, Eyal et al. [37] found in mice the 

genetic factors necessary for fabella genesis, and that their appearance is 

mechanically load independent, this could explain why these sesamoids are so easily 

gain, as their developmental pathway appeared to be detached from the appendicular 

skeleton in cartilage form and later in life ossified. 

It is well known that sesamoids can be de novo elements that can serve as 

morphological innovations [19,217] but also contain phylogenetic legacy. Given the 
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results of cyamella, medial fabella, and lateral fabella not being correlated to mode of 

locomotion (p=0.956-0.999; Table 11), it is likely that these sesamoids serve multiple 

biomechanical functions, performing different primary functions in different 

phylogenetic clades [218]. For example, the cyamella may similarly increase the 

mechanical advantage of the popliteus in taxa like Pongo which regularly internally 

rotates their tibia on the femur during locomotion but may act to strengthen 

ligamentous connections in humans [81]. Sesamoids could also have the function of 

acting as osteoclast mediated calcium reservoirs [219]. There is evidence that fabellae 

can ossify early in ontogeny in Macaca mulata and Macaca fascicularis (1-3.25 years 

old) [220ï222], but these data are unknown for other primate species, making it 

challenging to determine when these bones become significant in a speciesô life 

history. At the same time, the anatomical location of theses sesamoids is also 

unknown and underreported in non-human primates but may vary significantly in 

humans, and this trait can affect the biomechanical function of the sesamoid [10]. The 

potentially multifunctional nature of these sesamoids needs to be investigated to 

identify their functional role(s) and evolutionary significance. 

2.5.1 Evolution of the knee sesamoids in primates and the special case of Hominoidea 

In the presence dataset, lateral fabella presence was also correlated with cyamella 

presence, but cyamella presence was not correlated with lateral fabella presence 

(Table 10). Together, these results are interesting given the hypothesized evolutionary 

history linked between cyamella and lateral fabella but independent of medial fabella 

in mammals. It is important to note that these hypotheses were formulated based on 

proposal theories about the origin of sesamoids and involves the parafibula (another 

knee sesamoid), and the fibular process. 
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Pearson and Davin [5] hypothesized that the evolutionary histories of the cyamella 

and lateral fabella were linked, and resulted from the detachment of the fibular crest 

from the fibula, which first formed the parafibula and later split to form the cyamella 

and lateral fabella (ñthe detachment modelò of sesamoid evolution in Eyal et al. [38]). 

Conversely, Barnett and Lewis [23] hypothesized the cyamella and lateral fabella were 

pre-existing intratendinous structures (based on ñthe traction epiphysis theoryò from 

Parsons [57]; now as ñintratendinous modelò in Eyal et al. [38]) which fused together 

in some mammals to form the parafibula, and later attached to the fibula to form the 

fibular crest in some mammals. Under both hypotheses, it would be impossible to have 

a parafibula and cyamella and/or lateral fabella in a single knee3. At the same time, 

both hypotheses linked cyamella and lateral fabella origin but make these sesamoids 

independent of the medial fabella. 

Other evolutionary theories suggested an independent origin for cyamella and lateral 

fabella. Fürst [223] proposed an independent evolutionary origin of cyamella and 

lateral fabella [155,224,225], with some suggesting the parafibula is an enlarged 

lateral fabella [224]. Fürst [223] hypothesized the cyamellaôs evolution was related to 

the shift of popliteusôs origin from the interosseous space between the tibia and fibula 

to the lateral femoral condyle, and the cyamella was an apophysis detached from the 

fibular epiphysis [223]. Others have hypothesized the cyamella evolved from the 

 

3 When investigating sesamoids in bats, Amador et al. [2] found three sesamoids in the knee of 

Desmodus rotundus, which they identified as a parafibula, cyamella, and lateral fabella, potentially 

disproving both hypotheses. However, this is the only specimen and species in which this has been 

reported. As it is possible for humans, to have two lateral fabellae in the same knee, it is possible this 

specimen had two lateral fabellae, and that the aforementioned evolutionary hypotheses are still valid 

[158]. 
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femorofibular disc found in reptiles, where it became enveloped in the popliteal tendon 

[224,225]. 

Our results also showed a high level of correlation between the fabellae, indicating 

that if a taxon has a medial fabella, it is also likely to have a lateral fabella, and vice 

versa. Oddly, the lateral fabella is present in an average of 36.80% of human knees 

[8] while the presence of the medial fabella in humans is still debated, suggesting the 

evolutionary pathway of the fabellae in Homo sapiens is unique among primates. This 

decoupling phenomena in presence of fabella is unique in the Hominoidea family. In 

Homo sapiens, the lateral fabella was hypothesized to be a pre-cartilage 

multinucleated blastema fragmented from the fibular head during growth and 

transported to the posterolateral corner of the femur by the fabellofibular ligament (i.e., 

the gastrocnemiofibular ligament) during the descent of the primitive femoroperoneal 

articulation [223,226]. This would make the lateral fabellaôs development similar to the 

patellaôs, as the patella originates from the femur during growth [38]. 

However, in their developmental mouse model, Eyal et al. [25] did not observe fabella 

developing juxtaposed to the fibula, but rather only observed it forming independently 

within the gastrocnemiusôs lateral tendon. The medial fabella is so rare in humans that 

its development is not known and has not been hypothesized. If Fürst [59]ôs hypothesis 

is true, the medial and lateral fabellae in humans must have unique developmental 

pathways, as there is no equivalent to the fabellofibular ligament on the medial side of 

the knee. This goes contrary to the implications of Eyal et al. [37]ôs findings, that 

fabellae have similar developmental pathways. As multiple different sesamoid 

developmental pathways exist [37], it is difficult to tease apart the contributions of 
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growth, development, and evolution in the pattern of sesamoid presence/absence in 

primates. 

Our results showed on one hand, a decoupling of the fabellae in the Hominoidea 

family, in which lateral fabella can appeared without the presence of the medial (e.g. 

Homo sapiens, Nomascus leucogenys, Error! Reference source not found. and 

Error! Reference source not found.), and on the other hand a high correlation of 

fabellae in the rest of the primate taxa. In consequence, decoupling appearance of 

fabellae is more aligned with F¿rstôs hypothesis of differentiate developmental 

pathway of fabellae, but this will be only true for the Hominoidea, and opens the 

question of if there is more than one developmental pathway for fabella in primates. 

Interestingly, Jouffroy [227] hypothesized that the absence/reduction in medial fabella 

prevalence in Hominoidea could be related to the diminished size of the medial 

gastrocnemius and the development of the soleus. Similarly, these results call for 

further investigation about the developmental pathway of the lateral fabella in the 

Hominoidea family versus the rest of the primates, and if this decoupling of fabellae 

phenomena appears in another clades of tetrapods. 

For the first time, our results provide quantitative evidence of a correlated appearance 

of fabellae in most primate clades, along with a weaker correlation between the lateral 

fabella and the cyamella. Historically, only two authors, Frey in 1913 [22] and Jouffroy 

in 1962 [21], noted the joint appearance of fabellae in primates but did not discuss its 

implications. 

In earlier studies, the joint appearance of fabellae was not observed across tetrapods. 

Consequently, it was hypothesized that the medial fabella originated independently 

from the lateral fabella and the cyamella [1]. However, our findings of a strong 
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correlation in fabellae appearance across most primate taxa support the work of Eyal 

et al. [37] which suggested shared developmental pathways between the medial and 

lateral fabellae. Additionally, our results point to a potential independent origin of the 

fabella and cyamella in tetrapods. Nonetheless, these hypotheses require further 

investigation through developmental and phylogenetic studies to confirm their validity. 

2.5.2 Evolution of sesamoids in tetrapods 

Not all sesamoids follow the same growth and developmental pathways, although 

some may be interconnected. Research by Eyal et al. [37] suggest that in mice there 

are potential similarities and differences in growth and development between the 

patella, fabella and digit sesamoids, showing how elaborate the growth and 

development of sesamoids can be within a particular species. In recent years, Abdala 

et al. [18] reconcile reconciled and synthesized previous models of sesamoid 

evolution, and proposed the dynamic model, stating that: 

ñDuring evolution, sesamoids can become displaced, attaching to and 

detaching from the long bone epiphysis and diaphysis. Epiphyses, 

apophyses and detached sesamoids are able to transform into each other, 

contributing to the phenotypic variability of the tetrapod skeleton.ò (p. 2011). 

Our results, particularly regarding fabellae, suggest that these sesamoids can evolve 

but are nearly impossible to lose, indicating that the processes of attachment and 

detachment may be more complex in species evolution. For example, Amador et al. 

[2] observed the absence of the parafibula in certain bat species, which coincided with 

a reduced fibula. This finding implies that sesamoids can be lost without necessarily 

fusing with a long bone. 
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Altogether, our findings on fabellae indicate that, under the dynamic model, it is easier 

for an epiphysis or apophysis to transform into fabellae in primates than for fabellae to 

revert to an epiphysis or apophysis. Additionally, although it is rare for primates to lose 

fabellae, when they do, the sesamoids disappear without converting into an epiphysis 

or apophysis. 

Our study does not provide a definitive assessment of the dynamic model due to the 

variability in sesamoid growth and development pathways across organisms [37]. 

However, it is plausible that the dynamic model operates with specific restrictions 

under certain circumstances, limiting the detachment or attachment processes within 

the musculoskeletal bauplan. 

2.5.3 Limitations of the study 

Although this study provides insights about knee sesamoid evolution in primates, there 

are some limitations. We only considered ossified sesamoids, ignoring cartilaginous 

and fibrocartilaginous ones. We also ignored information on sesamoid size and 

location within the knee, both of which are biomechanically important. By considering 

sesamoid presence/absence as a discrete binary character trait, we ignored potentially 

important information about variably present sesamoids. Pearson and Davin [11] 

suggested that a third character state, variably present, should be considered. 

However, our taxon samples were often too small for this to be done. More information 

on sesamoid presence/absence within primates is needed. Additionally, the methods 

employed for fitting evolutionary models and ASRôs can have low statistical power 

when taxa sampling is less than 300 taxa; there are character change rates 

asymmetries, and high tip ratio bias [228]. However, phylogenetic comparative 
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methods for discrete traits have greater limitations in comparison to those for 

continuous characters. 
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2.6 CONCLUSIONS 

Our study is the first to use phylogenetic comparative methods to analyze knee 

sesamoid evolution in primates. Our results support several conclusions:  

1) The cyamella and fabellae are present in most primate families, but most 

commonly absent from the apes.  

2) There is high phylogenetic signal in sesamoid presence/absence, with results 

being most consistent with a Brownian motion model or even more conserved 

than expected under Brownian motion of trait evolution. 

3) Regardless of the low accuracy results of fitting evolutionary models. These 

results point towards an evolutionary pattern that it is easier to gain than lose 

knee sesamoids. This suggests that, once evolved, knee sesamoid presence 

is a highly conserved character state in primates. 

4) The medial and lateral fabellae may share similar developmental/genetic 

pathways, and these pathways may be different in the cyamella. This calls into 

question the hypothesized evolutionary link between the cyamella, lateral 

fabella, and parafibula in mammals. 

5) Knee sesamoid presence/absence is independent of locomotor style. If knee 

sesamoids have a biomechanical function, it may require higher resolution data, 

including information on sesamoid position and musculoskeletal configurations, 

to discern. It is also possible these knee sesamoids are multifunctional, and 

that some of these functions are not biomechanical. 

These findings underscore the importance of studying sesamoid evolution in 

tetrapods, demonstrating how their evolutionary patterns can provide a framework for 

testing hypotheses about skeletal innovation. Developing a more comprehensive 
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model of sesamoid evolution across the entire body could uncover previously 

unrecognized links between their development and their broader impact on the 

evolution of the tetrapod bauplan. 

An intriguing finding regarding the fabellae in humans is the decoupled presence of 

the lateral fabella, with the medial fabella largely absent. The hypothesized "re-

emergence" of the lateral fabella may be associated with a unique evolutionary 

developmental pathway. This evolutionary perspective is particularly valuable when 

investigating the biomechanical function of the fabella in humans and its potential 

implications for bipedal locomotion. 

The findings in this chapter establish an evolutionary context for interpreting the results 

of the following chapters. The next two chapters focus on the lateral fabella in humans, 

examining its biomechanical effects and its hypothesized role in providing a 

mechanical advantage to the gastrocnemius muscle. 

Focusing on a specific function of the fabella in humans aligns with the conclusion that 

the presence or absence of knee sesamoids is independent of broad locomotor 

modes. This is because a single sesamoid can fulfill multiple roles, while locomotor 

modesðbroad categories encompassing various movementsðintegrate a range of 

musculoskeletal functions. 
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3 USING PORTABLE ULTRASOUND TO DETECT FABELLA: ULTRASOUND 

PREVALENCE IN A HEALTHY POPULATION OF LONDON 

3.1 INTRODUCTION 

The posterior knee sesamoid most commonly present in humans is the lateral fabella 

(herein: fabella). The fabella, Latin for ólittle beanô, is situated within the tendon of the 

lateral head of the gastrocnemius on the posterior part of the lateral femoral condyle. 

Its prevalence has increased ~3.5 times in the last 100 years [9]. Fabella presence 

has been associated with several knee ailments, most commonly knee osteoarthritis 

(KOA), where individuals with KOA are twice as likely to have a fabella than individuals 

without KOA [14,85,86]. At the same time, the fabella can cause medical issues on its 

own (e.g., fracture, dislocation) and interfere with medical devices. The main attributed 

functions of fabella are to act as a stabiliser in the posterolateral aspect of the knee 

[93,229], and to increase the mechanical advantage of the gastrocnemius [4,8]. 

However, the exact function of the fabella in humans is unknown. 

3.1.1 Identification methods of fabella 

A recent meta-analysis estimates global prevalence rates of ossified fabellae ranging 

from ~19% to ~37%, contingent upon the identification methods employed, whether 

X-ray or dissection [8]. Different identification methods exhibit varying sensitivity in 

detecting fabella. For example, Zang et al. [127] found that 57.9% of cartilaginous 

fabella were not detectable through X-rays. In the case of magnetic resonance imaging 

(MRI), the position of the knee can affect the ability of scans to detect small or less 

dense fabellae [230]. Given their variability in size and tissue composition, surgeries 
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and/or dissections are the best method for detecting fabellae [9]. This reveals that 

imaging methods, in comparison with surgeries/dissections, can be affected by factors 

such as tissue composition and method technique (e.g. knee positioning). Despite 

these limitations imaging methods are the most common techniques employed in 

prevalence studies. 

The use of imaging methods in fabella prevalence studies can be explained by the fact 

that they are the least invasive techniques and the most cost-effective way to collect 

data [9]. This is related to the fact that most studies of this type are retrospective 

investigations using previously obtained clinical records including X-rays, CT scans or 

MRIs. However, as Berthaume and colleagues [9] noted, this could lead to unbalanced 

samples; the imaging is likely to have been performed initially to assess knee issues, 

and several knee ailments have been associated with the presence of fabella (Chapter 

1 General Introduction, subsection: 1.6.1 Lateral and Medial fabella). 

Ultrasound techniques have also been utilised to detect and characterise fabellae, and 

in one prevalence study [80,103,231ï233] it was used in musculoskeletal imaging in 

clinical and research fields. The advantages of musculoskeletal ultrasound imaging 

for fabella detection lie in this techniqueôs ability to identify both soft tissues structures 

and bony surfaces in the posterolateral aspect of the knee [103]. Sekiya et al [232] 

provided insights into the appearance of various soft tissue structures in this area, 

including the fabella. This is significant because ultrasound can identify less dense 

fabellae with higher sensitivity compared to other imaging methods like X-ray. 

Moreover, the flexibility of knee positioning during the scan, along with the position of 

the probe along the area of interest, makes ultrasound a convenient option. 

Additionally, ultrasound examinations are relatively fast, cost-effective, and free of 
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radiation risk in comparison with other imaging methods (e.g., X-ray, CT and MRI) 

[99,232]. 

Several studies have utilised ultrasound to characterise and identify fabellae as an 

initial step before dissections [80,232]. Notably, the study by Corvalan et al. [80] stands 

out as the only study to investigate fabella prevalence using ultrasound as one of the 

identification methods. However, ultrasound imaging is not commonly employed in 

fabella prevalence studies [9] 

With the appearance of portable handheld ultrasound devices, this technique has 

become more accessible. For instance, these devices have reduced the cost of the 

ultrasound technique [234]. Also, the portability of handheld ultrasound devices allows 

examinations to be carried out in more diverse and flexible settings [235]. In clinical 

practice this means that screening can be performed at the bedside or in prehospital 

situations, saving time [234]. For fabella prevalence studies, this makes it possible to 

perform studies outside of clinical/hospital practices. The portability and low-cost of 

ultrasound devices mean that non-clinical studies can be designed to detect fabellae 

in healthy individuals. In addition, this strategy can overcome the potential 

disadvantages and sample biases of some clinical retrospective investigations of 

fabellae. 

Conversely, possible disadvantages of ultrasound imaging include its dependence on 

the expertise of the operator. Operators require an in-depth understanding of the 

complex anatomy of the posterolateral knee compartment and proficiency in 

visualising it using this method [232]. Not having an expert and/or qualified operator 

could present an obstacle for research projects outside the clinical field that intend to 

identify anatomy structures related to less dense sesamoids. For example, identifying 
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sesamoids that are not ossified could be more challenging for a novice operator in 

comparison with an expert. 

3.1.2 Fabella prevalence rates and associated factors 

Previous prevalence studies of fabella have investigated the influence of factors like 

sex, ontogeny, incident of bilateral and unilateral cases, and regional variation. 

However, small sample size or unbalanced samples have impeded conclusive findings 

[8]. Generally, prevalence rates have been higher in Asian populations, with rates 

being above 80% in Japanese and Chinese populations (e.g., Minowa et al. [70] 

reported 84% in a Japanese population, Kawashima et al. [10] reported 92% in a 

Japanese population, and Zeng et al. [236] reported 87% in a Chinese population). 

Studies have reported either an equal number of bilateral and unilateral cases (one 

fabella per knee or one fabella per individual) [229], or a higher proportion in bilateral 

cases (e.g. [71,237]). Sexual dimorphism in fabella presence has been found 

irrelevant in several studies [9,238,239]. Lastly, one study reported that fabella 

presence was more common in individuals older than 50 years than in individuals 

below this cut-off age [240]. 

A breakthrough in the research of the influence of different factors on fabella 

prevalence rates was made when global meta-analyses were done [8,9], based on 

systematic reviews. These studies investigated the effects of sex, ontogeny, 

proportion of bilateral/unilateral cases and regional variation on fabella rates, and 

founding that ossified fabellae were genetically and environmentally controlled [8]. For 

example, Berthaume et al. [8] found that the Asian population had the highest fabella 

prevalence rate (median in X-ray and dissection 30.07 and 51.86% in 2018), followed 

by Oceania (median in X-ray and dissection 29.70-51.50% in 2018); while North 
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America (median in X-ray and dissection 12.37-26.17% in 2018), and Africa (median 

in X-ray and dissection 10.29-22.37% in 2018) exhibited the lowest rates (Table 12 for 

fabella prevalence rates by regions of the world, Berthaume et al.[8]). The higher 

incidence of bilateral cases found in conjunction with regional variation has been seen 

as evidence that ossified fabellae are genetically controlled.  

Table 12. Regional median fabella prevalence rates. 

These are the regional median fabella prevalence rates with 95% confidence interval calculated in a meta-
analysis of 2018 by Berthaume et al [8]. Regions were listed based on fabella prevalence rates in descending 

manner. This table is a simplified version from the one published by Berthaume et al [8]. 

 

Furthermore, this meta-analysis revealed that men are more likely to have fabellae 

than women (median prevalence rate for dissections and x-rays for men: 42.27%-

30.44% and for women in dissections and x-rays: 39.67%-27.97%), and that older 

individuals exhibit higher prevalence rates. There is evidence that sesamoids appear 

in areas of high mechanical stress (e.g. friction, pressure, tension), in  the absence of 

this stimuli, they do not ossify and/or become independent bones [38]. Berthaume et 

Region Dissection X-ray 

Asia 51.86 (49.64ï54.12) 30.07 (22.17ï38.8) 

Oceania 51.5 (43.97ï59.1) 29.7 (20.35ï40.98) 

South America 42.89 (37.58ï48.25) 23.03 (17.58ï29.02) 

Europe 34.27 (31.61ï37.01) 17.21 (12.07ï23.52) 

Middle East 30.47 (26.88ï34.23) 14.85 (10.23ï20.8) 

North America 26.17 (23.71ï28.77) 12.37 (8.54ï17.26) 

Africa 22.37 (17.5ï27.78)  10.29 (6.53ï15.49) 
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al. [8], suggested that it was the usually larger muscles and longer tibia of men, and 

therefore larger force in the tendon of the lateral gastrocnemius, that creates the stress 

necessary in the tendon to trigger fabella ossification. This explains the higher rates in 

males. Taken together with differences in prevalence rates caused by ontogeny, 

mechanical stimuli triggers fabella ossification. Additionally, unilateral cases of fabella 

are not more frequent in one knee or the other. Directional asymmetry is usually a sign 

of genetic control. Therefore, the non-directional asymmetry, antisymmetry, found in 

unilateral fabella cases provides evidence that ossified fabella are environmentally 

controlled. 

Because the ultrasound method can identify fabellae, and portable devices can offer 

the flexibility to identify fabella in a healthy population outside of clinical settings, this 

study will use a portable ultrasound device, as the only method of identification and 

seek to identify the presence/absence of fabellae in a healthy population in London. It 

is important to highlight that this is a first stage investigation of a two-part study with 

the ultimate purpose of investigating fabella biomechanical effects in human 

locomotion. This first study seeks to identify a sample of individuals with and without 

fabellae. 

As meta-analyses have identified that different genetic (regional variation, higher 

proportion of bilateral cases) and environmental (sexual dimorphism, higher 

prevalence rates in older individuals) factors influence prevalence rates, we will 

calculate the prevalence rates of the sample and investigate the effects of sex, age, 

region of birth, ethnicity, height, weight, and proportion of bilateral vs. unilateral cases. 

Even though it is likely that no significant effects will be found of these factors in fabella 
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prevalence rates in one-sample studies, it is important to corroborate that this is the 

case and to report the results.  

I anticipate that the fabella prevalence rate will align with values typically observed in 

European populations, depending on the sensitivity of ultrasound imaging to detect 

cartilage fabellae. If only dense fabellae are detectable, the prevalence rate is 

expected to be closer to the median reported in studies using X-ray methods. 

However, if the imaging method is sensitive enough to identify less dense fabellae, the 

prevalence rate may fall between the values reported for X-ray and dissection/surgery 

methods. This expectation reflects the likelihood that ultrasound imaging, while non-

invasive, may be less effective than dissection or surgical methods in identifying 

fabellae.  
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3.2 MATERIALS AND METHODS 

3.2.1 Study design and sample 

This is a cross-sectional study evaluating the presence/absence of fabellae in 202 

individuals in London (m = 107 and f= 95) by using a portable handheld ultrasound 

device (Butterfly iQ Butterfly Network, Inc.). Participant characteristics are 

summarised in Table 13. All subjects affirmed the absence of recent injuries that might 

impact their walking performance. The study protocol was approved by the London 

South Bank University Ethics Panel (ETH1920-0157 and ETH2122-0152), and all 

participants provided written informed consent before the experiment. 

Table 13. Age and height of individuals examined via ultrasound to detect fabella. 

 Sample age and height (mean, standard deviation, median, first quartile and third quartile) divided by sex. SD = 

standard deviation, Q1 = first quartile at the 25th percentile, Q3 = third quartile at the 75th percentile. 

 

3.2.2 Equipment and experimental set up 

Participants self-reported sex, age city/country of birth, ethnicity, height (cm) and body 

mass (kg). Body weight measurements were taken on the day for those unaware of 

their weight. An ultrasound examination of the back of the knee was performed with 

participants in a prone position to determine fabella presence/absence, using a 

 Age (years) Height (cm) 

 Mean +/- SD Median (Q1, Q3) Mean +/- 
SD 

Median (Q1, 
Q3) 

Male 31.3 +/- 11.4 28.0 (23, 36) 179 +/- 9.19 180 (173, 185) 

Female 29.8 +/- 10.1 27.5 (23, 34) 165 +/- 7.12 165 (160, 171) 

Total 30.5 +/- 10.7 28.0 (23, 35) 172 +/- 10.7 170 (163, 180) 
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portable ultrasound (Butterfly iQ Butterfly Network, Inc.) with a lineal transducer with 

a frequency range of 1-10 MHz. Scans were performed in the posterior longitudinal 

plane, starting at the lateral posterior corner of the knee, and identifying anatomical 

reference points described by Corvalan et al. [80]. Then, the examiner followed the 

lateral condyle to the popliteal fossa, all with the knee extended, and proceeded to 

assess fabella presence/absence. 

I identified that expertise is crucial to determine the presence of less dense fabella. 

Therefore, it was decided to classify the knee examinations as present, absent, or 

unsure. The present cases of fabella were those in which an ossified fabella was 

identified by the signs of cortical bone (hyperechoic with posterior acoustic shadowing 

[232], Figure 7). The absence of fabella was those cases in which no evidence of 

cortical bone was identified within the tendon of the lateral gastrocnemius, and an 

example of this can be appreciated in Figure 7. Finally, cases classified as unsure 

were those where the intra-articular space between the lateral femoral condyle and 

the tendon of the lateral gastrocnemius was inconsistent and a hypoechoic shadow 

appears, which could be an indicator of a cartilage fabella [241]. All examinations were 

recorded in the form of video and screenshots were taken to measure the size of any 

fabellae, when present. Uncertain cases were later reviewed by Stavros G. Daoukas, 

an expert in musculoskeletal ultrasound, to determine the presence/absence of the 

cartilage sesamoid. However, upon expert evaluation, all potential cartilage fabellae 
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were dismissed as artifacts or variations in anatomy and consequently, this study was 

only able to identify the presence/absence of ossified fabella. 

Figure 7. Ultrasound of the knee with and without fabella. 

Images of two ultrasounds performed. Image on the left is an example of a knee without an ossified fabella on the 
tendon of the lateral gastrocnemius, place above the lateral femoral condyle. Image on the right it is an example 
of a knee with an ossified fabella, above the lateral femoral condyle within the tendon of the lateral gastrocnemius. 
Yellow dotted lines are on the edges of the tendon of the lateral gastrocnemius, red dotted line is on the ossified 
fabella, white arrows point at the lateral femoral condyle, and white asterisks signal the articular cartilage. D = 
distal, P= Proximal, Lat Gast or Gas (lat) = Lateral gastrocnemius. 

 

3.2.3 Data Analysis 

Statistical analyses were done in R and Rstudio [242,243]. The prevalence rates in 

this sample of healthy individuals from London were calculated by determining the 

percentage of knees with fabellae and the percentage of individuals with fabellae in 

the total sample. For individuals with fabellae, the percentage of cases with bilateral 

and unilateral presence was calculated. To investigate whether bilateral/unilateral 

cases were equally distributed among individuals with fabella, a Pearsonôs chi-square 

of one-sample proportion was used, using prop.test() function in base R. Also, to test 

if the proportion of bilateral/unilateral cases were equally distributed within male and 

female individuals with fabella, the exact binomial test was used with the binom.test() 
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function in base R. The correlation between sex and prevalence rates in individuals 

and knees was investigated using a Chi-square test of independence, using the 

chisq.test() function in base R. To test whether sex can predict whether a person with 

at least one fabella would have only one fabella or two, a Fisherôs exact test was used 

with fisher.test() function in base R, due to this being a small sample. 

Point biserial correlations were used to test correlation between fabella presence, age, 

and height, using the cor.test() function in base R. Generalised linear logistic 

regressions were used to investigate the relationship between fabella prevalence and 

predictive factors, and the prevalence of bilateral/unilateral cases within individuals 

with fabella and predictive variables, using the glm() function in base R. The variables 

used as predictive factors were: ethnicity, region of birth, sex, age, height, weight, body 

mass index (BMI). Parameters that appeared to be insignificant were removed and 

new regressions were run. Models were compared using Akaike criterion (AIC) to 

choose the best-fitting model. A lower AIC value indicates a better fit for the model. 

None of the logistic regression models of fabella prevalence rates in knees converged; 

therefore, they were not presented. The predictor variables ethnicity and country of 

birth were modified so both had the same regions: Asia, Africa, Europe, North 

America, South America, Middle East, and Oceania. The category North America 

includes Central and North America. As a result, the countries of birth reported by 

participants in the survey were grouped into regions, and the country list by 

geographical regions of the United Nations was used for this purpose. 
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3.3 RESULTS 

Our sample consists of 202 participants, with the majority born in Europe (73%) and 

Asia (14%, Figure 9). Other regions each account for less than 10% of the sample 

(Figure 9). The sample representativeness, in terms of both region of birth and 

ethnicity, follows a similar pattern (region of birth Figure 9, and ethnic groups Figure 

10). 

Fabellae were present in 35/202 individuals (17.33%) and 59/404 knees (14.60%; 

Table 14). Bilateral cases were more common than unilateral ones (bilateral = 24/35 

or 68.57%, unilateral = 11/35 or 31.43%, 2 = 4.1143, p-value = 0.04252, Figure 11). 

Among unilateral cases, fabellae were equally likely in the right or left knee (right=7/11, 

left=4/11, p-value=1). 

There were no differences between males and females in fabella prevalence rates 

(f=20/107, m=15/95, 2=0.12795, p-value=0.7206, Table 14 and Figure 12), indicating 

the absence of sexual dimorphism in our sample. In individuals with fabellae, bilateral 

fabellae were more common than unilateral fabellae in men (bilateral 14/35, unilateral 

1/35, p-value = 0.00005), but not women (bilateral = 10/35, unilateral 10/35, p-value = 

1, Figure 13). 

Point biserial correlation analysis revealed no correlation between fabella 

presence/absence and height (Table 15, r = 0.073, t=1.031, df = 197, p-value = 0.303). 

Height was uncorrelated with bilateral/unilateral cases (Table 15, bilateral: r = 0.062, t 

= 0.869, df = 197, p-value = 0.386; unilateral: r = 0.34, t = 0.479, df = 197, p-value 

=0.632). Similarly, age was not correlated with fabella prevalence (Table 15, r = -

0.006, t = -0.089. df = 200, p-value = 0.929), or the proportion of bilateral (Table 15, r 
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= -0.008, t = -0.117, df = 200, p-value = 0.907) or unilateral cases (Table 15, r = 0.001, 

t = 0.017, df = 200, p-value = 0.986). [9][8] 

Binary logistic regressions indicated that ethnicity, sex, age, height, weight, and BMI 

were uncorrelated with individual fabella prevalence (Table 16, p-values > 0.25). The 

univariate model with sex also proved not to be a significant predictor variable in 

fabella prevalence (Table 17, p = 0.85). The only significant and best-fitting model was 

the intercept-only one, in comparison with the rest of the models (Table 18 and Table 

19). According to the intercept-only model, the probability (OR) of having fabella is 

0.20 (Table 18, p<0.001). This means that the probability of having fabella in this 

sample was significantly different from zero, but low.  

The results of the logistic regressions for predicting bilateral or unilateral presence in 

individuals with fabella showed that sex was significant (Table 20 and Table 21, 

p<0.05). The model that combined sex and height performed better, but sex was the 

only significant variable (Table 21Error! Reference source not found.). This bivariate 

model showed that the odds ratio (OR) of a male with fabella to be a bilateral case is 

11.20. Also, comparing the fit of these models plus an intercept-only model, the 

bivariate model had the lowest AIC (Supplementary Table S 5 and Table S 6, bivariate 

model AIC = 34.8). The intercept-only model showed that, if knowing the presence of 

at least one fabella in an individual, the probability of bilateral presence is 2.66 (OR). 

The logistic regression model that included the predictor variables: ethnicity, sex, age, 

height, weight, and BMI, did not converge and, for this reason was not considered. 
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3.3.1 Figures 

 

  

Figure 8. Participants by region of birth reported. 

Most participants reported to be born in Europe with the 73%, followed by Asia with 14% and in 
third place South and North America as separated regions. Less common regions were Africa 
with 3%, Middle East 1% and Oceania (0%), represented by a single participant. 
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Figure 9. Participants by ethnic group. 

The majority of participant reported a European ancestry with a 63%, followed by Asia with 
18% and in third place South America with 6%. Conversely, the Middle East (4%), North 
America (3%), and Oceania (0%), with only one participant, represent the least prevalent 

ethnic groups. 
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Figure 10. Proportion of unilateral and bilateral cases of fabella presence. 

Participants identifies with fabella presence, bilateral cases were significantly higher than 
unilateral ones (bilateral = 24/35, unilateral = 11/35, 2 = 4.1143, p-value = 0.04252). 
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a) 

b) 

Figure 11. Fabella prevalences in individuals (a) and knees (b) by sex. 

No sex-based differences were found in fabella prevalences rates whether it was 
considered individual (f=20/107, m=15/95, 2=0.12795, p-value=0.7206) or knee 
(f=30/404, m=29/404, 2=0.045112, p-value= 0.8318) prevalence. 
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Figure 12. Frequency of fabella presence/absence and bilateral/unilateral cases by sex. 

Frequency of individuals without fabella, unilateral and bilateral cases of fabella presence (n =202 individuals). A 
total of 167 individuals no fabellae was found (females =87 and males=80), and 35 individuals were identified 
with at least one fabella. Of those 35 individuals with fabella, 11 were cases of unilateral fabella (females = 10, 
males = 1) and 24 with bilateral fabella presence (females = 10, males = 14). 



93 

 

3.3.2 Tables  

Table 14. Prevalence rates of fabella. 

Prevalence rate of fabella presence in individuals and knees divided by sex. 

 Knees Individuals 
Percentage 

bilateral 
Percentage 
unilateral 

Male 
15.26% 
(29/190) 

15.79% (15/95) 93.33% (14/15) 6.66% (1/15) 

Female 
14.01% 
(30/214) 

18.69% 
(20/107) 

50.00% (10/20) 50.00% (10/20) 

Total 
14.60% 
(59/404) 

17.33% 
(35/202) 

68.57% (24/35) 31.43% (11/35) 

 

Table 15. Correlation of fabella prevalence with height and age. 

No significant correlations were found between individual prevalence rates of fabella, or percentage of 
bilateral/unilateral cases and height and age. All p-values were >0.30. (r = correlation coefficient, t = test 
statistic). 

 Individuals Percentage bilateral Percentage unilateral 

 r t r t r t 

Height 0.073 1.032 0.062 0.867 0.034 0.479 

Age -0.006 -0.089 -0.008 -0.117 0.001 0.018 

Table 16. Full model of logistic regression of fabella presence. 

Results of binary logistic regression analysis of the full model of logistic regression of individual presence of 
fabella, having as predictor variables: ethnicity, sex, age, height, weight, and body mass index (BMI).  

 Estimate Standard 
error 

z-value p-value 

Intercept -24.261 1242.121 -0.020 0.984 

Ethnicity (Asia) 15.927 1241.997 0.013 0.990 
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Ethnicity (Central and 
North America) 

16.308 1241.997 0.013 0.990 

Ethnicity (Europe) 15.889 1241.997 0.013 0.990 

Ethnicity (Middle East) 15.588 1241.997 0.013 0.990 

Ethnicity (Oceania) 34.973 4146.555 0.008 0.993 

Ethnicity (South America) 17.334 1241.997 0.014 0.989 

Sex (Male) -0.650 0.567 -1.146 0.252 

Age (years) -0.002 0.020 -0.103 0.918 

Height (cm) 0.041 0.102 0.400 0.689 

Weight (kg) 0.003 0.114 0.024 0.981 

BMI (kg/m2) -0.007 0.341 -0.022 0.983 

 

Table 17. Univariate model of fabella presence. 

Results of binary logistic regression analysis of the univariate model of individual presence of fabella having as 
predictor variable sex. 

 Estimate Standard error z-value p-value 

Intercept -1.564 0.259 -6.034 .000 

Sex (Male) -0.072 0.383 -0.187 0.851 

Table 18. Intercept model of fabella presence. 

 Results of binary logistic regression analysis of the intercept-only model of individual presence of fabella having 
as predictor variable height.**indicates significance p-value<.001. 

 Estimate Standard error z-value p-value 

Intercept -1.597 0.191 -8.368 0.000** 
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Table 19. Comparison of the best-fitting model of fabella presence. 

Comparison of the best-fitting logistic regression models for individual presence of fabella. The intercept-only 
model had the lowest AIC and it is the best-fit model. Full model included as predictor variables: sex, ethnicity, 
age, height, weight, and BMI. Df = degrees of freedom, AIC = Akaike information criterion, ȹAIC = difference of 
AIC with the lowest AIC model (intercept-only model). * indicates the best-fitting model. 

Model Df AIC ȹAIC 

Full model 12 189.1 7.4 

Univariate 
sex model 

2 183.7 2 

Intercept-
only model 

1 181.7*  

 

Table 20. Univariate model of bilateral/unilateral cases of fabella. 

Univariate model of logistic regression analysis for bilateral/unilateral cases of individuals with fabella. Sex was 
the only predictor variable. * indicates significance p<0.05. 

 Estimate Standard error z-value p-value 

Intercept 0.223 0.474 0.470 0.638 

Sex (Male) 2.416 1.139 2.122 0.034* 

 

Table 21. Bivariate model of bilateral/unilateral cases of fabella. 

Bivariate model of logistic regression analysis for bilateral/unilateral cases of individuals with fabella. The 
predictor variables were sex and height, and sex was the only significant in this model. * indicates significance 
p<0.05. 

 Estimate Std. Error z value Pr(>|z|) 

Intercept 27.490 14.193 1.937 0.053 

Sex (Male) 5.516 2.382 2.316 0.021* 
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Height (cm) -0.162 0.084 -1.924 0.054 
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3.4  DISCUSSION 

The novelty of this research is the use of the ultrasound technique, with a portable 

handheld device, as the only method of identification of ossified fabella 

presence/absence in healthy participants outside of clinical settings, and the reporting 

of fabella prevalence rates of this sample. This technique enabled a cross-sectional 

in-vivo study of fabella presence following a trend of the increased utilisation of 

musculoskeletal ultrasound by non-radiologist practitioners [235]. At the same time, 

the use of a portable handheld device allowed this study not only to collect data outside 

of a clinical setting but also to conduct examinations in diverse settings, outside the 

examination room whenever feasible, for example parks, offices or other suitable 

places. 

This study was only able to identify ossified fabellae, and the prevalence rate of 

17.33% aligns with the calculated median rate for Europe in 2018 (X-ray median 

prevalence rate: 17.21%, Table 12) from a recent meta-analysis [8]. This is supported 

by the fact that the majority of the sample were born and belonged to the ethnicity 

group of Europe (Figure 9 and 10). 

At the same time, the fabella rates found in our sample also accord with the median 

estimated of ~17% for the age cohort of 31 to 40 years of age when using X-ray as 

method of identification, reported in Berthaume et al.ôs [8] meta-analysis (Figure 2 of 

Ontogenetic effects of prevalence rates from Berthaume et al.ôs. article [8]), as the 

mean age of our sample is ~31 years of age and the major age density of our sample 

is between 18 to 40 years old (Supplementary Material section: Figure S 1). Although 

our fabella rates were considerably lower than was reported by a recent study in 

Switzerland, that detected a prevalence rate of 30% by CT (computed tomography) 
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scans [72], this difference can be explained by the distinct age distribution between 

study samples. Older individuals are more likely to have fabellae [8]; significantly, the 

mean age of the Swiss study is 76 years old and a great proportion of the sampleôs 

individuals were between 70 and 104 years old (Table 1 of Hauser et al. article [72]). 

That this was a considerably older population than our sample (31 years old of mean 

age in our sample vs 76 years old of mean age in the Swiss study), explains the higher 

fabella prevalence rate observed in that study in comparison to ours. 

Consequently, the fabella rates of our study contribute to the validation of fabella rates 

estimated for the European region and for the age group that corresponds to our 

sample age distribution in the meta-analysis of Berthaume et al. [8]. The main reasons 

are that this study did not have a biased sample in terms of musculoskeletal injuries, 

and it is not an unbalanced sample in terms of sex. Moreover, the results demonstrate 

that the ultrasound imaging method used in this study had a sensitivity comparable to 

X-ray imaging for detecting fabella. 

3.4.1 Factors influencing fabella prevalence rates 

Even though one-sample studies do not always find significant effects of factors 

such as sex, ontogeny, incident of bilateral and unilateral cases, and regional 

variation in fabella prevalence rates, I still investigated the effects of these factors 

in our sample. I only identified a sexual dimorphism in the proportion of bilateral 

and unilateral cases, and no other sex-based differences in fabella rates were 

found. Males with at least one fabella were more likely to have it on the other knee, 

while females with a fabella had an equal chance of having one or not. This 

contrasts with previous studies reporting an even distribution of bilateral and 

unilateral cases among sexes [9,71,86,237,244].However, the limited sample size 
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of our study means that conclusions cannot be drawn on the significance of this 

trend at the population level. 

Berthaume et al.ôs study found a sexual dimorphism in fabella presence, fabellae 

being more common in men than women. This led them to hypothesize about 

differences in sexual characteristics: menôs larger muscles and longer tibia more 

likely to trigger the mechanical stimuli necessary to ossify fabellae than in their 

female counterparts. We also investigated the relationship between height and 

fabella rates and bilateral/unilateral cases, but no correlation was found (Table 15). 

This lack of correlation is not uncommon in one-sample fabella prevalence studies. 

For example, Berthaume et al. [9] in another study investigated this relationship in 

the Korean population and, similar to our findings, no significant correlation was 

found. 

I explored the impact of region of birth and ethnicity on the presence or absence of 

the fabella, given the documented variation in fabella prevalence rates across 

different regions [8]. However, our logistic regression model, that included all 

predictor variables, created a challenge in analysing these variables together due 

to high correlation, creating collinearity issues. Consequently, ethnicity was used 

instead of region of birth in the model, along with the rest of the variables, and no 

significant effects were observed in prevalence rates of fabella (Table 16). Ethnicity 

not having an effect in fabella rates could be attributed to the limited diversity in 

ethnicity within our sample, in which over 60% belonged to the European ethnic 

group, with Asia as the second-largest group at 18%, and the remaining five ethnic 

groups each representing less than 7% (Figure 10). Similarly, no significant effects 

were found for other predictor variables analysed (sex, age, height, weight, and 
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BMI) in fabella prevalence rates. This was also the case in the analysis of the one-

sample study of the Korean population by Berthaume and colleagues [9] 

mentioned before, no effects of sex, age, and height on fabella rates were found. 

That significant effects of those factors on fabella rates have not been found in 

one-sample studies might be related to the lack of statistical power of these 

samples, but this will be discussed further in the next section on limitations. 

3.4.2 Limitations of the study 

Several limitations of this study should be acknowledged. Novice users of the 

ultrasound method will have a limited ability to identify less dense fabella. For this 

reason, despite the potential higher sensitivity of this method in comparison with 

the X-ray method, this project was hindered. Not only does the ultrasound depend 

upon operator expertise, but there is also a lack of guidance material for non-

pathological variance in the use of musculoskeletal ultrasound imaging [245]. 

Although manuals for this technique acknowledge the possibility of the presence 

of the fabella in the knee, there are a few imaging examples of the variability of the 

tissue composition of fabella, and those that exist are only in the longitudinal plane. 

Extensive experience of the technique is required for the accurate identification of 

complex anatomical structures. 

Another constraint is the limit of statistical power to detect the effects of different 

factors of fabella prevalence in one-sample studies, even if the study has a high 

prevalence rate of fabellae (e.g. ~50% prevalence rate in a sample of Korean 

population [9]). By contrast, when meta-analyses have been performed on 

published data gathered around the world, significant effects have been found on 

fabella prevalence rates [9].  
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3.1 CONCLUSIONS  

This study used, as its only method of identification, a portable handheld ultrasound 

device to detect ossified fabella in healthy participants in London. The ultrasound 

method had a sensitivity similar to an X-ray, with the potential to detect less dense 

fabella. However, the method depends upon high level of expertise and proficiency 

from the operator. Regardless of this limitation, the study proves that portable 

ultrasound devices are an affordable technique to detect ossified fabella in healthy 

populations, and the use of this technology enables the method to be used in research 

outside of clinical settings. 

At the same time, the fabella prevalence rate found, of 17.33% and 14.60% for 

individuals and knees respectively, is within the ossified fabella rate range calculated 

for Europe in 2018, matches the estimate for our sample age range (a mean age of 

31 years old, with the majority of individuals being distributed between 20 and 40 years 

old) in the meta-analysis of Berthaume et al. [8].  

For the first time, it is reported that male individuals with fabellae are more likely to be 

bilateral cases than female counterparts. Within female individuals with fabellae, 

bilateral/unilateral cases are evenly distributed. Similar to other one-sample studies, 

no effects of sex, age, ethnicity, height and weight were found on fabella prevalence 

rates. 

Considering these findings, future research should prioritize conducting fabella 

prevalence studies in non-medical settings to reduce sample bias. Utilizing low-cost 

handheld ultrasound devices offers a valuable opportunity for in vivo research on 

healthy populations, advancing our understanding of sesamoid function and its 
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medical implications. Additionally, the integration of machine learning or artificial 

intelligence algorithms for identifying complex musculoskeletal structures, such as 

cartilage sesamoids, could improve the efficiency of ultrasound examinations. This 

approach may eventually lower the level of expertise required to perform ultrasound 

imaging without compromising accuracy. 

To further democratize human sesamoid research, it is essential to develop accessible 

ultrasound protocols suitable for individuals without clinical backgrounds. An important 

step in this direction would be creating reference materials that document 

musculoskeletal anatomical variability in healthy individuals, rather than focusing 

solely on pathology. Such efforts could significantly expand the scope and accessibility 

of sesamoid research. 

  



103 

 

4 BIOMECHANICAL EFFECT OF FABELLA IN HUMAN LOCOMOTION 

4.1 INTRODUCTION 

In humans, the sesamoid bone known as the fabella has been attributed with several 

functions. These include acting as a knee stabiliser [10], reinforcing the connections 

of muscles, tendons, and ligaments in the knee region [77], and providing a 

mechanical advantage (ratio of output force to muscle force) [4,9]. However, the 

presence of the fabella has been linked to knee ailments such as knee osteoarthritis 

(KOA) [14,85], and it can cause medical issues, like fractures or dislocations. 

Fabellectomies, fabella excisions, are performed when this sesamoid becomes 

problematic, despite there being no clear scientific evidence of the functions and role 

of fabellae in human movement, and in consequence potential long-term negative 

consequences cannot be anticipated. Therefore, in this context understanding the 

biomechanical effects related to fabella functions is crucial in the clinical field: more 

informed treatment decisions can be made, when this increasingly prevalent sesamoid 

becomes problematic. 

Other sesamoids, such as the hallux sesamoids and the patella, are known to provide 

a mechanical advantage to the associated muscle-tendon unit [143,246ï248]. This 

advantage is achieved by modifying the ratio of output force to muscle force at the 

related joint [42]. This occurs when the distance perpendicular to the muscleôs line of 

action, also known as the moment arm, is extended between the muscle and the 

centre of rotation [143,246,248] (Figure 13 an example of how this occurs in the patella 

case, taken from Neumann [249]. This adjustment reduces the amount of muscular 

force needed to generate a specific moment around the joint [42,143,248]. Similarly, 
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the hallucal sesamoids (a pair of sesamoids on the plantar side of the first metatarsal 

head [250]) create a mechanical advantage by increasing the moment arm of the flexor 

muscles, thereby enhancing the moment generation of metatarsophalangeal flexion 

[246]. 

 

Figure 13. Patella increases internal moment arm of quadriceps. 

This figure shows how the quadriceps internal moment arm (thick black line) is increased by the presence of patella. 
The open circle is the axis of rotation. Figure taken from Neumann [249]. CC-BY-NC 2017 by Elsevier, Inc. 
Reprinted with permission. 

The patella, an always present sesamoid bone, is located anterior to the knee joint 

within the tendon of the quadriceps femoris muscle [248]. The patella in humans acts 

as a pulley [143] and an idler gear [251]. This is the case because there are trade-offs 

between force and velocity: velocity is affected in inverse proportion to the output force 

[251]. The mechanical advantage of the patella is greater than one when the knee is 

close to full extension [252]; it is less than one over remainder of the range of 
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flexion/extension. When the mechanical advantage is low, velocity is amplified rather 

than force. Therefore, the patella creates a difference between the force and velocity 

with which the muscles contract and the force and velocity with which the patellar 

tendon pulls the tibia [42,251]. 

It has been hypothesised that the presence of the fabella in humans offers a 

mechanical advantage similar to the patella [4,8]. In this case, the fabella is in contact 

with the posterior surface of the lateral femoral condyle and it will increase the moment 

arm of the lateral gastrocnemius when the leg is straight. In contrast, when the leg is 

bent and the fabella is no longer in contact with the lateral femoral condyle, it is more 

difficult to offer this kind of mechanical advantage [253]. At the same time, the 

gastrocnemius is a biarticular muscle that acts at two joints: as a knee flexor and as a 

plantar flexor at the ankle. As a plantar flexor, the gastrocnemius functions as a 

second-class lever in the ankle, and it is a more powerful plantar flexor than a knee 

flexor [254]. The gastrocnemius, along with the soleus, contribute ~80% of the force 

of plantarflexion, and this motion is a major component of the gait cycle of human 

locomotion [254]. All things considered, then, if the fabella confers a mechanical 

advantage to the gastrocnemius it would be expected that this function occurs during 

gait. 

Additionally, if the fabella, like patella, amplifies the gastrocnemius force, then a 

decrease is expected in the gastrocnemius muscle force exerted to generate a 

particular moment. The electromyographic (EMG) signal amplitude, emitted by the 

muscle, has a relationship with the force created at a joint [255], and muscle force can 

be calculated using the EMG signal in conjunction with other variables, following 

different model proposals [256ï259]. Because there are many factors that affect the 
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EMG amplitude and force relation (e.g., number of active motor units, number of fibres 

in the motor unit territories, length of the muscle fibres, and location of the electrodes 

over the muscle to see a detailed list of these factors and how they affect EMG signal 

amplitude and muscle force relation see Figure 1 of De Lucaôs [255] article and Table 

1 of Farina et. al.ôs [260] article) this is not a direct and straight association. However, 

the EMG signal can be used to describe whether muscle force output is increasing or 

decreasing during a certain time [255]. Assuming, then, that the fabella confers a 

mechanical advantage, it is possible to assume that the fabella can affect the muscle 

activation pattern of the lateral gastrocnemius, potentially decreasing its activity 

because less muscle force needs to be exerted. 

As mentioned before, investigating the biomechanical effects of the fabella regarding 

its possible mechanical advantage could be crucial to clinical practice, offering 

treatment solutions, even alternatives to fabellectomies, when this sesamoid becomes 

an issue [100,102,261,262]. Even though one study has found that most patients with 

fabella syndrome who were treated with fabellectomies fully recovered preoperative 

activity levels after 21+ months of surgery [92], still long-term consequences are 

unknown [77]. Despite this finding, it is important that the decision to perform 

fabellectomies relies on the potential biomechanical consequences on locomotion 

rather than on empirical practices, as was once the case for patella excisions 

(pallectomies) [263]. Pallectomies were performed as treatments for certain knee 

ailments involving the sesamoid (e.g., chondromalacia patellae, osteoarthritis, and 

patellar fractures) [264,265] because this sesamoid was considered useless and even 

detrimental for orthopaedists of the twentieth century [266]. Today, pallectomy is 

considered the last resort for treatment by orthopaedists, not only in humans but also 

in the veterinary field [42,267]. 
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Furthermore, investigating the mechanical advantage of sesamoids in humans is 

evolutionarily significant, as it enhances our understanding of sesamoid function. 

Detailed studies linking the form and function of sesamoids, specifically the fabella, 

are essential for advancing broader evolutionary hypotheses and shedding light on 

sesamoids as a source of morphofunctional innovation. 

For example, evolutionary studies on the lateral fabella in humans and other primates 

suggest that the presence of this sesamoid in humans is associated with our unique 

locomotor mode: bipedalism [4]. One hypothesised function of the fabella is to provide 

a mechanical advantage to the gastrocnemius muscle. [4]. A subsequent study on the 

global prevalence of fabellae in humans supports this role, adding that this mechanical 

advantage is most likely exerted when the leg is straight[8]. 

This research project was designed to investigate the evolution of posterior knee 

sesamoids, including the lateral fabella, in primates to provide an evolutionary context 

for studying the fabellaôs effects on human biomechanics. The findings, presented in 

Chapter 2 and in the accompanying published article [268], suggest that the lateral 

fabella óre-emergedô in humans via a unique evolutionary pathway, potentially linked 

to bipedal locomotion. In the article, we also proposed that this sesamoid may have 

functioned as an exaptation, enabling bipedalism in hominins [268]. A relevant function 

supporting this hypothesis would be the fabella conferring a mechanical advantage to 

the gastrocnemius muscle. 

Additionally, our results indicate that the presence or absence of knee sesamoids 

among primates does not directly correlate with locomotor mode. This finding 

highlights the need to examine the function of sesamoids in greater detail on a taxon-

specific basis, rather than broadly categorising them by locomotor mode. These 
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findings align with current knowledge of the patella. While its role as an enhancer of 

the knee joint lever system is widely accepted across taxa, there remains no 

consensus on its specific functions, given the variability in its size and shape across 

species with different locomotor behaviours (a concept referred to as ñfunctional 

synthesisò by Samuels et al. [42]). Consequently, investigating the hypothesised 

function of the fabella in humansðproviding a mechanical advantage to the 

gastrocnemius muscle during gaitðemerges as a logical next step, building upon 

evolutionary insights from both human and non-human primates. 

Based on these considerations, the aim of this study is to quantify the effects of the 

fabella on the kinematics and kinetics of gait (walking and running) and two-legged 

hopping, grounded in the hypothesis that the fabella enhances the mechanical 

advantage of the gastrocnemius. Walking and running were chosen because 

bipedalism is evolutionarily linked to the fabellaôs function. The two-legged hop was 

included as it requires significant engagement of the gastrocnemius muscle, with 

periods of leg extension or near-extension. 

I will compare the angles, moment arms, and muscle activation patterns of the lower 

limbs between individuals with and without fabella. These groups have been 

previously identified as either having a bilateral presence of ossified fabella or a 

complete absence of it. I expect no differences in the angles and moments of the joints 

between the two groups during the three modes of locomotion. However, if the fabella 

does confer a mechanical advantage to the GL muscle in any of the movements, I 

anticipate observing a lower activation pattern of the gastrocnemius in the fabella 

group, corresponding to reduced muscle force exertion compared to the control group 

[251].  
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4.2 MATERIALS AND METHODS 

4.2.1 Participants and study design 

This is a matched control study that compared the kinematics and kinetics of gait and 

two-legged hop between people with and without bilateral fabellae. For this purpose, I 

selected two cohorts of individuals from the previous cross-sectional study that 

identified fabella presence in individuals by ultrasound. These cohorts consisted of 

individuals who had bilateral fabellae, and those who had none. As the variables sex, 

age, height and weight can have on effect in kinematic and kinetic variables during 

gait [269], I decided to control matched individuals without fabellae with participants 

with fabellae (Supplementary Figure S 2). Control individuals were matched by sex, 

age (+/- 5 years), height (+/- 6 cm) and weight (+/- 5kg), according to demographic 

variables collected in the first study (Materials and Methods of Chapter 3). 

The sample size of this study consisted of 22 participants, 11 individuals with fabellae 

and 11 matched control individuals (Supplementary Figure S 2). The criteria to select 

the two cohorts of this study was to select participants that had bilateral fabellae and 

complete absence of fabellae, and that control group (participants without fabellae) 

were matched by sex, age, height, and weight. Therefore, out of the 24 participants 

with fabellae identified in the ultrasound study, a total of 17 participants with fabellae 

had one or more matched control individuals, and if they consented to the second part 

of the study, were invited to this biomechanical study (Supplementary Figure S 2). 

Then, 12 individuals with fabellae and 12 matched control individuals responded to the 

invitation, but only 23 individuals took part in this second stage study. The odd number 

of participants is because one individual from the fabella group declined to take part; 

consequently, the corresponding data of the matched individual that participated was 
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excluded and not considered for any analysis. All participants declared that they had 

not experienced any recent musculoskeletal injuries that could have affected their 

walking performance and gave written informed consent. The Ethics Panel of London 

South Bank University approved this two-part study (ETH1920-0157 and ETH2122-

0152). 

The data from the 22 participants, ten females and twelve males, used for analysis did 

not have significant differences in regards sex, age, height and weight between 

fabellae and control group, see Table 22 for participants characteristics. I measured 

three-dimensional (3-D) lower extremity kinematics, force data, and electromyography 

(EMG) signals during three tasks: walking, running, and jumping. Participants 

performed the walking and running trials at self-preferred speed (NW and NR), 20% 

slower (SW and SR), and 20% faster (FW and FR), and the two-legged hope was 

done at self-preferred frequency. To compare between groups the joint angles and 

moments, and the muscle activation patterns, I performed peak and statistical 

parametric mapping (SPM) analyses, see Figure S 3 for study design of this fabella 

biomechanical study. 
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Table 22. Sample demographics of fabella biomechanics study. 

Demographics of the sample divided by group and all individuals. Control= matched individuals without fabellae; 
fabellae= individuals with fabellae. Mean, standard deviation (SD), median, minimum (Min), and maximum (Max). 

 

4.2.2 Procedure 

Participants performed all tasks barefoot and overground. I collected five gait cycles 

for each speed of walking (NW) and running (NR) at preferred speed (100%), slower 

pace (80%; SW and SR), and faster pace (120%; FW and FR). Each subject 

performed 15 walking trials, 15 running trials, and 3 jumping trials, totalling 33 trials 

across all tasks. To measure the speed of the walking and running trials, I used a 

system of infrared photocells (BROWER Timing System) to determine the time a 

participant took to cover a 5m distance, from which I then calculated the speed of the 

trial. The preferred walking and running speeds were determined by averaging three 

trials performed at the preferred speed. A trial was considered valid when it was 

performed at the target speed (SD 0.16 m/s) and the right limb struck the first force 
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plate. These requirements were set to ensure there would be no great variation in 

speed within each speed category. Ground reaction forces data from the right limb 

was also ensured to be obtained, as it was not always possible for the left foot to hit 

the second force plate. If these conditions were not met, participants were asked to 

repeat the trial and were advised to either slow down or speed up relative to the last 

trial performed. I collected and analysed only full gait cycles of the right limb for all 

individuals. 

The two-legged hop (HP) trial consisted of 10 repetitive hops, with each leg on a force 

platform (Kistler, Hook, UK), performed at their preferred frequency. I collected three 

trials of at least 10 consecutive hops per subject. Participants started the trial outside 

the force plates, and when instructed they placed one foot on a force plate and 

commenced the two-legged repetitive hops as if simulating jumping rope. Once the 

examiner counted 10 consecutive two-legged hops, the participant was invited to stop 

the task. 

4.2.2.1 Gait analysis 

Kinematic and kinetic data were collected using a Qualysis motion capture system of 

eight cameras (Oqus 3-series, Qualysis AB, Gothenburg, Sweden), sampled at 100 

Hz. This was synchronised with two force plates (type 9281E, Kistler, Hook, UK) at 

2040 Hz, and seven EMG sensors (Trigno Avanti wireless sensors, Delsys Inc., USA) 

at 2148 Hz. I followed the marker set for lower limbs from Leardini et al. [270] in 

accordance with the protocols of the calibrated anatomical system CAST [271,272] 

and CODA pelvis [273] (Figure 14). A static trial for calibration was recorded with a full 

marker set of 40 passive retro-reflective markers: 26 individual markers, and 14 

markers in four rigid clusters on the thighs and shanks (blue and white circles in Figure 
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14). Prior to dynamic trials, a total of 8 calibration markers were removed, specifically 

those markers used for pointer identification [270] (red and white circles in Figure 14). 

 

Figure 14. Position of the retroreflective markers attached to the subjects. 

I used a total of 40 passive retroreflective markers, 26 individual markers and four rigid clusters used in the thighs 
and shanks, following Leardinin et al [270] protocol for gait analysis. The white circles are individual markers, the 
blue and white circles are markers on rigid clusters, and red and white circles are calibration markers point. (A) 
anterior view; (B) posterior view. 

4.2.2.2 EMG measurements 

Surface EMG sensors were placed in the centre belly of the right leg muscles: vastus 

lateralis (VL), vastus medialis (VM), bicep femoris (BF), semitendinosus (SEM), 

gastrocnemius lateralis (GL), gastrocnemius medialis (GM), and soleus (SOL). Before 

placement, the skin was prepared by shaving, abrading and cleaning with an alcohol 

swab (70% isopropyl). All electrodes were positioned along the length of the 

underlying muscle fibre alignment and were fixed on the skin place with double-sided 

tape, to ensure no displacement during the experiment. This is in accordance with 

SENIAM guidelines, which were also followed for the placement location of electrodes 
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in all muscles [274], except the soleus. The VL sensor was positioned two-thirds of the 

way along a line from the anterior superior iliac spine to the lateral side of the patella. 

The VM sensor was placed 80% of the distance along a line between the anterior 

superior iliac spine and the joint space near the anterior edge of the medial ligament. 

For BF, the sensor was placed halfway between the ischial tuberosity and the lateral 

epicondyle of the tibia. The SM electrode was positioned halfway between the ischial 

tuberosity and the medial epicondyle of the tibia. The GL electrode was placed one-

third of the way along a line from the fibular head to the heel. The GM electrode was 

positioned on the most prominent bulge of the muscle (Figure 15). The soleus EMG 

sensor was placed on the lateral side of the shank, two-thirds of the way between the 

lateral femur condyle and the lateral malleolus.  The SENIAM recommendations 

(Figure 15) were not followed here because the recommended SENIAM placement for 

SOL has been shown to register activity from neighbouring muscles during self-

selected speed walking [275]. 

 

Figure 15. Placement of the electrode locations.  
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A) Placement of the wireless surface electrodes of the vastus lateralis and medialis. B) Placement of the wireless 
surface electrodes of the biceps femoris, semitendinosus, gastrocnemius lateralis and medialis and soleus. 

For EMG normalisation I used sub-maximal isometric voluntary contraction (SMVC) 

and manual muscle testing (MMT) grade 5 [276], based on evidence of the good 

reliability of this method of normalisation rather than the maximum voluntary isometric 

contraction (MVC; quadriceps [277]; hamstrings [278]; and triceps surae [279]). The 

volunteers performed a SMVC protocol of 7 seconds of contraction, three times with 

2 minutes of rest in between, and with verbal encouragement. For quadriceps, vastus 

lateralis, and medialis, the subject was in a seated position on a table, hands resting 

on either side of the body for stability and grasping the edge of the table [277]. The 

knee was measured with a goniometer and flexed at 45 degrees. The subject 

performed a maximal isometric knee extension against the manual resistance of the 

researcher. The hamstring muscles of the SMVIC test, biceps femoris and 

semitendinosus, were tested with the subject standing on the left leg and the right 

knee flexed at 90 degrees measured with a goniometer [278]. Participants supported 

themselves by holding the table for balance. The investigator manually resisted the 

isometric knee flexion of the subject for 7 seconds. Finally, the SMVIC test for the 

triceps surae (MG, LG, and SOL) was conducted with the participant in a standing 

position; they were then asked to stand on the right leg and rise onto the toes, 

performing a full plantarflexion of the right ankle and keeping the knee extended [279]. 

This meant that the participant held their own body weight against gravity during a 

plantarflexion of the right ankle. The subject was allowed to hold the table for balance 

if required. 
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4.2.3 Data processing 

Marker trajectories were identified and labelled in Qualisys Tracking Manager (QTM, 

Qualisys Ltd, Gotherburg, Sweden). All raw data collected marker trajectories, ground 

reaction forces, and EMG signal were exported into Visual 3D software (C-Motion Inc., 

Germantown, USA). The marker trajectories were interpolated with a maximum gap 

of 10 frames. Data of ground-reaction forces and maker trajectories were run through 

a low-pass Butterworth filter with a 10Hz and 50Hz frequency cutoff to remove noise. 

The static calibration trial was used to determine joint centres and coordinates systems 

of the lower extremities and to individualise the model to each subject. Joint rotations 

of the hip, knee, and ankle joints were calculated using the Cardan sequence of 

rotations (XYZ or mediolateral-anteroposterior-longitudinal sequence). On the basis of 

a Newton-Euler inverse dynamic analysis, the 3D internal moments of the lower 

extremity joints were calculated. Joint moments were normalised to body mass (N/kg) 

and to body mass per height (N/kg*m), and as no differences were observed between 

these two types of normalisation, only joint moments normalised by body mass N/kg 

are shown. All variables were calculated only during the stance phase of the gait cycle, 

for running and walking, or the contact phase, for two-legged hopping. The stance 

phase of gait was normalised in time from 0 to 100% (0% = initial contact, 100% = toe 

off). I used a threshold of 20N for the vertical component of the ground reaction force, 

and the stance/contact phases of the trials were automatically detected  

EMG signals from all muscles were analysed during the stance/contact phases of all 

activities. Raw EMG signals were band-pass filtered between 50 and 500Hz using 

fourth order Butterworth to remove noise caused by skin movement artefact. An offset 

in all EMG signals was used to account for electromechanical delays of 50ms [280]. 
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Then, the root mean square values (RMS) were calculated. EMG signals were 

averaged in every gait condition and in each hopping trial (from 5 to 4 trials per 

condition) for each participant and muscle. Signals were time-normalised for each 

stance/contact phase (1-101 frames). To compare signals between individuals and 

between the two groups, EMG signals were normalised to the peak value across the 

hopping trials, as these trials had the highest activation versus SMVC [281]. Finally, 

these obtained signals, time and peak-normalised, were used for further statistical 

analysis between groups. 

4.2.4 Data analysis 

The analysis of the hip, knee and ankle joint angles and moments focused on the 

sagittal and frontal plane. Only the stance phase was analysed for the full cycle of gait, 

walking and running. Because, during the hopping task, both legs are in contact or 

flight phase at almost the same time each leg is in a force plate; therefore, only the 

contact phase of the right leg (Figure 16) with the force platform was analysed for this 

task. EMG sensors were placed on the left leg of one participant and, for consistency, 

the joint kinetics and kinematics of their left leg were used. 

 

Figure 16. Skeletal model of the two-legged hopping.  
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The two-legged hopping consists of performing the task like jumping a rope, with each leg on a force plate. A) 
Depicts the initial contact of both legs with the force plates. B) This is the transition period between braking and 
push-off phase, in which the ankle is at maximum dorsiflexion. C) This figure shows the final stage of push-off 
phase, right leg just before toe-off whereas left leg is off the force plate, in flight phase. This lower limb model 
corresponds to one of the participants data and done in Visual 3D (HAS Motion). 

The sample size for knee and ankle kinematics and kinetics comprised 22 individuals, 

while for hip kinematics and kinetics there were 20 individuals. One participant in the 

fabella group had no markers visible for the left and right anterior superior iliac spine 

(ASIS), which led to an unreliable calculation of their hip kinematics and kinetics. 

Hence, the lower sample size for the hip joint analyses. The sample size for muscle 

activation patterns included 22 participants. 

Time series were normalised to 100% of the stance/contact phase, and the average 

of five trials was used for further statistical analysis. For the kinematics and kinetics of 

this study, the positive directions corresponded to hip flexion, knee flexion and ankle 

dorsiflexion; the negative directions were hip extension, knee extension and ankle 

plantarflexion. Except for knee moment, extension was positive, and flexion was 

negative. In the frontal plane for hip and knee angles the adduction was positive, and 

abduction was negative. The ankle angle and moment in the frontal plane inversion 

was positive, and eversion was negative. 

To perform the peak analysis of the kinematics and kinetic variables, one or two 

regions of the full-wave biomechanical variables were chosen as discrete points. The 

peak values analysed for angles and moments in the sagittal and frontal plane during 

walking, running and the two-legged hop were defined in Figure 24 and Figure 18. The 

region used for peak analysis of the muscle activation patterns corresponded to the 

region of maximum value that these seven muscles exerted (BF, SEM, VL, VM, GL, 

GM and SOL), during the stance/contact phase of gait and two-legged hop. 
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The peak analysis consisted of comparing the kinematic and kinetic variables between 

individuals with fabellae and the control group, within each gait condition (FR, NR, SR, 

FW, NW, and SW) and the hopping task. To perform this peak comparison analysis, 

the non-parametric Wilcoxon signed-rank test was selected, as a paired non-

parametric test. The reason for the paired test is that the values of the control and 

fabella group are considered not independent. Additionally, not all data met the 

normality distribution of data; hence, the selection of a non-parametric test. The 

normality distribution of the samples was assessed with Shapiro-Wilk test. These 

statistical tests were performed in base R (version 4.3.2) [243] using RStudio(version 

2023.12.1) [242] with the functions wilcox.test() and shapiro.test(). 

In addition, I performed the same comparison now using a full-waveform analysis, 

statistical parametric mapping (SPM) [282]. The time-series of joints angles, moments, 

and muscle activation patterns during the stance phase of walking, running, and 

jumping were compared between groups with SPM two-tailed paired t-tests [283]. 

During each test, the SPM{t} statistic was calculated, setting a threshold for the 

rejection of the null hypothesis with a false-positive error rate of 0.05 (Ŭ). Analyses 

were performed in MATLAB using the open source spm1d code package (M.0.4.10) 

[283ï285]. 

All outcomes of the gait cycle, walking and running, and the hopping task were 

described according to their subphases. The running stance phase was divided into 

an absorption phase, from initial contact to 40% of the stance phase, and a propulsion 

phase, from 40% of stance phase to toe off, using the maximum knee flexion angle as 

the midstance transition point [286,287]. The average peak knee flexion point in time 

in each running condition was calculated (FR = 39.9% of stance phase, NR = 39.4% 
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of stance phase and SR = 39.09% of stance phase). The mean results of these three 

running speeds were then averaged, and this result was used as the midstance point 

(mean =39.5, ~40% of stance phase) across running speed conditions (Figure 24: A1, 

A2, B1, B2, C1 and C2; and Error! Reference source not found.: A1, A2, B1, B2, 

C1 and C2). In the case of the walking trials, the stance phase was divided based on 

Heiden et al. [288], sub-phases being the: loading period (0-15% of stance phase), 

early stance (15-40% of stance phase), mid-stance (40-60% of stance phase), and 

late-stance (60-100% of stance phase). The stance period of the two-legged hopping 

trials was classified in the breaking and push-off phase [289]. In this case, I used the 

maximum dorsiflexion ankle angle as the transition period between these phases 

[289]. The average point time in percentage calculated in our trials was 48.5%, and 

was rounded up to 49% of stance phase. 

 



121 

 

 



122 

 

 

 

 

 

 

 

  

Figure 17. Representation of the defined peak metrics in the sagittal plane of the hip, knee and ankle joints across the representative tasks: running, walking and hoping. 

This figure represents the defined peak metrics in the sagittal plane of the hip angles (A1, A3 and A5), hip moments (A2, A4 and A5), knee angles (B1, B3 and B5), knee moments 
(B2, B4 an B6), ankle angles (C1, C3 and C5), and ankle moments (C2, C4 and C6). The defined metric names and their abbreviations are as follows: hip flexion at initial contact 
(HF1), hip extension during late propulsion phase (HE1), hip flexion at heel strike (HF2), hip extension during late stance (HE2), hip flexion at transition point between braking to 
push-off phase (HF3), hip extension at toe-off (HE3), hip flexion moment at toe-off (HFM1), hip extension moment during the beginning of absorption phase (HEM1), hip flexion 
moment during late stance (HFM2), hip extension moment during loading period  (HEM2), maximum hip flexion moment (HFM3), maximum hip extension moment (HEM3), knee 
flexion at midstance transition point (KF1), knee extension during late propulsion phase (KE1), knee flexion during at toe-off (KF2), knee extension in late stance (KE2), knee 
flexion during at transition point between braking to push-off phase (KF3), knee extension at initial contact (KE3), knee extension at midstance transition point (KEM1), knee 
flexion moment during late propulsion phase (KFM1), knee extension moment during early stance (KEM2), knee flexion moment during late stance  (KFM2), knee extension 
moment at transition point between braking to push-off phase (KEM3), knee flexion moment at initial contact (KFM3), ankle dorsiflexion in propulsion phase (AD1), ankle 
plantarflexion during late propulsion phase (AP1), ankle dorsiflexion during mid-stance (AD2), ankle plantarflexion during late stance (AP2), ankle dorsiflexion at transition point 
between braking to push-off phase (AD3), ankle plantarflexion at initial contact (AP3), ankle plantarflexion moment at propulsion phase (APM1), ankle plantarflexion moment 
during late stance (APM2), ankle plantarflexion moment at transition point between braking to push-off phase (APM3). Peak values define as maximum do not correspond to the 
region marked to all individuals, as the profile curves differed among individuals. Flexion is positive and extension is negative for hip angles and moments, and knee angles. For 
knee moments extension is positive, and flexion is negative. Dorsiflexion is positive and plantarflexion is negative. The red vertical dashed line in running trials is the midstance 
transition point between absorption to propulsion phase (40% of stance phase), this was defined as the knee peak flexion angle. The red vertical dashed line in hopping trials is 
the midstance transition point between braking to push-off phase (49% of stance phase), this was defined as the ankle peak dorsiflexion angle. The profile joint angles and 
moments were plotted using data of all individuals in walking and running at self-preferred speed (NR and NW) and hopping (HP). The solid blue line is the mean, and the blue 
shadow is one standard deviation (SD). 
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Figure 18. Representation of the defined peak metrics in the frontal plane of the hip, knee and ankle joints across the representative tasks: running, walking and hoping.  

This figure represents the defined peak metrics in the frontal plane of the hip angles (A1, A3 and A5), hip moments (A2, A4 and A5), knee angles (B1, B3 and B5), knee moments 
(B2, B4 an B6), ankle angles (C1, C3 and C5), and ankle moments (C2, C4 and C6). hip adduction at midstance transition point ( HAD1), hip abduction at toe-off (HAB1), hip 
adduction during early stance (HAD2), hip abduction at heel strike (HAB2), hip adduction during propulsion phase (HAD3), hip abduction at toe-off (HAB3), hip adduction moment 
at toe-off (HADM1), hip abduction moment at propulsion phase (HABM1), hip adduction moment in mid-stance (HADM2), hip abduction moment at toe-off  (HABM2), maximum 
hip adduction moment (HADM3), maximum hip abduction moment (HABM3), maximum knee adduction (KAD1), maximum knee abduction (KAB1), maximum knee adduction 
(KAD2), maximum knee abduction (KAB2), maximum knee adduction (KAD3), maximum knee abduction (KAB3), maximum knee adduction moment (KADM1), maximum knee 
abduction moment (KABM1), maximum knee adduction moment (KADM2), maximum knee abduction moment (KABM2), maximum knee adduction moment (KADM3), maximum 
knee abduction moment (KABM3), ankle inversion during late propulsion phase (AI1), ankle eversion at absorption phase (AE1), ankle inversion during late stance (AI2), ankle 
eversion at toe-off (AE2), maximum ankle inversion (AI3), ankle eversion at initial contact (AE3), ankle inversion moment at midstance transition point (AIM1), ankle eversion 
moment during propulsion phase (AEM1), ankle inversion moment during early stance (AIM2), ankle eversion moment during late stance (AEM2), maximum ankle inversion 
moment (AIM3), maximum ankle eversion moment (AEM3). Peak values define as maximum do not correspond to the region marked to all individuals, as the profile curves 
differed among individuals. Adduction is positive and abduction is negative for hip and knee angles and moments. Inversion is positive and eversion is negative. The red vertical 
dashed line in running trials is the midstance transition point between absorption to propulsion phase (40% of stance phase), this was defined as the knee peak flexion angle. 
The red vertical dashed line in hopping trials is the midstance transition point between braking to push-off phase (49% of stance phase), this was defined as the ankle peak 
dorsiflexion angle. The profile joint angles and moments were plotted using data of all individuals in walking and running at self-preferred speed (NR and NW) and hopping (HP). 
The solid blue line is the mean, and the blue shadow is one standard deviation (SD). 

 

 



125 

 

4.3 RESULTS 

4.3.1 Spatiotemporal characteristics of fabellae and control group in gait and hopping task. 

The recorded mean walking and running speeds at self-selected, faster and slower 

speeds in the fabellae and control group can be seen in Table 23. The average 

hopping contact and flight times for each group are shown in Table 24. 

Table 23. Walking and running speeds within fabellae and control group. 

 Fast Running Normal Running Slow Running 

 Fabellae Control Fabellae Control Fabellae Control 

Mean speed 

(m/s) 
3.40 3.67 2.84 3.06 2.68 2.44 

Standard deviation 

(m/s) 
0.55 0.38 0.45 0.31 0.37 0.26 

 Fast Walking Normal Walking Slow Walking 

 Fabellae Control Fabellae Control Fabellae Control 

Mean speed 

(m/s) 
1.70 1.70 1.42 1.42 1.14 1.13 

Standard deviation 

(m/s) 
0.05 0.07 0.04 0.06 0.03 0.05 
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Table 24. Hopping contact and flight time in fabellae and control group. SD, standard deviation. 

 Fabellae Control 

Hopping 

Contact Time 

(s) 

Mean 0.216 0.229 

SD 0.037 0.037 

Flight Time 

(s) 

Mean 0.371 0.285 

SD 0.253 0.136 
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4.3.2 General differences of fabellae and control group in kinematics and kinetics of gait 

and hopping task. 

Only the GL and SOL showed differences in muscle activity. Peak analyses found a 

significantly lower activation of the GL muscle for the fabella group when FR and NR 

than the control group (Table 25), but the SPM analysis did not corroborate these 

results, implying peak activations occurred at different times in the cycle between 

groups. The SPM analysis only found significantly lower muscle activation for the SOL 

in FR during the propulsion phase (~80-86% of stance phase) for the fabella group in 

comparison with the control group (Figure 19). 

Table 25. Peak muscle activation of lower limb muscles during running at different speeds of fabella and control 
group. 

Peak muscle activation of biceps femoris, semitendinosus, vastus lateralis, lateral gastrocnemius, medial 
gastrocnemius, and soleus in both the fabella group and the control group during hopping. A significant lower 
peak activation of the GL muscle is found for the fabella group during fast and normal running. A Wilcoxon paired 
test applied to assess the significance of the differences, with a p-value of less than 0.05 considered significant. 

Significant results are highlighted in bold. 

 Peak muscle 

activation 

(normalized)  

Fast Running Normal Running Slow Running 

Median Median Median 

Fabellae Control P-value Fabellae Control P-value Fabellae Control P-value 

Bicep femoris 0.14 0.10 0.46 0.13 0.09 0.32 0.13 0.06 0.46 

Semitendinosus 0.16 0.22 0.24 0.12 0.15 0.76 0.09 0.08 0.64 

Vastus lateralis 0.36 0.24 0.28 0.36 0.19 0.46 0.31 0.23 0.70 

Vastus medialis 0.57 0.54 0.90 0.42 0.44 0.70 0.41 0.32 0.97 
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Gastrocnemius 

lateralis 
0.40 0.86 0.04 0.32 0.67 0.04 0.25 0.45 0.07 

Gastrocnemius 

medialis 
0.75 0.69 0.70 0.70 0.67 0.83 0.59 0.59 0.58 

Soleus 0.39 0.54 0.32 0.35 0.43 0.52 0.31 0.39 0.52 
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Figure 19. Soleus activation pattern in fast running. 

Top figure shows the mean activation pattern of the soleus muscle for fabella group (solid blue line, shaded blue 
is the standard deviation) and control group (solid red line, shaded red is the standard deviation). The SPM analysis, 
pink shaded vertical line, shows a region of significance at around 80 to 86% of the stance phase, here the fabella 
group has a lower activation pattern of the soleus than the control group. Significance is achieved when SPM {t} 

exceeds its critical value, this is depicted by the red dashed horizontal lines in the bottom figure. 
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The gastrocnemius, being a biarticular muscle, crosses both the knee and ankle joints, 

making it possible changes in its activity can affect both joints. The significantly lower 

activation of the GL in FR and NR may contribute to observed changes in knee and 

ankle angles and moments during running. For example, an increased peak 

plantarflexion at toe-off was observed in FR and NR for the fabella group compared to 

the control group, with the SPM analysis detecting this difference only in NR (Figure 

28). In the frontal plane, a decreased peak eversion was found in the propulsion phase 

(between 15% to 25% of the stance phase) during FR for the fabella group, and a 

lower peak inversion moment at around 35% to 45% of the stance phase during FR 

for the fabella group (Figure 29). At the same time, the SPM analysis found a 

significantly lower inversion moment between 12% to 25% of the stance phase during 

FR for the fabella group, occurring before the peak inversion moment (Figure 29). 

Furthermore, it is well-documented that changes in ankle and foot movement during 

running influence the entire lower limb kinetic chain, including the hip joint [290]. As a 

result, a lower peak hip flexion at initial contact was observed in NR for the fabella 

group compared to the control group, along with a decreased peak hip extension 

moment following initial contact (between 4% and 8% of the stance phase) in FR for 

the fabella group in comparison to the control group (Figure 28). Our analysis not only 

revealed differences in joint angles and moments during running but also during 

walking trials between the fabella and control groups, as demonstrated in peak and 

SPM analyses (Figure 28 and Figure 29). 

Running gait showed significantly more intergroup differences than walking gait, 

primarily in ankle joint angles and moments (Figure 28 and Figure 29). Simultaneously, 

variations in other joints, primarily the hip, were observed in joint angles and moments 
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across groups (Figure 28 and Figure 29). In contrast, no group differences in hopping 

task joint angles or moments were observed (Figure 28 and Figure 29). 

Overall, peak analysis detected a greater number of differences in joint angles and 

moments compared with SPM analysis. Analyses revealed the greatest number of 

angular and moment differences occurred in the sagittal plane in both methods, with 

11 significant sagittal plane differences compared to 6 frontal plane differences (Figure 

28 and Figure 29). 

The SPM analysis identified two significant differences in the sagittal plane for joint 

angles and moments: the plantarflexion ankle angle at toe-off in NR and the hip flexion 

moment in NW between 80% and 88% of the stance phase (Figure 28 for visual 

results, Figure S 4 for plantarflexion ankle angle in NR, and Figure S 9 for hip flexion 

moment in NW). Both SPM findings correspond to peak regions analysed for these 

variables (Figure 24 and Figure 28), and the peak analysis corroborated these results 

(Figure 28, Table S 7, and Table S 10). 

In the NR condition, the ankle was more plantarflexed (AP1) in the fabella group 

compared to the control group (Figure 28). Similarly, in NW, the hip flexion moment 

between 80% and 88% of the stance phase (HFM1) was greater in the fabella group 

than in the control group (Figure 28). Differences in these variables were observed at 

other gait speeds as well. For example, the plantarflexion ankle angle at toe-off (AP1) 

was significantly higher in the fabella group than in the control group during FR as 

well, while the hip flexion moment between 80% and 88% of the stance phase (HFM1) 

was significantly increased in the fabella group compared to the control group across 

all walking speeds (FW, NW, and SW) in the peak analysis (Figure 28, Table S 7, and 

Table S 10). 
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In the frontal plane, SPM analysis identified two significant differences in the ankle 

joint: the ankle eversion angle at toe-off in FW was decreased in the fabella group 

compared to the control group (Figure 22), and the ankle inversion moment in FR was 

significantly decreased for the fabella group versus the control group (Figure 23). This 

reduction in the ankle inversion moment in FR for the fabella group occurred between 

12% and 25% of the stance phase and did not correspond to the peak analysis region 

(AIM1; Figure 29 and Figure 18). 

Similarly, AIM1 was significantly lower in the fabella group during FR and SR, 

corresponding to ~35% to 45% of the stance phaseðjust after the region identified by 

the SPM analysis (Figure 29, Table S 8). SPM analyses found significant differences 

in the ankle eversion angle in FW at toe-off, but there were no differences in peak 

analysis in FW or at any other walking speeds (Figure 29, and Table S 7). 
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Figure 20. Map of peak and SPM results of joint angles and moments in sagittal plane. 

These maps show the significant differences found in the peak and SPM analysis of joint angles and moments in sagittal plane between the fabellae and 
control group across gait speeds (walking and running) and the hopping task during the stance phase. Comparisons are between the fabellae group and the 
control group. The significance highlighted in pink means that the joint angle/moment is significantly lower for the fabellae group, and in green colour is that 
the difference is increased for the fabellae group than the control group. Hp, hopping; FR, fast running; NR, normal running; SR, slow running; FW, fast walking; 
NW, normal walking; SW, slow walking. 
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Figure 21. Map of peak and SPM results of joint angles and moments in frontal plane. 

These maps show the significant differences found in the peak and SPM analysis of joint angles and moments in frontal plane between the fabellae and control group 
across gait speeds (walking and running) and the hopping task during the stance phase. Comparisons are between the fabellae group and the control group. The 
significance highlighted in pink means that the joint angle/moment is significantly lower for the fabellae group, as this is the case for all the results in frontal plane. Hp, 
hopping; FR, fast running; NR, normal running; SR, slow running; FW, fast walking; NW, normal walking; SW, slow walking. 
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Figure 22. Ankle angle in frontal plane when fast running. 

Top figure shows the mean ankle angle in frontal planes for fabella group (solid blue line, shaded blue 
is the standard deviation) and control group (solid red line, shaded red is the standard deviation). Circle 
area shows the peak region analysis, the fabella group had a significant lower eversion of the ankle 
(AE1) than the control group, whereas the SPM analysis, bottom plot, shows that no significant 
difference was found between groups. For the peak analysis, a Wilcoxon paired test was applied to 
assess the significance of the differences, with a p-value of less than 0.05 considered significant. 
Significance is achieved when SPM {t} exceeds its critical value, this is depicted by the red dashed 
horizontal lines in the bottom figure. 
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Figure 23. Ankle moment in frontal plane when fast running. 

Top figure shows the mean ankle moment in frontal planes for fabella group (solid blue line, shaded blue is the 
standard deviation) and control group (solid red line, shaded red is the standard deviation). Circle area shows the 
peak region analysis, the fabella group had a significant lower ankle inversion moment (AIM1) than the control 
group. At the same time, the SPM analysis, pink shade vertical line, shows a region of significance at around 15 to 
25% of the stance phase, here the fabella group has a lower inversion moment in the ankle than the control group, 
before the peak inversion moment happens. For the peak analysis, a Wilcoxon paired test was applied to assess 
the significance of the differences, with a p-value of less than 0.05 considered significant. Significance is achieved 
when SPM {t} exceeds its critical value, this is depicted by the red dashed horizontal lines in the bottom figure. 
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4.3.3 Detailed differences in joint angles and moments 

In this section, all differences in joint angles and moments between the fabellae and 

control groups are discussed. Peak analyses for each joint are presented first, followed 

by SPM analyses (Supplementary Tables S4-S13). Results for both analyses, across 

all activities, can be found in supplementary Tables S13-S15) and Figures S14-S19. 

4.3.3.1 Hip joint results 

4.3.3.1.1 Peak Analyses 

There were significant differences in hip kinematics and kinetics in the sagittal plane 

during both running and walking (Figure 28, Table S 7, Table S 8, Table S 10). At initial 

contact when NR and SR, there was significantly decreased hip flexion (HF1) in 

individuals with fabellae. (Figure 28, and Table S 7; RN median: fabellae = 35.4°, 

control = 43.7°, U statistic = 3, p < 0.05; RS median: fabellae = 33.8°, control = 40.2°, 

U statistic = 7, p < 0.05). 

The hip extension moment after the initial contact (HEM1) during FR was also 

significantly lower in the fabella group (Figure 28, and Table S 8, FR median: fabellae 

= -1.014 Nm/kg, control= -1.534 Nm/kg, U statistic = 47, p < 0.05). 

Across all walking speeds, the hip flexion moment during late stance (HFM2) 

consistently showed higher values in the fabella group compared to the control group 

(Figure 28, and Table S 10; FW median: fabella = 1.109 Nm/kg, control= 0.908 Nm/kg, 

U statistic = 55, p<0.05; NW median: fabella = 0.897 Nm/kg, control=0.738 Nm/kg, U 

statistic = 55, p<0.05; SW median: fabella = 0.677 Nm/kg, control=0.566 Nm/kg, U 

statistic = 48, p<0.05). 



138 

 

4.3.3.1.2 SPM Analyses 

The ROS in the SPM plots confirmed the results from the peak analyses of NW in hip 

flexion moment during late stance (~78-88% of stance phase): individuals with fabellae 

had an increased hip flexion moment (Figure 28, and Figure S 9; t* = 3.648, p = 0.02). 

SPM analyses found no other differences in hip angles and moments in sagittal and 

frontal planes. 

4.3.3.2 Knee joint results 

4.3.3.2.1 Peak Analyses 

During SW, the peak knee flexion at toe off (KF2) was significantly lower in the fabella 

group (Figure 28, Table S 9; SW median: fabellae = 32.6°, control= 35.5°, U statistic 

= 6, p < 0.05). The peak analysis did not reveal other significant differences in knee 

kinematics or kinetics. 

4.3.3.2.2 SPM Analyses 

The fabella group exhibited a decrease knee adduction moment (Figure S 7, t = 3.779, 

p < 0.05) at approximately 90% stance phase, during the propulsion period in the NR 

trials (Figure 28). No other differences in the knee were detected in SPM analyses. 

4.3.3.3 Ankle joint results 

4.3.3.3.1 Peak Analyses 

During the late stance in both FR and NR, the peak plantarflexion (AP1) was greater 

for the fabella group (Figure 28 and Chapter 4. Biomechanical effects of fabella in 

human locomotion 
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Table S 7, FR median: AP1 fabella = -23.2º, control= -16.0º, U statistic = 7 p<0.05; NR 

median: AP1 fabella= -21.7º, control= -14.4º, U statistic = 5, p<0.05). 

During FR at ~15% to 25% of the stance phase (AE1): the fabella group exhibited 

significantly less ankle eversion (FR median: AE1 fabella = -15.1º, control= -19.1 º, U 

statistic = 56, p <0.05). Additionally, for FR and SR at ~35 to 45% of the stance phase, 

the fabella group had a decreased ankle inversion moment (Figure 28 and Table S 8, 

AIM1 FR median: fabella= 0.21 Nm/kg, control=0.46 Nm/kg; U statistic = 5 p<0.01; SR 

median: fabella= 0.17 Nm/kg, control=0.233 Nm/kg, U statistic = 10, p<0.04). 

4.3.3.3.2 SPM Analyses 

Over a small region ~95% of the stance phase, the fabella group exhibited greater 

ankle dorsiflexion during NR (Figure 28 and Figure S 4; t = 3.193, p < 0.05). In the 

frontal plane during SW, the ankle was significantly less everted in the fabella group 

from 95% of the stance phase to toe off (Figure 28 and Figure S 10; t = 3.464, p < 

0.05). 

The fabella group also demonstrated a lower ankle inversion moment between ~15-

25% of stance phase during FR (Figure 28, Figure S 7; t = 3.648, p < 0.05). 
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4.4 DISCUSSION 

4.4.1 Fabella effects during running 

Our results confirmed the GL was less active in individuals with fabellae during both 

FR and NR compared to controls (Table 25), supporting the idea that the fabella 

enhances GL efficiency by providing increased mechanical advantage. This reduction 

in muscle activation was accompanied by marked differences in joint kinematics and 

kinetics. 

In the biomechanical analyses, three key differences in the ankle angles and moments 

in the frontal plane were observed between the fabella and control groups. First, the 

peak ankle eversion angle (AE1) was significantly lower for the fabella group 

compared to control individuals, occurring around 15-25% of stance phase during FR 

(Table 25). Second, during the same phase, the ankle inversion moment was 

significantly reduced in the fabella group during FR (Figure 23). Finally, the peak ankle 

inversion moment (AIM1) was significantly lower for the fabella group during FR, 

occurring immediately after AE1 (~25-45% of stance phase, Figure 23). These findings 

demonstrate the presence of the fabella alters the biomechanical profile of the ankle 

during running, likely due to changes in GL activation. 

The gastrocnemius plays a critical role in knee and ankle joint stabilisation during 

running. Specifically, the gastrocnemius contracts eccentrically during the absorption 

phase to control forward tibial movement and stabilise the ankle [291]. This phase 

involves dorsiflexion and foot pronation, which are associated with hindfoot eversion 

[290]. The reduced GL activation in individuals with fabellae may lead to a less inverted 

ankle angle and decreased inversion moment during this phase. 
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Additionally, peak analyses revealed a significantly higher hip extension moment 

(HEM1) during FR in the fabella group (~5-10% of stance phase, Table S 8). This 

finding can be attributed to the kinetic chain effect, where changes in ankle and foot 

motion influence the mechanics of the entire lower limb [290]. For instance, reduced 

eversion in the fabella group could alter hip mechanics, resulting in the observed 

increase in hip extension moment. 

In NR and SR, peak analysis further revealed a significantly reduced hip flexion angle 

at initial contact in the fabella group (Figure 28 and Figure S 4). The GL active at the 

end of the swing phase and continues through the stance phase (until 80% of the 

stance phase is complete) during running [286]. At the time of initial contact, the 

gastrocnemius undergoes a rapid eccentric contraction as rapid dorsiflexion occurs in 

the ankle joint [292]. If lower GL activation is also happening in the swing phase for 

individuals with fabellae, it is possible this could cause the hip joint to be more 

extended during initial contact.  

Despite lower peak activation of GL in FR and NR, there was an increase in maximum 

ankle plantarflexion for the fabella group at toe-off during FR and NR (Chapter 4. 

Biomechanical effects of fabella in human locomotion 

Table S 7). Although the GL is not very active at this time, it suggests that changes in 

the ankle sagittal plane are incremental for the fabella group. This greater 

plantarflexion may suggest a stronger push-off, meaning that a slightly greater force 

is generated against the ground by the gastrocnemius, which might help propel the 

body forward more efficiently. This could be a beneficial fabella effect because despite 

individuals with fabellae having lower GL muscle activation, they demonstrated greater 

plantarflexion at toe-off when running. 
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This contrasts with the reduced ankle eversion and inversion moments for individuals 

with fabellae. These ankle movements in the frontal plane are complex and linked to 

foot mechanics, pronation and supination, which involve the talocrural joint. To gain a 

better understanding of these movements, a more detailed marker set would be 

required, which was not used in this study. Consequently, it remains to be explored 

whether these changes are beneficial, detrimental or neither to running biomechanics. 

4.4.2 Fabella effects during walking and hopping 

There were no differences in muscles activations during walking, differences in joint 

angles were found (Figure 28 and Figure 29). Distinctive roles of the gastrocnemius 

muscle during walking gait can potentially explain differences in joint angles and 

moments between the fabella and control groups. Differences in joint angles during 

walking may suggest noise in the data, fabellaôs function may be different in walking 

and running or other covariant factors not considered here. 

In the two-legged hop task, it was not observed any intergroup differences (Error! 

Reference source not found., Figure 28, Table S 15, and Figures S 18- 19) despite 

the wave forms for two-legged hopping and running sharing many mechanical 

similarities [281] (running profiles: Figure S 4, and hopping profiles: Figure S 12). 

Notable differences in hip movement in the sagittal plane are apparent between the 

running and hopping tasks. The hip slightly flexes in the middle of the contact phase 

of hopping, whereas the hip moves from a flexed to extension during the stance phase 

of running (Figure S 4, and Figure S 12). Hip motion is therefore more constrained 

during two-legged hopping compared to running, where the hip is less constrained 

[293,294]. 
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The two-legged hopping relies on the stretch-shortening cycle, emphasising 

symmetrical and repetitive elastic recoil mechanisms that distribute effort across 

muscle groups [294], as both legs are symmetrical and simultaneously active [295]. 

With running, active muscle contractions play a more prominent role in force 

production and propulsion [286,291,292]. Consequently, hopping relies less on the GL 

than running. This, along with the fact that the fabella may not be articulating with the 

lateral femoral condyle when the knee is bent during hopping, could imply the fabella 

is not increasing the GLôs mechanical advantage, or the fabellaôs role is obscured by 

the dominance of elastic energy mechanisms during hopping. 

4.4.3 Evolutionary implications: Why is running the only model of locomotion affected by 

the fabellaΩǎ ǇǊŜǎŜƴŎŜ? 

The reduction in GL activation during running (FR and NR), but not walking or hopping, 

highlights the importance of the fabella in running. Running requires substantial 

propulsion and energy storage, placing greater demands on the GL through the 

stretch-shortening cycle[292,296]. These demands are less pronounced during 

walking, where movement operates within a pendulum-like framework [297]. The 

fabellaôs role in reducing GL activation aligns with these heightened demands. 

Evolutionarily, the fabella may represent a previously unrecognized adaptation to 

running. The ñendurance running hypothesisò posits the ability to run long distances 

for prolonged periods of time played a pivotal role in shaping human anatomy, 

physiology, and evolution [298,299]. While the effect of the fabella on endurance 

running was not investigated here, the fabellaôs contribution to reducing GL activation 

may have helped long-distance running by decreasing energy demands for this 
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muscle. If true, having a fabella could have been a key evolutionary advantage for 

early hominins. 

Research further suggests that minimising muscle activation, rather than metabolic 

cost, is a fundamental optimisation strategy in human locomotion [300ï303], as 

muscle activation reduction would decrease muscle fatigue [300]. A running study was 

conducted where three simulations were run where cost of transport (CoT), total 

muscle activation and total muscle stress were minimized. The simulation that 

minimised muscle activation predicted the most realistic joint angles and timing of 

muscular activity [301], suggesting humans may be aiming to minimize muscle 

activation during locomotion. Results have been corroborated for walking [300], 

hopping [302] and cycling [303]. Therefore, decreased muscle fatigue during 

endurance running might have been a selective factor working on fabella presence, 

aiding in the evolution of the fabella in hominins (see Chapter 2: The evolution of the 

knee sesamoids in Primates: A systematic review and phylogenetic meta-analysis). 

4.4.4 Limitations 

This study investigated the biomechanical effects of the fabella on the human 

movement but has limitations. We chose to analyse our data in two ways, using peak 

values and SPM analyses. As peak analyses do not account for temporal variability in 

biomechanical measurements, but SPM analyses do, we would not necessarily expect 

the two analyses to yield identical results. This inconsistency has been reported in 

previous studies [306ï308], where discrepancies can be attributed to the variability in 

the timing of peak events [306,307]. As the timing of a peak event becomes more 

variable, results from the two analyses will diverge more [306]. The use of both 

approaches to analyse biomechanical data is recommended, as they are 
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complementary [306,307]. It can, as seen here, make the results more difficult to 

interpret. 

Another limitation of this research is that it did not account for other musculoskeletal 

anatomical differences that may covary with fabella presence/absence. Factors such 

as fabella size and location, which can influence its biomechanical role, were not 

analysed. As mentioned in Chapter 1 of this dissertation (Section 1.4 Posterior knee 

sesamoids in humans), fabella presence has been associated with distinctive 

anatomical features [77], such as the presence of a double-headed popliteus, which 

could potentially impact its effects in human motion biomechanics. Future studies 

should incorporate these variables to better understand the broader anatomical and 

functional relationships influencing fabella biomechanics. 

It is possible that the sample size may have prohibited the identification of other 

differences between the fabella and control groups. Additionally, the marker-based 

motion capture and wireless EMG technology used, while effective, have inherent 

limitations in detecting subtle changes in muscle activation, and joint kinematics and 

kinetics.  

Other variables not considered for this study have confounded, or even masked the 

effects of the fabella. For example, physical health and running strike patterns of 

participants were not considered in this study [312]. Additionally, ankle and hip 

angles during running can be affected by the speed variability. As running speed 

could have contributed to differences in joint angles and moments, this should be 

considered in future studies.  
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4.5 CONCLUSIONS 

In summary, according to our hypotheses, I did find a lower peak activation of GL in 

FR and NR in individuals with fabellae, suggesting that the fabella is offering a 

mechanical advantage to the GL during running. We also found differences in joint 

angles and moments in FR and NR that can be explained because of this fabellae 

function, even though no changes were expected in joint kinematics and kinetics. 

Additionally, the walking trials did not find any effect on the GL muscle due to the 

fabella mechanical advantage role. Difference were found, however, in joint angles 

and moments. This suggests either that any fabella effects on walking are 

considerably lower, or that covariants not considered in this study could explain these 

differences unrelated to fabella effects. 

Even though hopping shares mechanical similarities with running, our study did not 

find fabella effects related to its mechanical advantage function. This suggests that 

fabella function as a mechanical advantage to the gastrocnemius might happen under 

certain conditions like running. Hopping simply does not offer the conditions for the 

fabellae to perform this function. 

Our result suggests that fabellae effects related to conferring a mechanical advantage 

are more evident in certain modes of locomotion than others, due to the mechanics of 

each one. We hope, then, that this study can serve as a reference for future studies 

related to fabellae and function. 

The implications of fabellae having a mechanical advantage to GL during running are 

especially relevant to human evolution. On one hand, I suggest that morphological 

and physiological changes to triceps surae related to human bipedalism and 
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endurance running might create the mechanical stimuli necessary to trigger a unique 

developmental pathway of fabella in humans. On the other hand, I propose that once 

fabella is present and provides a role of mechanical advantage to the gastrocnemius, 

this sesamoid could be selected as an advantage trait for endurance running. 

All peak analysis results (with one exception) agreed with the differences found by the 

SPM analysis. However, additional differences were identified in other gait speeds or 

other variables, with significant dissimilarities not seen by the SPM analysis. This 

suggests two important things: first, a higher statistical power is needed to fully 

understand the effects of fabella in other locomotor modes than running; and second, 

if SPM is used as an analysis method, it may require additional analyses to determine 

whether the effects of fabella are related to the timing or magnitudes of the 

biomechanical data. 

Finally, this study provides valuable data for future research in fabella biomechanical 

effects in human locomotion and as a reference to other studies about the function of 

other sesamoid bones in humans and non-human primates. At the same time, it also 

highlights the importance of studying sesamoids and their relationship with function 

and evolution. Sesamoids are important elements that can help to develop better 

hypotheses regarding the evolution of any species. 

We recommend future research related to finding fabella presence in the hominin fossil 

record, through possible indentation marks left in the posterior part of the femoral 

condyle. This can help a better understanding of sesamoid evolution and human 

bipedalism. Additionally, research projects with the aim of understanding the 

development pathway of fabella in humans, and whether this differs from other primate 

species, could shed light on the origin and development of sesamoids and their 
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relationship with function. Future studies of fabellaôs biomechanical role should 

consider subject specific anatomic modelling for more in depth understanding.  
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5 GENERAL CONCLUSIONS 

5.1 FABELLA EVOLUTION AND BIOMECHANICS IN HUMANS 

Understanding the biomechanical function of the fabella in humans holds significant 

importance for two primary reasons. Firstly, the increasing frequency that has been 

demonstrated in the last 100 years (~3.5 more common) [9]. Secondly, the presence 

of this sesamoid has been linked to various knee ailments, such as knee osteoarthritis 

and fabella syndrome, and can also lead to medical complications such as fractures 

or dislocations. Despite the common practice of fabellectomies to address problematic 

fabellae, there exists no comprehensive understanding of the impact of fabellae on 

human biomechanics. Hence, it is imperative to investigate whether the fabella offers 

any mechanical advantages and to study potential adverse effects that may arise if 

fabellectomies become a standard treatment. 

Simultaneously, like any other sesamoid, the fabella possesses a phylogenetic history, 

the understanding of which within the primate order can provide insights into its 

function in humans. For instance, a study suggesting the possible mechanical 

advantage conferred by the fabella found that it is present in cercopithecines, variably 

present in lesser apes, absent in great apes, and variably present in humans[4]. This 

implies that selection may have been acting against fabella presence in non-human 

hominoids, and for fabella presence in humans. In addition, the presence/absence of 

fabella can be associated with primate taxa with certain types of locomotion. 

Therefore, the primary objective of this thesis is to ascertain the biomechanical effects 

of the fabella on human movement and to elucidate its evolutionary history and its 

relationship with a locomotor function within the primate order.  
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5.2 DISCUSSION OF RESULTS 

5.2.1 Fabella and other posterior knee sesamoids evolution within primates  

To comprehend the evolution of the fabella, it is imperative to consider the cyamella 

and lateral fabella, the other potential posterior knee sesamoids present in the primate 

order. Fabella and cyamella not only share the posterolateral corner of the knee but 

have also been linked to a common evolutionary origin by several theories [23,313] 

Furthermore, the co-occurrence of medial and lateral fabellae has been noted in 

various primate taxa [21,22]. Consequently, our investigation delves into the 

evolutionary history of knee sesamoids in primates and explores the relationship 

between sesamoid presence/absence and modes of locomotion. 

Although previous studies have examined the presence/absence of knee sesamoids 

in existing primate taxa [4,21,22,45,313], no recent research has been carried out 

using phylogenetic comparative methods to better understand the evolutionary history 

and to hypothesise possible locomotory functions associated with these sesamoids. 

We conducted research based on the latest model for the origin of sesamoids, which 

consists of recognising that sesamoids can be intratendinous elements that can attach 

to long bones, or can emerge by detaching long bones at the ontogenetic or 

phylogenetic level [18]. 

Our findings reveal that posterior knee sesamoids are prevalent in most primate 

families but are largely absent in apes, indicating a highly conserved evolutionary 

trajectory. Interpretation of the observed pattern of sesamoid presence/absence in 

primates, like other sesamoids, has been divided into two opposing views: functional 

adaptations [21] versus shared phylogeny [22]. For example, Juoffroy [21] proposed 
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that the presence of both fabellae (medial and lateral) in lemuriforms, tarsiers, and 

galagos might be associated with the extensive development of the gastrocnemius 

muscle and distinctive locomotion characterised by jumps and rapid movements, as 

opposed to lorisids, which lack fabellae and exhibit reduced gastrocnemius correlated 

with slow locomotion. However, our phylogenetically informed statistical analysis for 

each knee sesamoid of extant primate taxa indicates that fabellae and cyamella are 

highly conserved, and their presence/absence pattern is not associated with a 

particular mode of locomotion. 

Although Juoffroy [21] and Frey [22] observed a coincident development of the medial 

and lateral fabellae, no hypotheses have been proposed about their possible common 

origin. Instead, more attention has been directed toward the potential close 

relationship between the lateral fabella and the cyamella, as suggested by Pearson 

and Davin's hypothesis [313] of the coupled origin of these sesamoids in tetrapods. 

Consequently, we anticipated a coincidental development of fabella and cyamella, but 

not between medial and lateral fabellae. However, our analysis revealed a clear 

statistically significant coincidental development of medial and lateral fabellae in 

primates, which was not observed for fabella and cyamella. This suggests a shared 

developmental/genetic pathway between fabellae but a different one with cyamella, at 

least within the primate order. 

At the same time, our findings highlight a significant decoupling phenomenon in the 

evolutionary pathway of fabellae within the Hominoidea family, particularly the lateral 

fabella in humans. While a strong correlation between medial and lateral fabellae 

presence is observed across most primate taxa, indicating their co-occurrence, Homo 

sapiens and certain other Hominoidea (e.g., Nomascus leucogenys) exhibit the unique 
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presence of a lateral fabella without a medial counterpart. This decoupling aligns with 

F¿rst ôs hypothesis of distinct developmental pathways for the two fabellae, supported 

by anatomical observations that the lateral fabellaôs development is tied to the 

fabellofibular ligament, whereas no equivalent structure exists for the medial fabella. 

These results highlight the complexity of sesamoid development in primates and 

prompt further investigation into whether such decoupling phenomena appear outside 

the Primate order. 

Furthermore, our fitting of evolutionary models showed that it is easier to gain than to 

lose knee sesamoids, consistent with their high conservation. However, while fabellae 

are absent in most hominoid families, they are easily acquired in humans. Our findings 

suggest that once these sesamoids evolve, they are difficult to lose. These results 

suggest within the dynamic model context proposed by Abdala et al. [18], that it is 

easier for an epiphysis or apophysis to become a fabellae in primates, than for the 

fabellae to become an epiphysis. Although our results do not test the dynamic model, 

we suggest that it is not easy for all epiphyses, apophyses and detached sesamoids 

to transform into each other, and that not all sesamoids follow the same evolutionary 

pathways. 

Despite the lack of correlation between the presence/absence pattern of knee 

sesamoids and the mode of locomotion, we do not imply that sesamoids lack 

biomechanical function. Rather, we suggest that there is no direct correspondence 

between sesamoid biomechanical function and locomotion mode, necessitating more 

detailed studies on the functional roles of each sesamoid. For instance, there is 

variability in the location of medial/lateral fabellae, as in quadruped mammals, where 

they are situated superior and medial/lateral to the femoral condyles, whereas in 
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humans, the lateral fabella can be found posterior to the femoral condyles [218]. These 

future detailed studies should be specific to primate species, allowing for later broader 

hypotheses about their functional evolutionary significance to be formulated and 

tested. 

5.2.2 Using portable ultrasound to detect fabella 

Fabella prevalence studies in humans typically rely on retrospective analyses utilising 

clinical records, including X-rays, CT scans, or MRIs, to ascertain fabella presence. 

While leveraging existing data offers a cost-effective approach to data collection, these 

imaging methods primarily serve to investigate knee problems, introducing sample 

bias due to the association of fabellae with various knee ailments [9]. To address this 

limitation, this study used a portable handheld ultrasound device to identify the 

presence/absence of fabella in a healthy population in London. 

The ossified fabella prevalence rate of the sample studied was 17.33%, aligning with 

the median of 17.21% calculated for Europe in 2018 using X-ray imaging by 

Berthaume et al. [8]. This agreed with the X-ray median, a lower prevalence rate than 

the dissection median (34.27% for Europe in 2018). This agreement between 

ultrasound, ours, and X-ray makes sense because both methods are detecting ossified 

fabellae. Agreement in prevalence rates is crucial as it validates fabella rates 

calculated for the European region in meta-analysis. Given the random sampling and 

the participants' declaration of being free of musculoskeletal injuries at the time of the 

scan, this study adds credibility to the findings. Conversely, a recent study in 

Switzerland reported a prevalence rate of 30% using CT scans as the identifying 

method [72]. The notable disparity in prevalence rates between this investigation and 

our own can be attributed to variations in the mean age of the study samples. 
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Specifically, the study by Hauser et al. [72] involved an older cohort, with a mean age 

of 75.8 years, compared to our study's mean age of 31.3 years. Given that fabella 

prevalence tends to rise with advancing age, it follows that older individuals are more 

likely to exhibit fabellae [8]. 

While some studies have investigated factors such as sex, ontogeny, and regional 

variation in fabella prevalence rates, a recent meta-analysis has found that these rates 

are influenced by genetic and environmental factors [8,9]. For instance, the high 

prevalence of bilateral cases in humans and geographic variation in ossified fabella 

prevalence rates suggest a genetic influence on fabella formation [8]. However, sexual 

dimorphism in ossified fabella prevalence (more common in men) and the positive 

correlation between ossified fabella prevalence rates and age suggest environmental 

control over fabella ossification [8]. Nevertheless, this study did not find significant 

effects of sex, ethnicity, age, and height on fabella prevalence rates. This is not 

uncommon for studies with small sample sizes (e.g., these studies did not find sexual 

dimorphism in fabella rates [9,238,239]). Additionally, this study lacked diversity in 

terms of ethnicity, with 60% of participants being European, which likely limited the 

ability to identify a relationship between ethnicity and fabella prevalence rates. 

Moreover, I found that females with one fabella had an equal chance of having another 

or not, whereas males with at least one fabella had a higher likelihood of presenting 

the sesamoid in the other knee. Previous reports have shown an even distribution of 

bilateral and unilateral cases among sexes [9,71,86,237,244]. Therefore, this finding 

could be attributed to our limitation in identifying less dense fabellae, indicating that I 

may have missed unilateral cases in males or bilateral female cases by identifying 

only one fabella. 
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In summary, studying fabella presence in a healthy population using handheld portable 

ultrasound devices opens opportunities to better understand the function of this 

sesamoid and its impact on musculoskeletal health in humans. Importantly, this 

research can be extended to any other sesamoid present in humans and accessible 

through ultrasound techniques. 

5.2.3 Fabella effects in the biomechanics of human locomotion 

Several functions have been attributed to the fabella in humans, with mechanical 

advantage being of great importance within the context of increasing worldwide 

prevalence rates and associated knee ailments linked to the presence of fabellae [8,9]. 

Consequently, understanding biomechanical effects of fabella related to functions 

becomes crucial to anticipate potential long-term consequences, particularly given that 

fabellectomies are a treatment course when the sesamoid becomes problematic, 

despite the absence of reported negative consequences post-operation [92]. 

Historically, patella excisions, or patellectomies, were performed as part of the 

treatment of certain knee ailments. At that time, despite the patella being a consistently 

present sesamoid, its functions were largely unknown, and the consequences of this 

treatment were underestimated. As reported in The Lancet, patellectomies were 

carried out based on empirical practices rather than a thorough understanding of the 

biomechanical consequences that such practices could entail [263]. Presently, the 

functions of the patella are well understood, and patellectomies are considered a last 

resort for orthopaedists, a practice also extended to the veterinary field. In contrast, 

despite a study reporting no negative consequences in patients who underwent 

fabellectomies after a 21+ month follow-up [92], a comprehensive understanding of 

fabella functions is necessary to predict potential long-term consequences. 
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It has been suggested that the fabella offers a mechanical advantage similar to that of 

the patella [8]. This implies that the fabella increases the moment arm of the tendon 

of the lateral gastrocnemius, thereby altering the amount of force generated by this 

muscle to produce a specific moment. Consequently, the presence of the fabella may 

alter the pattern of muscle activation of the gastrocnemius and other lower limb 

muscles, thereby affecting the locomotor energy required for certain movements 

compared to individuals without fabellae. Similar to the patella, which offers a greater 

mechanical advantage when the knee is close to extension [144,252], the fabella may 

only increase the moment arm of the gastrocnemius when the knee is straight or near 

it. Based on the function of gastrocnemius, having a greater contribution to knee 

moments when this is close to extension [314]. Additionally, as the gastrocnemius is 

a biarticular muscle that crosses the knee and ankle joints and is responsible for 

plantarflexing the foot, the ankle angle may also affect the increase in the moment arm 

of the gastrocnemius. 

Therefore, the aim of this study was to investigate the mechanical advantage offered 

by the fabella by analysing its effects on human gait during walking, running, and the 

two-legged hop. To achieve this, it was quantified the kinematics, kinetics, and muscle 

activation patterns of individuals with and without bilateral fabellae during walking and 

running at different speeds, as well as during hopping. The two-legged hop was 

chosen because it potentially offers a greater opportunity to observe the 

biomechanical effects of fabellae, given the high engagement of the gastrocnemius in 

this activity and the movement's requirement of the knee to be in extension or close to 

it with significant plantarflexion. I hypothesised that no differences in the kinematic and 

kinetic parameters of the activities tested would be observed between the fabella and 
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control groups. However, I expected to observe lower muscle activation of the lateral 

gastrocnemius in individuals with fabellae compared to those without it. 

Two types of analysis were used to identify differences between the fabella and control 

groups: the SPM approach, which allows for the analysis of full-wave biomechanical 

time-series variables, and traditional peak analysis. While all differences found by 

SMP analysis were also confirmed by peak analysis, except for one, as long as the 

region of significance of SPM corresponded to a peak region of analysis. However, 

more differences were found by the peak analysis and not shared by the SPM analysis. 

These results are complementary but make the results more difficult to interpret. 

Furthermore, it was found that only the maximum activation pattern was significantly 

lower in the gastrocnemius muscle in the fabella group during FR and NR but not at 

other speeds, during walking gait, or during hopping, nor in the SPM analysis. 

Therefore, these results highlight that the fabella is offering a mechanical advantage 

to the GL during running and not in walking and hopping. 

Moreover, no differences were expected in joint angles and moments between groups 

in any of the locomotor modes and speed conditions of gait trials. However, in the fast-

running trial, consistent differences were observed in the ankle angle and moments in 

the frontal plane, which could be attributed to a less active gastrocnemius in individuals 

with fabellae. During the first half of the stance phase, the gastrocnemius functions to 

evert the hindfoot to absorb shock, and it was found that the fabella group exhibited a 

less everted ankle angle during this time and a significantly lower inversion moment. 

Although these differences might not be beneficial, they might also not be detrimental. 
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At the same time, an increase in ankle plantarflexion was found to be significantly 

higher for the fabella group than the control group during FR and NR, despite the lower 

peak activation of GL in the fabella group. This greater plantarflexion could indicate a 

stronger push-off and might help to propel the body forward more efficiently. Thus, it 

is possible that these fabella effects could be beneficial for the mechanics of running. 

However, consistent differences were not found in other running speeds; for example, 

normal running showed a significantly lower muscle activation pattern in the 

gastrocnemius muscle in individuals with fabellae, but no differences were found in 

ankle angle and moments. Conversely, slow running did not show a significant 

difference in muscle activation pattern, but a significant difference in ankle angle in the 

frontal plane was observed. 

In the case of walking, there were differences between groups in joint angles and 

moments but in lower numbers than during running. It is important to notice that no 

fabella effect was found in muscle activation during walking. This makes difficult to 

attribute these differences to fabella. Similarly, no differences were found in the 

kinematic, kinetic, and muscle activation pattern during hopping in both analyses used: 

peak analysis and SPM analysis. This is despite hopping and running, having similar 

knee and ankle angles and moments in the sagittal plane. 

The lack of fabella effects on muscle activation during walking and hopping may be 

attributed to differences in their mechanics. Consequently, the fabellaôs role in 

providing a mechanical advantage appears diminished in these activities. Differences 

in joint angles and moments during walking could suggest data noise, a distinct 

function of the fabella in walking versus running, or the influence of unaccounted 

covariate factors. The absence of differences during hopping may result from the 
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reduced reliance on GL, the lack of fabella articulation with the femur when the knee 

is bent, or the dominant role of elastic energy mechanisms in this movement.  

The reduction in GL activation during running, but not walking or hopping, suggests 

the fabella plays a crucial role in running mechanics. Running demands greater 

propulsion and energy storage, relying heavily on the GL through the stretch-

shortening cycle, whereas walking follows a more pendulum-like movement pattern 

with lower muscular demands. The fabellaôs function in reducing GL activation aligns 

with these increased demands, indicating it may contribute to running efficiency by 

decreasing muscle workload. 

From an evolutionary perspective, the fabella could represent an adaptation to 

endurance running. The endurance running hypothesis suggests that the ability to 

sustain long-distance running was a key factor in human evolution [298,299]. Although 

this study did not directly examine the fabellaôs impact on endurance running, its role 

in reducing GL activation may have helped early hominins conserve energy and delay 

muscle fatigue. Research indicates that minimizing muscle activation, rather than 

metabolic cost alone, is a key optimization strategy in human locomotion, as reduced 

muscle activation lowers fatigue [300ï303]. This principle has been supported by 

simulations and studies on running [301], walking [300], hopping [302], and cycling 

[303]. Consequently, the ability to decrease muscle fatigue during endurance running 

may have been a selective factor influencing on fabella presence, helping in the 

evolution of the fabella in hominins. 

In summary, this study higlights that the fabella has a role in offering mechanical 

advantage to gastrocnemius mostly during running and this has effects on the 

kinematics and kinetics. However, further research is needed to elucidate the effects 
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of fabellae on walking and hopping activities. Interpreting our results within the 

evolutionary context of humans can lead us to create hypotheses and to understand 

better the evolutionary process. Additionally, our results have clinical implications. For 

example, further modelling research subject specific (e.g. forward dynamics 

simulation) can be performed using these data collected to investigate more in detail 

possible long-term consequences of excising a fabella, especially in elderly 

populations. 

5.2.4 Fabella evolution in humans and association with triceps surae morphology and 

function 

Comparing the triceps surae group, gastrocnemius and soleus muscles, which 

humans and gibbons share with other of the most cursorial species, humans have a 

larger external Achilles tendon in comparison to other non-human apes like Pan and 

orangutans [304,305]. Interestingly, gibbons performed a bipedal locomotion that often 

is very fast and bouncing [305,306], although this locomotor mode should be classified 

as ógrounded runningô as there is no aerial phase in this bipedal cycle [307]. It used to 

be believed that humans and gibbons sharing a óshort-fibred-long-tendonô triceps 

surae along with the bipedal locomotion, was related to an energy saving mechanism 

allowing the gibbon to have a more energy-efficient locomotion (e.g. [305,308ï310]). 

However, recent analysis of several species of gibbons has calculated the energy 

recovery for their Achilles tendon as 7.5% of the required external positive work per 

stride [307], this compares with 35% for humans [311]. This study also performed a 

comparative analysis of the muscle tendon unit of the triceps surae among species of 

non-human apes, humans, and species of the cercopithecidae family, observing that 

a long Achilles tendon and relatively short-fibred muscle group (triceps surae) was 
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present in all extant species of cercopithecidae analysed [307]. Therefore, an 

alternative hypothesis proposes that a óshort-fibred-long-tendonô triceps surae is an 

ancestral morphological trait, instead of a specialised character developed under 

selective pressure [307]. 

Aerts and colleagues [307] argued that a long-fibred gastrocnemius and short Achilles 

tendon facilitate the muscular control for arboreal locomotor modes that characterise 

all large-bodied extant non-human Hominidae [304,312]. Similarly, lorisines also have 

a short Achilles tendon and have a cautious and slow arboreal clambering [313ï315] 

like great apes. Interestingly, we found in our study of the evolution of knee sesamoids 

in primates that both fabellae, medial and lateral, have ubiquitous presence in primate 

species, but these sesamoids are absent in great apes and most of the species of 

Nycticebus (slow lorises) [268]. Therefore, it appears that the absence of both fabellae 

is linked to a triceps surae morphology of ólong-fibred-short-tendonô, and the presence 

of both fabellae is correlated with long Achilles and short fibred triceps surae. 

If we follow to Aerts et alôs [307] propositions, along with our additional findings about 

fabellae presence/absence in primates, this would imply that medial and lateral 

fabellae appearance in primates is associated with a widespread triceps surae 

morphology and a wide range of locomotor modes; only a specific muscle morphology 

and type of locomotion leads to the absence of medial and lateral fabellae in primates. 

In the case of gibbons and humans, despite the triceps surae morphology being 

considered the ancestral state, according to Aerts et al [307] the trait of a long Achilles 

tendon with short-fibred muscles reappears in the stem hylobatids and in humans 

independently. 
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Based on our evolutionary models of medial and lateral fabellae, being mostly absent 

in Hominoidea and Nycticebus but present in some species of hylobatids, and only 

lateral fabella present in humans, the simulation of the best-fitted hidden rate model 

(HRP), shows consistently two evolutionary pathways for fabellae, one, followed by 

Hominoidea and Nycticebus, and the other followed by the rest of the primates [268]. 

However, this model has high levels of uncertainty in Hominoidea and Nycticebus, 

with frequent transitions between the presence and absence of medial and lateral 

fabellae [268]. 

If we combined our findings on the evolution of knee sesamoids in primates with the 

parsimonious hypothesis of triceps surae morphology, we could hypothesise that a 

long Achilles tendon and short-fibred muscles along with medial and lateral fabellae 

presence in Hominoids were reacquired in Hylobates and Homo (only lateral fabella 

for humans). This could explain the variability in medial and lateral fabellae presence 

in the species of hylobatids studied. For example, our research showed that fabellae 

is not present in all species of hylobatids studied, some species have medial fabella 

and not lateral, and vice versa only in one species (Error! Reference source not 

found. and Error! Reference source not found. of Second Chapter). There is an 

intraspecific variability of ossified fabella presence, ranging fabellae prevalence from 

25% to 100% (Table S 4). Also, a variability of tissue composition in both fabellae 

(cartilage sesamoids) has been reported in at least two species of hylobatids [22]. 

However, in our study it was not considered any other tissue composition than bone. 

Despite the hypothesised reappearance in humans of an ancestral triceps surae 

morphology, óshort-fibred-long-tendonô (according to Aerts et al [307]), this type could 

be linked with the presence of both fabellae. Humans, the sole primate species to have 
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developed lateral fabellae. Based on evolutionary models, we previously hypothesised 

that the lateral fabella probably has a different developmental pathway in humans, as 

presence of lateral fabella presence is uncoupled from medial fabella, something rare 

in the rest of primate clades [268]. 

It has been demonstrated that sesamoids have a genetic component and, in some 

cases, a strong environmental influence [4,316ï321]. Specifically, the emergence of 

sesamoids in tendons can be related to biomechanical stimulation from movement 

[217,322ï324]. It seems that, in humans, the triceps surae reappeared as óshort-

fibred-long-tendonô and was further improved as an energy saving structured [307]. 

Our results suggest that the lateral fabella may offer a mechanical advantage to the 

gastrocnemius during running. We can hypothesise that bipedalism and endurance 

running might have provided the conditions and mechanical stimuli necessary to 

develop only one fabella in humans. Possibly, these are the conditions necessary for 

this unique evolutionary pathway of fabellae in humans. 

Now, it is important to notice that when fabellae are present, like any sesamoid, they 

may have a diverse range of functions. It is further likely that these other functions 

might not be related to the mechanical stimuli necessary to develop one and/or to 

ossify it. However, we suggest that the possibly distinct lateral fabella developmental 

pathway in humans and its likely important role in conferring mechanical advantage to 

running in a bipedal locomotion, created the environmental factors for only a lateral 

fabella to be present. 

So why, if it gave an advantage to human bipedalism and endurance running, is the 

fabella not always present in humans?. The answer could be that sesamoids are 

skeletal elements with low evolutionary constraints, which allows them to have high 
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evolvability [325]. Sesamoids, phenotypically plastic traits, may respond to 

environmental factors and be influenced by mechanical stimuli [4,8]. 

The fabella prevalence rate has been increasing in the last 100 years and this could 

be related to environmental factors [8]. In this sense, the fibre type composition of 

muscles is similar [326] and the muscle fibre type composition of triceps surae can 

vary depending on the physical activity of individuals. For example, individuals 

reported as nonathletes had an equal proportion of Type I and Type IIa/b fibres, but 

elite sprinters had ~73% Type IIa/b fibres, and long-distance runners present ~70% of 

Type I fibres [327ï329]. A muscle with greater volume of Type I fibres would be 

expected to have higher endurance at the cost of reduced power and strength, and 

vice versa [298]. The latter has been proposed as a musculoskeletal physiology trait 

involved in fatigue resistance adaptations for endurance in humans [298], and fabella 

presence could be part of these traits. 

5.3 LIMITATIONS AND FUTURE WORK 

This research encountered limitations in each of the three studies. The primary 

limitation shared among these studies was the sample size. The ideal sample size 

depends on the type of data collected and the analysis used. In the evolutionary study 

of the three knee sesamoids present in primates, the analysis employed for the 

evolutionary model to estimate ancestral state reconstruction has low statistical power 

when the taxa sampling is fewer than 300 taxa. Our sample size depended on 

published anatomical data of primate taxa, gathering information on knee sesamoid 

presence from a total of 93 primate taxa. We considered ossified knee sesamoids in 

primate taxa and relied on published work to collect data. It is possible, then, that we 

excluded reports of primate taxa presence/absence of these sesamoids, or that we 
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did not include all sesamoid tissue compositions. Additionally, the number of 

specimens reported for each taxon for knee sesamoid presence/absence varies 

widely, limiting our consideration of the presence/absence variable as numerical, like 

a prevalence rate of the fabella in humans. Utilising methods employed for continuous 

variables would offer a more accurate representation than those for discrete traits.  

It is common for fabella prevalence reports in a single population to find no effects of 

demographic factors on fabella prevalence rates. It was not until a systematic review 

gathered published data from a long period and worldwide that age, sex, and height 

were found to influence fabella rates. This explains why this study did not find any 

significance in the demographic factors in the generalised linear logistic regression 

models of fabella rates. Additionally, the constraint on time to recruit participants due 

to the restrictions of the global COVID-19 pandemic was a limiting factor to improve 

sample size. 

It was only identified ossified fabella presence in each knee of participants. Despite 

the ultrasound techniqueôs potential to detect less dense, cartilage, fabellae, this study 

was unable to identify this type of fabella. Several factors influenced the ability of the 

examiner to identify cartilage fabellae, all were related to the expertise and experience 

of the operator. Interpreting the complex anatomy of the posterolateral corner of the 

knee, and distinguishing cartilage fabellae from surrounding soft tissue, demanded a 

high level of proficiency. Conversely, the presence of an ossified fabella was more 

discernible, as cortical bones appeared hyperechoic with an acoustic shadow in the 

image. Despite these challenges, I believe that handheld portable ultrasound devices 

have the potential to explore new avenues of research in human musculoskeletal 

health beyond ailments or injuries. 
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Lastly, in the study of the fabella's effect on the biomechanics of human locomotion, it 

is plausible that the sample size limits the statistical power to find consistent 

differences between the SPM and peak analyses. Simultaneously, the fact that this 

study was a controlled match by sex, age, height, and weight, and is dependent on 

the population's fabella prevalence rate, also limits access to a higher sample size. It 

is likely that several covariants not considered in this study could explain inconsistent 

differences observed in, for example walking trials, and that differences attributed to 

the fabella function effect are not in fact to this. However, this is a first approach to 

understand fabella function in human motion and hopefully our results can be 

considered in future work.  

All things considered, despite the limitations of these studies, all provide valuable data 

and insights regarding fabella evolution and function. It is important that studies with 

access to firsthand anatomical data expressly report the presence/absence of 

sesamoids, as this is vital information to continue research on these skeletal elements. 

This recommendation extends to any species of tetrapods. Regarding investigations 

of primate knee sesamoids, hopefully, this study contributes to further research testing 

hypotheses of evolutionary function. 

Evolutionary hypotheses regarding the origin of these three knee sesamoids have 

been based on observation of the presence/absence in tetrapod taxa. However, our 

study in primates proves that the incorporation of phylogenetic statistical methods can 

be a way to test these hypotheses and elucidate their origin and course of evolution. 

At the same time, this can help to throw light on how these skeletal elements are a 

source of morphological innovation in a relatively conservative tetrapod bauplan. 
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Future research in this regard can include data on soft tissue that has a direct 

relationship with the sesamoid(s) studied and improve the quality of results.  

For the first time, it was conducted a study that had the purpose of identifying fabella 

using a hand-held portable ultrasound in healthy participants, and outside the clinical 

settings. It is recommended the use of this radiation free and non-invasive method to 

continue studying sesamoids in humans, and research regarding the function of 

sesamoids can be expanded outside fabella. Additionally, the low-cost of these 

handheld ultrasound devices creates opportunities for researches outside the clinical 

or sport science field, and makes it necessary that educational guidelines or reference 

catalogues be developed that are not centred on pathologies but reflect variabilities in 

anatomy. This could have a great impact in many fields of biology and anthropology. 

At the same time, exploring machine learning or artificial intelligence algorithms to 

identify complex musculoskeletal structures could help to lower the level of expertise 

needed for the operation of these devices, and would have a huge impact on research 

or telemedicine. 

Future research recommendations about the fabella function offering mechanical 

advantage to the gastrocnemius and implications in human evolution are very 

important. Firstly, exploring fabella presence in the fossil record in hominin evolution 

would give a great insight into the hypotheses of the LCA between Pan-Homo. 

Although identifying these skeletal elements can be extremely difficult in the 

archaeological context, identifying indentation marks in well preserve femoral condyle 

can be a viable option. Examples already reported for fossil primates in lemurs can 

help to do the same with other taxa [315ï317]. To study the developmental pathways 
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of fabella in humans in comparison to other primates would be a direct way of testing 

our hypothesis, and would also help us to understand the evolution of sesamoids. 

Finally, the data generated and accompanying insights into the biomechanical effect 

of the fabella on human movement may inspire continued research to elucidate this 

and other hypothesised functions. Additionally, it is crucial to incorporate the 

advancement of statistical methods and techniques to investigate the complex function 

of the fabella and other sesamoids. 
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6 SUPPLEMENTARY MATERIALS 

6.1 SUPPLEMENTARY TABLES 

6.1.1 Chapter 2. The evolution of knee sesamoids in Primates 

Table S 1.Comparison of evolutionary models using four different time-calibrated trees for primate cyamella. 

Comparison of the fit of different likelihood models simple Mk and hidden rates (HR) models (using fitMk and 
fitHRM), for the evolution of cyamella in primates using for time-calibrated trees and two coding strategies 
(presence and majority dataset). These results obtained within each model between the four different trees shows 
marginal differences in the values of lnL and AICc and supports the decision of using only one time-calibrated tree 
(1: autocorrelated with hard bounds constraints). The four time-calibrated trees used were published by Springer 
et al [167] and correspond to two different relaxed clock models analysis: autocorrelated and independent 
evolutionary rates each ran under two types of constraints analysis hard and soft bounded. We coded the knee 
sesamoid character as present or absent with two coding strategies, sesamoid presence is considered if one 
individual of the species is reported with the sesamoid, or sesamoid presence is considered if 50% or more of the 
species individuals are reported with the sesamoid. The fitzjhon option was used for estimating the initial 
probabilities of each state at the root. Log-likelihood (i.e., natural logarithm, lnL), bias-corrected Akaike information 
criterion (AICc) values, and the number of distinct states that the trait can take (k) are shown for each model. ER 
= equal rates; ARD = all-rates-different; ILM = irreversible loss model; 1HRA = one hidden rate in absence; 1HRP 
= one hidden rate in presence; 1HRCO = one hidden rate covarion; 1HR = one hidden rate; and 2HR = two hidden 
rates. Numbers 1 to 4 after the models correspond to models run under the time calibrated molecular tree: 1 
autocorrelated with hard bounds constraints, 2 autocorrelated with soft bounds constraints, 3 independent with 
hard bounds constraints, and 4 independent with soft bounds constraints. 

Cyamella presence dataset Cyamella majority dataset 

Model lnL AICc k lnL AICc k 

ER-1 -34.452 70.904 1 -33.161 68.323 1 

ER-2 -34.124 70.247 1 -32.851 67.701 1 

ER-3 -34.884 71.768 1 -33.436 68.872 1 

ER-4 -34.884 71.768 1 -33.436 68.872 1 

ARD-1 -31.914 67.829 2 -31.594 67.189 2 

ARD-2 -31.785 67.57 2 -31.421 66.843 2 

ARD-3 -31.454 66.908 2 -31.112 66.224 2 

ARD-4 -31.454 66.908 2 -31.112 66.224 2 
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ILM-1 -36.578 75.157 1 -35.981 73.962 1 

ILM-2 -36.262 74.523 1 -35.669 73.338 1 

ILM-3 -37.322 76.644 1 -36.8 75.6 1 

ILM-4 -37.322 76.644 1 -36.8 75.6 1 

1HRMA-1 -30.306 68.612 4 -27.963 63.926 4 

1HRMA-2 -30.371 68.743 4 -27.821 63.641 4 

1HRMA-3 -30.17 68.341 4 -27.789 63.578 4 

1HRMA-4 -30.17 68.341 4 -27.789 63.578 4 

1HRMP-1 -31.674 71.348 4 -31.303 70.606 4 

1HRMP-2 -31.519 71.039 4 -31.105 70.211 4 

1HRMP-3 -31.335 70.669 4 -30.931 69.863 4 

1HRMP-4 -31.335 70.669 4 -30.931 69.863 4 

2HRMCO-1 -30.076 72.152 6 -27.73 67.459 6 

2HRMCO-2 -29.991 71.981 6 -27.601 67.201 6 

2HRMCO-3 -29.992 71.983 6 -29.992 71.983 6 

2HRMCO-4 -29.992 71.983 6 -29.992 71.983 6 

2HRM-1 -29.695 75.39 8 -27.73 71.459 8 

2HRM-2 -30.077 76.154 8 -27.601 71.201 8 

2HRM-3 -29.942 75.883 8 -27.668 71.336 8 

2HRM-4 -29.942 75.883 8 -27.668 71.336 8 
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3HRM-1 -28.881 85.762 14 -27.261 82.521 14 

3HRM-2 -28.994 85.988 14 -27.109 82.217 14 

3HRM-3 -29.114 86.228 14 -27.277 82.554 14 

3HRM-4 -29.191 86.382 14 -27.271 82.542 14 

Table S 2. Comparison of evolutionary models using four different time-calibrated trees for primate medial 
fabella. 

Comparison of the fit of different likelihood models simple Mk and hidden rates (HR) models (using fitMk and 
fitHRM), for the evolution of medial fabella in primates using for time-calibrated trees and two coding strategies 
(presence and majority dataset). These results obtained within each model between the four different trees shows 
marginal differences in the values of lnL and AICc and supports the decision of using only one time-calibrated tree 
(1: autocorrelated with hard bounds constraints). The four time-calibrated trees used were published by Springer 
et al [167] and correspond to two different relaxed clock models analysis: autocorrelated and independent 
evolutionary rates each ran under two types of constraints analysis hard and soft bounded. We coded the knee 
sesamoid character as present or absent with two coding strategies, sesamoid presence is considered if one 
individual of the species is reported with the sesamoid, or sesamoid presence is considered if 50% or more of the 
species individuals are reported with the sesamoid. The fitzjhon option was used for estimating the initial 
probabilities of each state at the root. Log-likelihood (i.e., natural logarithm, lnL), bias-corrected Akaike information 
criterion (AICc) values, and the number of distinct states that the trait can take (k) are shown for each model. ER 
= equal rates; ARD = all-rates-different; ILM = irreversible loss model; 1HRA = one hidden rate in absence; 1HRP 
= one hidden rate in presence; 1HRCO = one hidden rate covarion; 1HR = one hidden rate; and 2HR = two hidden 
rates. Numbers 1 to 4 after the models correspond to models run under the time calibrated molecular tree: 1 
autocorrelated with hard bounds constraints, 2 autocorrelated with soft bounds constraints, 3 independent with 
hard bounds constraints, and 4 independent with soft bounds constraints. 

Medial Fabella presence dataset Medial Fabella majority 
dataset 

Model lnL AICc k lnL AICc k 

ER-1 -27.566 57.132 1 -22.021 46.043 1 

ER-2 -27.723 57.445 1 -22.237 46.474 1 

ER-3 -27.049 56.097 1 -21.03 44.06 1 

ER-4 -27.352 56.705 1 -21.168 44.337 1 

ARD-1 -22.289 48.577 2 -18.368 40.737 2 

ARD-2 -22.788 49.576 2 -18.474 40.947 2 

ARD-3 -21.619 47.237 2 -17.95 39.899 2 
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ARD-4 -21.839 47.678 2 -17.938 39.876 2 

ILM-1 -32.871 67.741 1 -40.709 83.418 1 

ILM-2 -32.939 67.878 1 -41.214 84.429 1 

ILM-3 -33.003 68.006 1 -41.3 84.599 1 

ILM-4 -33.54 69.079 1 -42.065 86.13 1 

1HRMA-1 -19.486 46.972 4 -18.268 44.535 4 

1HRMA-2 -19.602 47.205 4 -18.334 44.668 4 

1HRMA-3 -18.933 45.866 4 -17.736 43.472 4 

1HRMA-4 -18.933 45.866 4 -17.696 43.392 4 

1HRMP-1 -17.932 43.864 4 -17.36 42.721 4 

1HRMP-2 -18.202 44.404 4 -17.357 42.715 4 

1HRMP-3 -17.42 42.839 4 -16.74 41.481 4 

1HRMP-4 -17.51 43.019 4 -16.632 41.264 4 

2HRMCO-1 -17.638 47.277 6 -18.268 48.535 6 

2HRMCO-2 -17.807 47.614 6 -17.237 46.474 6 

2HRMCO-3 -17.263 46.526 6 -16.587 45.174 6 

2HRMCO-4 -17.366 46.731 6 -16.47 44.939 6 

2HRM-1 -17.932 51.864 8 -18.268 52.535 8 

2HRM-2 -18.202 52.403 8 -17.804 51.608 8 

2HRM-3 -17.263 50.526 8 -16.456 48.912 8 



217 

 

2HRM-4 -17.366 50.731 8 -16.188 48.376 8 

3HRM-1 -17.642 63.285 14 -16.422 60.844 14 

3HRM-2 -17.788 63.575 14 -16.784 61.568 14 

3HRM-3 -17.215 62.43 14 -16.5 61 14 

3HRM-4 -17.23 62.46 14 -16.036 60.071 14 

 

Table S 3. Comparison of evolutionary models using four different time-calibrated trees for primate lateral fabella. 

Comparison of the fit of different likelihood models simple Mk and hidden rates (HR) models (using fitMk and 
fitHRM), for the evolution of lateral fabella in primates using for time-calibrated trees and two coding strategies 
(presence and majority dataset). These results obtained within each model between the four different trees shows 
marginal differences in the values of lnL and AICc and supports the decision of using only one time-calibrated tree 
(1: autocorrelated with hard bounds constraints). The four time-calibrated trees used were published by Springer 
et al [167] and correspond to two different relaxed clock models analysis: autocorrelated and independent 
evolutionary rates each ran under two types of constraints analysis hard and soft bounded. We coded the knee 
sesamoid character as present or absent with two coding strategies, sesamoid presence is considered if one 
individual of the species is reported with the sesamoid, or sesamoid presence is considered if 50% or more of the 
species individuals are reported with the sesamoid. The fitzjhon option was used for estimating the initial 
probabilities of each state at the root. Log-likelihood (i.e., natural logarithm, lnL), bias-corrected Akaike information 
criterion (AICc) values, and the number of distinct states that the trait can take (k) are shown for each model. ER 
= equal rates; ARD = all-rates-different; ILM = irreversible loss model; 1HRA = one hidden rate in absence; 1HRP 
= one hidden rate in presence; 1HRCO = one hidden rate covarion; 1HR = one hidden rate; and 2HR = two hidden 
rates. Numbers 1 to 4 after the models correspond to models run under the time calibrated molecular tree: 1 
autocorrelated with hard bounds constraints, 2 autocorrelated with soft bounds constraints, 3 independent with 
hard bounds constraints, and 4 independent with soft bounds constraints. 

Lateral Fabella presence dataset Lateral Fabella majority 
dataset 

Model lnL AICc k lnL AICc k 

ER-1 -27.97 57.939 1 -27.134 56.269 1 

ER-2 -28.05 58.101 1 -27.321 56.643 1 

ER-3 -27.404 56.809 1 -26.424 54.848 1 

ER-4 -27.534 57.068 1 -26.595 55.189 1 

ARD-1 -21.689 47.378 2 -21.797 47.594 2 
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ARD-2 -22.104 48.207 2 -21.899 47.799 2 

ARD-3 -20.964 45.928 2 -21.759 47.517 2 

ARD-4 -20.989 45.978 2 -21.827 47.654 2 

ILM-1 -37.343 76.686 1 -35.565 73.131 1 

ILM-2 -37.275 76.549 1 -36.079 74.158 1 

ILM-3 -37.197 76.393 1 -35.457 72.915 1 

ILM-4 -37.455 76.909 1 -35.97 73.941 1 

2HRM-1 -21.424 50.849 4 -21.663 51.326 4 

2HRM-2 -21.509 51.019 4 -21.713 51.426 4 

2HRM-3 -20.907 49.814 4 -21.468 50.936 4 

2HRM-4 -20.941 49.881 4 -21.492 50.984 4 

3HRM-1 -18.208 44.416 4 -19.199 46.398 4 

3HRM-2 -18.452 44.904 4 -19.166 46.333 4 

3HRM-3 -17.836 43.672 4 -18.722 45.443 4 

3HRM-4 -17.943 43.885 4 -18.629 45.258 4 

1HRMA-1 -18.869 49.739 6 -19.12 50.24 6 

1HRMA-2 -19.22 50.441 6 -19.072 50.143 6 

1HRMA-3 -17.836 47.672 6 -18.598 49.195 6 

1HRMA-4 -17.943 47.885 6 -18.495 48.991 6 
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1HRMP-1 -18.208 52.416 8 -18.624 53.249 8 

1HRMP-2 -18.426 52.851 8 -18.603 53.207 8 

1HRMP-3 -17.836 51.672 8 -18.279 52.558 8 

1HRMP-4 -17.943 51.885 8 -18.213 52.426 8 

2HRMCO-1 -18.576 65.152 14 -18.346 64.692 14 

2HRMCO-2 -18.259 64.518 14 -18.366 64.733 14 

2HRMCO-3 -17.691 63.383 14 -18.121 64.243 14 

2HRMCO-4 -17.806 63.613 14 -18.322 64.643 14 
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Table S 4. Dataset of the primate taxa collected with presence/absence of knee sesamoids from systematic review. 

A total of 93 of primate taxa was collected information of the presence absence of three knee sesamoid bones (cyamella, medial and lateral fabella). Type = specimen type 
reported from sources; Cy sample = sample of individuals reported from sources the presence/absence of cyamella in a specific primate species, Cy found = number of individuals 
found with cyamella from the sample reported in a specific primate taxon, Cy prevalence = prevalence of individuals found with cyamella in a primate taxon, Cy presence = binary 
variable of presence/absence of cyamella for the primate taxon in the presence dataset (meaning that if one individual of the sample has the sesamoid it is considered present 
(1) for the taxon), Cy majority = binary variable of presence/absence of cyamella for the primate taxon in the majority dataset (meaning that to considered the sesamoid is present 
(1) for the primate taxon, 50% or more of the individuals reported had the sesamoid), LF sample = sample of individuals reported from sources the presence/absence of lateral 
fabella in a specific primate species, LF found = number of individuals found with lateral fabella from the sample reported in a specific primate taxon, LF prevalence = prevalence 
of individuals found with lateral fabella in a primate taxon, LF presence = binary variable of presence/absence of lateral fabella for the primate taxon in the presence dataset 
(meaning that if one individual of the sample has the sesamoid it is considered present (1) for the taxon), LF majority = binary variable of presence/absence of lateral fabella for 
the primate taxon in the majority dataset (meaning that to considered the sesamoid is present (1) for the primate taxon, 50% or more of the individuals reported had the sesamoid), 
LM sample = sample of individuals reported from sources the presence/absence of medial fabella in a specific primate species, LM found = number of individuals found with 
medial fabella from the sample reported in a specific primate taxon, LM prevalence = prevalence of individuals found with lateral fabella in a primate taxon, LF presence = binary 
variable of presence/absence of medial fabella for the primate taxon in the presence dataset (meaning that if one individual of the sample has the sesamoid it is considered 
present (1) for the taxon), LM majority = binary variable of presence/absence of medial fabella for the primate taxon in the majority dataset (meaning that to considered the 
sesamoid is present (1) for the primate taxon, 50% or more of the individuals reported had the sesamoid), Sources = articles that reported from the systematic review the 
presence/absence of any of these three sesamoids bones. * No species-level data was available, and these were the following taxa used to represent the genus level from the 
time-calibrated trees [167]: Pithecia pithecia, Pygathrix nigripes and Tarsius bancanus. 

Taxa Type Cy
_s
am
ple 

Cy
_f
ou
nd 

Cy_
pre
vale
nce 

Cy 
pr
es
en
ce 

Cy 
maj
orit
y 

LF 
sa
mp
le 

LF 
foun
d 

LF 
pre
vale
nce 

LF 

pres
ence 

LF 
maj
orit
y 

MF 

sam
ple 

MF 
foun
d 

MF 

pre
vale
nce 

MF 

pre
sen
ce 

MF 

maj
orit
y 

Sources 

Alouatt
a 
caraya 

dissecti
on 

7 0 0 0 0 7 7 100 1 1 7 7 100 1 1 Grand (1968) 

Aotus 
lemuri
nus 

dissecti
on 

1 1 100 1 1 NA NA NA NA NA NA NA NA NA NA Furst (1903) 
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Arctoc
ebus 
calaba
rensis 

skeleton 1 1 100 1 1 NA NA NA NA NA NA NA NA NA NA Pearson & Davin 
(1921) 

Ateles 
geoffro
yi 

dissecti
on 

NA NA NA NA NA 1 1 100 1 1 1 1 100 1 1 Forster (1903) 

Ateles 
panisc
us 

dissecti
on 

NA NA NA NA NA 3 3 100 1 1 3 3 100 1 1 Frey (1913) 

Avahi 
laniger 

skeleton NA NA NA NA NA 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 

Callithr
ix 
aurita 

skeleton 1 1 100 1 1 2 2 100 1 1 2 2 100 1 1 Pearson & Davin 
(1921) 

Callithr
ix 
jacchu
s 

(3) 
skeleton
, 
dissecti
on, X-
ray 

9 9 100 1 1 25 25 100 1 1 25 25 100 1 1 Casteleyn et al 
(2012); Schultea 
et al (1983); Frey 
(1913); Furst 
(1903); Pearson 
& Davin (1921); 
Forster (1903) 
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Callithr
ix 
penicill
ata 

dissecti
on 

NA NA NA NA NA 3 3 100 1 1 3 3 100 1 1 Frey (1913) 

Cebus 
capuci
nus 

(2) 
skeleton
, 
dissecti
on 

1 0 0 0 0 6 5 83.3
3 

1 1 6 5 83.3
3 

1 1 Pearson & Davin 
(1921); Owen 
(1853); Forster 
(1903) 

Cercoc
ebus 
atys 

dissecti
on 

NA NA NA NA NA 1 1 100 1 1 1 1 100 1 1 Frey (1913) 

Cercop
ithecus 
campb
elli 

dissecti
on 

NA NA NA NA NA 1 1 100 1 1 1 1 100 1 1 Forster (1903) 

Cheiro
galeus 
major 

dissecti
on 

3 3 100 1 1 3 3 100 1 1 3 3 100 1 1 Juoffroy (1962) 

Chirop
otes 
satana
s 

skeleton NA NA NA NA NA 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 
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Chloro
cebus 
pygery
thrus 

skeleton 2 2 100 1 1 2 2 100 1 1 2 2 100 1 1 Pearson & Davin 
(1921) 

Chloro
cebus 
sabae
us 

dissecti
on 

2 1 50 1 1 5 5 100 1 1 5 5 100 1 1 Keith (1894); 
Frey (1913); 
Furst (1903); 
Keith (1894b) 

Colobu
s 
vellero
sus 

Skeleto
n 

2 2 100 1 1 2 2 100 1 1 2 2 100 1 1 Pearson & Davin 
(1921); 

Daube
ntonia 
madag
ascarie
nsis 

(2) 
skeleton
, 
dissecti
on 

7 7 100 1 1 8 8 100 1 1 8 8 100 1 1 Owen (1866); 
Owen (1863); 
Murie & Mivart 
(1866); Pearson 
& Davin (1921); 
Le Minor (1992); 
Juoffroy (1962) 

Eulem
ur 
albifro
ns 

skeleton 1 0 0 0 0 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 
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Eulem
ur 
collaris 

dissecti
on 

NA NA NA NA NA 1 1 100 1 1 1 1 100 1 1 Murie and Mivart 
(1962) 

Eulem
ur 
corona
tus 

skeleton 1 1 100 1 1 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 

Eulem
ur 
flavifro
ns 

skeleton 1 1 100 1 1 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 

Eulem
ur 
fulvus 

dissecti
on 

1 1 100 1 1 1 1 100 1 1 1 1 100 1 1 Juoffroy (1962) 

Eulem
ur 
macac
o 

(2) 
skeleton
, 
dissecti
on 

7 5 71.4
3 

1 1 12 12 100 1 1 12 12 100 1 1 Frey (1913); 
Pearson & Davin 
(1921); Murie & 
Mivart (1866); 
Juoffroy (1962) 

Eulem
ur 
mongo
z 

(2) 
dissecti
on, NA 

1 1 100 1 1 3 3 100 1 1 3 3 100 1 1 Murie & Mivart 
(1866); Pearson 
& Davin (1921); 
Juoffroy (1962) 
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Eulem
ur 
rubrive
nter 

dissecti
on 

3 3 100 1 1 2 2 100 1 1 2 2 100 1 1 Furst (1903); 
Pearson & Davin 
(1921); Forster 
(1903) 

Eulem
ur 
rufus 

dissecti
on 

NA NA NA NA NA 1 1 100 1 1 1 1 100 1 1 Frey (1913) 

Galago 
alleni 

(2) 
skeleton
, 
dissecti
on 

1 1 100 1 1 2 2 100 1 1 2 2 100 1 1 Murie & Mivart 
(1866); Pearson 
& Davin (1921) 

Galago 
seneg
alensis 

dissecti
on 

3 3 100 1 1 3 3 100 1 1 3 3 100 1 1 Stevens et al 
(1971); Juoffroy 
(1962) 

Galago
ides 
demid
ovii 

dissecti
on 

2 2 100 1 1 2 2 100 1 1 2 2 100 1 1 Juoffroy (1962) 

Gorilla 
gorilla 

(3) 
skeleton
, 

10 2 20 1 0 11 0 0 0 0 11 0 0 0 0 Hepburn (1892); 
Payne (2001); 
Macalister 
(1870); 
Preuschoft 
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dissecti
on, NA 

(1962); Frey 
(1913); Furst 
(1903); Raven 
(1950); Diogo et 
al (2010); Keith 
(1894b); 

Hapale
mur 
griseus 

skeleton NA NA NA NA NA 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 

Homo 
sapien
s 

(6) 
skeleton
, 
dissecti
on, X-
ray, CT 
scan, 
MRI, 
ultrasou
nd 

NA NA 1 1 0 NA NA 19 1 0 NA NA 3 0 0 Berthaume et al., 
(2019); 
Berthaume and 
Bull (2021) 

Hyloba
tes 
agilis 

dissecti
on 

1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 Kohlbrugge 
(1890/1891) 

Hyloba
tes 
klossii 

dissecti
on 

1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 Diogo et al (2012) 
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Hyloba
tes lar 

dissecti
on 

4 0 0 0 0 6 3 50 1 1 6 2 33.3
3 

1 0 Payne (2001); 
Vereecke et al 
(2005); Diogo et 
al (2012); Forster 
(1903) 

Hyloba
tes 
moloch 

dissecti
on 

2 0 0 0 0 4 0 0 0 0 4 1 25 1 0 Frey (1913); 
Kohlbrugge 
(1890/1891); 
Forster (1903) 

Hyloba
tes 
muelle
ri 

dissecti
on 

2 0 0 0 0 2 0 0 0 0 2 1 50 1 1 Diogo et al 
(2012); Pearson 
& Davin (1921) 

Indri 
indri 

(2) 
skeleton
, 
dissecti
on 

4 4 100 1 1 1 1 100 1 1 1 1 100 1 1 Le Minor (1992); 
Pearson & Davin 
(1921) 

Lagoth
rix 
lagotric
ha 

(2) 
skeleton
, 
dissecti
on 

1 0 0 0 0 1 1 100 1 1 1 1 100 1 1 Furst (1903); 
Pearson & Davin 
(1921) 
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Lemur 
catta 

(4) 
skeleton
, 
dissecti
on, X-
ray, CT 
scan 

33 27 81.8
2 

1 1 19 16 84.2
1 

1 1 18 15 83.3
3 

1 1 Owen (1853); 
Murie & Mivart 
(1866); Taylor & 
Boney (1926); Le 
Minor (1992); 
Makungu et al 
(2014); Frey 
(1913); Furst 
(1903); Pearson 
& Davin (1921); 
Juoffroy (1962) 

Leonto
pithecu
s 
rosalia 

(2) 
skeleton
, 
dissecti
on 

3 3 100 1 1 2 2 100 1 1 2 2 100 1 1 Furst (1903); 
Pearson & Davin 
(1921); Forster 
(1903) 

Lepile
mur 
microd
on 

Skeleto
n 

1 1 100 1 1 1 1 100 1 1 NA NA NA NA NA Pearson & Davin 
(1921) 

Loris 
tardigr
adus 

(3) 
dissecti
on, 
skeleton
, NA 

3 3 100 1 1 3 1 33.3
3 

1 0 3 1 33.3
3 

1 0 Pearson & Davin 
(1921); Juoffroy 
(1962) 
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Macac
a 
arctoid
es 

dissecti
on 

1 1 100 1 1 1 1 100 1 1 1 1 100 1 1 Keith (1894b) 

Macac
a 
fascicu
laris 

(3) 
dissecti
on, X-
ray, 
skeleton 

3 3 100 1 1 30 30 100 1 1 7 7 100 1 1 Clifton, Bremner 
& Steiner (1982); 
Frey (1913); 
Pearson & Davin 
(1921); Keith 
(1894b) 

Macac
a 
fuscata 

Skeleto
n 

1 1 100 1 1 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 

Macac
a 
leonina 

Skeleto
n 

1 1 100 1 1 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 

Macac
a 
mulatt
a 

(3) 
dissecti
on, X-
ray, 
skelton 

4 3 75 1 1 13
7 

137 100 1 1 137 137 100 1 1 Silverman et al 
(1983); Van 
Wagenen & 
Asling (1958); 
Taylor & Boney 
(1928); Pearson 
& Davin (1921); 
Keith (1894b); 
Forster (1903) 
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Macac
a 
nemes
trina 

(2) 
dissecti
on, 
skeleton 

15 15 100 1 1 16 16 100 1 1 16 16 100 1 1 Owen (1853); 
Pearson & Davin 
(1921); Keith 
(1894b) 

Macac
a nigra 

Dissecti
on 

1 1 100 1 1 2 2 100 1 1 2 2 100 1 1 Keith (1894); 
Keith (1894b) 

Macac
a 
radiata 

skeleton 1 1 100 1 1 2 2 100 1 1 2 2 100 1 1 Owen (1853); 
Pearson & Davin 
(1921) 

Macac
a 
sinica 

skeleton 1 1 100 1 1 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 

Macac
a 
sylvan
us 

skeleton 1 1 100 1 1 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 

Mandri
llus 
sphinx 

dissecti
on 

NA NA NA NA NA 1 1 100 1 1 1 1 100 1 1 Frey (1913) 

Microc
ebus 

dissecti
on 

4 4 100 1 1 4 4 100 1 1 4 4 100 1 1 Juoffroy (1962) 
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murinu
s 

Nasali
s 
larvatu
s 

skeleton 2 2 100 1 1 2 2 100 1 1 2 2 100 1 1 Pearson & Davin 
(1921) 

Nomas
cus 
gabriell
ae 

dissecti
on 

2 0 0 0 0 2 0 0 0 0 2 0 0 0 0 Diogo et al (2012) 

Nomas
cus 
leucog
enys 

dissecti
on 

NA NA NA NA NA 1 1 100 1 1 1 0 0 0 0 Vereecke et al 
(2005) 

Nyctic
ebus 
bengal
ensis 

(2) 
skeleton
, 
dissecti
on 

6 6 100 1 1 5 0 0 0 0 5 0 0 0 0 Pearson & Davin 
(1921); Mivart & 
Murie (1865); 
Frey (1913) 

Nyctic
ebus 
coucan
g 

dissecti
on 

2 2 100 1 1 2 0 0 0 0 2 0 0 0 0 Juoffroy (1962) 



232 

 

Nyctic
ebus 
javanic
us 

skeleton 1 1 100 1 1 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 

Otolem
ur 
crassic
audatu
s 

(2) 
skeleton
, 
dissecti
on 

3 3 100 1 1 3 3 100 1 1 3 3 100 1 1 Murie & Mivart 
(1866); Pearson 
& Davin (1921); 
Juoffroy (1962) 

Otolem
ur 
garnett
ii 

dissecti
on 

NA NA NA NA NA 3 3 100 1 1 3 3 100 1 1 Murie & Mivart 
(1866); Frey 
(1913) 

Pan 
panisc
us 

dissecti
on 

8 0 0 0 0 10 0 0 0 0 10 0 0 0 0 Vereecke et al 
(2005); Payne 
(2001); Diogo et 
al (2013) 

Pan 
troglod
ytes 

(3) 
skeleton
, 
dissecti
on, NA 

17 0 0 0 0 26 0 0 0 0 26 0 0 0 0 Champneys 
(1871); Hepburn 
(1892); Le Minor 
(1992); Frey 
(1913); Furst 
(1903); 
Urbanowicz & 
Prejzner-
Morawska 
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(1972); Pearson 
& Davin (1921); 
Wilder (1862); 
Diogo et al 
(2017); Forster 
(1903) 

Papio 
anubis 

skeleton 1 1 100 1 1 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 

Papio 
cynoce
phalus 

dissecti
on 

1 1 100 1 1 3 3 100 1 1 3 3 100 1 1 Frey (1913); 
Keith (1894b) 

Papio 
hamad
ryas 

(2) 
dissecti
on, 
skeleton 

1 1 100 1 1 3 3 100 1 1 3 3 100 1 1 Frey (1913); 
Pearson & Davin 
(1921) 

Papio 
ursinus 

dissecti
on 

1 1 100 1 1 NA NA NA NA NA NA NA NA NA NA Taylor & Boney 
(1929) 

Perodi
cticus 
potto 

(2) 
skeleton
, 
dissecti
on 

3 3 100 1 1 3 1 33.3
3 

1 0 3 1 33.3
3 

1 0 Le Minor (1992); 
Juoffroy (1962); 
Pearson & Davin 
(1921) 



234 

 

Pitheci
a sp* 

skeleton 1 1 100 1 1 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921); Le Minor 
(1992) 

Pongo 
pygma
eus 

(2) 
skeleton
, 
dissecti
on 

13 8 61.5
4 

1 1 15 0 0 0 0 15 0 0 0 0 Le Minor (1992); 
Owen (1831); 
Diogo et al 
(2013); Pearson 
& Davin (1921); 
Camper (1791); 
Boyer (1935); 
Keith (1894b); 
Frey (1913); 
Barnard (1875); 
Furst  (1903); 
Forster (1903) 

Presby
tis 
melalo
phos 

dissecti
on 

NA NA NA NA NA 1 1 100 1 1 1 1 100 1 1 Frey (1913) 

Prolem
ur 
simus 

dissecti
on 

2 2 100 1 1 2 2 100 1 1 2 2 100 1 1 Juoffroy (1962) 

Propith
ecus 

skeleton NA NA NA NA NA 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 
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diade
ma 

Propith
ecus 
verrea
uxi 

dissecti
on 

6 6 100 1 1 6 6 100 1 1 6 6 100 1 1 Juoffroy (1962) 

Pygath
rix sp* 

skeleton 1 0 0 0 0 NA NA NA NA NA NA NA NA NA NA Le Minor (1992) 

Saguin
us 
geoffro
yi 

(2) 
skeleton
, 
dissecti
on 

3 3 100 1 1 2 2 100 1 1 2 2 100 1 1 Furst (1903); 
Pearson & Davin 
(1921) 

Saguin
us 
midas 

skeleton 1 1 100 1 1 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 

Saguin
us 
oedipu
s 

skeleton NA NA NA NA NA 1 1 100 1 1 1 1 100 1 1 Pearson & Davin 
(1921) 
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Saimiri 
bolivie
nsis 

X-ray NA NA NA NA NA 82 82 100 1 1 NA NA NA NA NA Galliari (1988) 

Saimiri 
sciureu
s 

skeleton NA NA NA NA NA 3 3 100 1 1 3 3 100 1 1 Pearson & Davin 
(1921) 

Cebus 
apella 

dissecti
on 

1 1 100 1 1 2 2 100 1 1 2 2 100 1 1 Taylor & Boney 
(1927); Frey 
(1913) 

Cebus 
libidino
sus 

(3) 
dissecti
on, X-
ray, CT 

9 0 0 0 0 9 9 100 1 1 9 9 100 1 1 de la Salles et al 
(2022) 

Semno
pithecu
s 
entellu
s 

(2) 
dissecti
on, 
skeleton 

3 3 100 1 1 4 4 100 1 1 4 4 100 1 1 Frey (1913); 
Pearson & Davin 
(1921); Keith 
(1894b) 

Symph
alangu
s 
syndac
tylus 

dissecti
on 

2 0 0 0 0 4 0 0 0 0 4 0 0 0 0 Frey (1913); 
Kohlbrugge 
(1890/1891); 
Diogo et al (2012) 
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Tarsiu
s sp* 

(2) 
skeleton
, 
dissecti
on 

3 2 66.6
7 

1 1 2 2 100 1 1 2 2 100 1 1 Burmeister 
(1846); Le Minor 
(1992); Pearson 
& Davin (1921) 

Therop
ithecus 
gelada 

Skeleto
n 

4 0 0 0 0 NA NA NA NA NA NA NA NA NA NA Le Minor (1992) 

Trachy
pithecu
s 
ebenu
s 

dissecti
on 

NA NA NA NA NA 1 1 100 1 1 1 1 100 1 1 Frey (1913) 

Trachy
pithecu
s 
obscur
us 

dissecti
on 

23 23 100 1 1 23 23 100 1 1 23 23 100 1 1 Keith (1894b) 

Trachy
pithecu
s 
vetulus 

dissecti
on 

NA NA NA NA NA 1 1 100 1 1 1 1 100 1 1 Frey (1913) 

Vareci
a 

(2) 
skeleton

6 6 100 1 1 7 7 100 1 1 7 7 100 1 1 Murie & Mivart 
(1866); Juoffroy 
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varieg
ata 

, 
dissecti
on 

(1962); Pearson 
& Davin (1921); 
Forster (1903) 
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6.1.2 Chapter 3. Using a portable ultrasound to detect fabella 

Table S 5. Intercept model of bilateral/unilateral cases of fabella. 

Intercept-only model of logistic regression for bilateral/unilateral cases of individuals with fabella. * indicates 
significance p<0.05.  

 Estimate Std. Error z value Pr(>|z|) 

Intercept 27.490 14.193 1.937 0.053 

Sex (Male) 5.516 2.382 2.316 0.021* 

Height (cm) -0.162 0.084 -1.924 0.054 

 

Table S 6. Comparison of the best-fitting model of fabella presence. 

Comparison of the best-fitting logistic regression models for individual presence of fabella. The intercept-only 
model had the lowest AIC and it is the best-fit model. Full model included as predictor variables: sex, ethnicity, 
age, height, weight, and BMI. Df = degrees of freedom, AIC = Akaike information criterion, ȹAIC = difference of 
AIC with the lowest AIC model (intercept-only model). * indicates the best-fitting model. 

 

Model Df AICc ȹAIC 

Univariate 

sex model 

2 38.91 2.68 

Bivariate 

sex and 

height 

model 

3 36.23*  

Intercept-

only model 

1 43.07 6.84 
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6.1.3 Chapter 4. Biomechanical effects of fabella in human locomotion 

Table S 7. Peak angle metrics of lower limb joints during running trials. 

Peak angle metrics of the hip, knee, and ankle joint in sagittal and frontal plane during fast, normal and slow running w. Median and interquartile range for the fabella 
individuals (Fabellae) and control matched individuals (Control). Paired Wilcoxon signed-rank test comparison. IQR is interquartile range. Significance level was set at p < 0.05 
and are in bold. 

 

Discrete point angle definitions Running Fast Running Normal Running Slow 

Hip Angles (degrees) Median 

(IQR)  

Median 

(IQR) 

Median 

(IQR) 

Sagittal Plane: ± indicates hip 
flexion/extension 

Fabellae Control P-
value 

Fabellae Control P-
value 

Fabellae Control P-
value 

HF1 Hip flexion at initial contact 40.493 

(15.798) 

46.135 

(10.382) 
0.28 

35.381 

(7.848) 

43.721 

(7.886) 
0.01 

33.768 

(6.244) 

40.164 

(8.445) 
0.04 

HE1 Hip extension during late propulsion 
phase 

-5.484 

(10.564) 

-0.718 

(5.799) 
1.00 

-4.431 

(8.343) 

-0.082 

(8.561) 
0.77 

-2.887 

(9.021) 

1.784 

(9.947) 

0.85 
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Frontal Plane: ± indicates hip 
adduction/abduction 

         

HAD1 Hip adduction at midstance 
transition point 

9.507 

(7.777) 

12.576 

(3.369) 
0.49 

8.966 

(9.349) 

12.737 

(4.909) 
0.77 

8.667 

6.177 

10.500 

4.043 
1.00 

HAB1 Hip abduction at toe-off -2.835 

(5.681) 

-1.107 

(9.078) 
0.63 

-1.064 

(3.906) 

-0.839 

(8.469) 
0.92 

-0.972 

2.942 

-0.603 

9.010 
0.70 

Knee Angles (degrees)          

Sagittal Plane: ± indicates knee 
flexion/extension 

         

KF1 Knee flexion at midstance transition 
point 

42.852 

(6.878) 

41.386 

(6.199) 
0.90 

39.006 

(5.122) 

39.154 

(8.920) 
0.64 

40.013 

(3.935) 

39.105 

(6.501) 
0.97 

KE1 Knee extension during late 
propulsion phase 

13.723 

(8.2100 

16.927 

(4.120) 
0.90 

13.001 

(6.765) 

17.304 

(3.389) 
0.58 

17.696 

(5.780) 

15.326 

(4.037) 
0.17 

Frontal Plane: ± indicates knee 
adduction/abduction 
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KAD Maximum Knee adduction 1.651 

(5.731) 

2.199 

(4.642) 
0.97 

2.372 

(5.959) 

1.442 

(5.535) 
0.97 

2.185 

(3.923) 

1.195 

(4.015) 
0.97 

KAB Maximum Knee abduction -1.260 

(10.532) 

-2.855 

(4.402) 
0.64 

-0.972 

(7.619) 

-2.601 

(6.716) 
0.83 

-1.627 

(8.794) 

-2.734 

(5.376) 
0.97 

Ankle Angles (degrees)          

Sagittal Plane: ± indicates ankle 
dorsiflexion/plantarflexion 

         

AD1 Ankle dorsiflexion in propulsion 
phase 

18.370 

(10.500) 

24.614 

(4.446) 
0.17 

18.579 

(6.725) 

23.133 

(2.320) 
0.24 

17.668 

(5.204) 

23.048 

(2.850) 
0.24 

AP1 Ankle plantarflexion during late 
propulsion phase 

-23.189 

(7.787) 

-16.046 

(7.318) 
0.02 

-21.732 

(4.877) 

-14.418 

(7.769) 
0.01 

-21.347 

(6.796) 

-17.938 

(7.532) 
0.17 

Frontal Plane: ± indicates ankle 
inversion/eversion 

         

AI1 Ankle inversion during late propulsion 
phase 

-7.310 

(5.736) 

-9.028 

(4.104) 
0.37 

-7.130 

(4.563) 

-7.862 

(2.228) 
0.46 

-7.242 

(3.765) 

-8.389 

(2.603) 
0.32 
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AE1 Ankle eversion at absorption phase -15.110 

(2.806) 

-19.068 

(2.245) 
0.04 

-15.465 

(2.708) 

-18.570 

(2.940) 
0.17 

-14.465 

(3.334) 

-18.395 

(3.887) 
0.10 
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Table S 8. Peak moment metrics of lower limb joints during running trials. 

Peak moment metrics of the hip, knee, and ankle joint in sagittal and frontal plane during fast, normal and slow running. Median and interquartile range for the fabella 
individuals (Fabellae) and control matched individuals (Control). Paired Wilcoxon signed-rank test comparison. IQR is interquartile range. Significance level was set at p < 0.05 
and are in bold. 

 

Discrete point moment definitions Running Fast Running Normal Running Slow 

Hip Moments (Nm/kg) Median 

(IQR)  

Median 

(IQR) 

Median 

(IQR) 

Sagittal Plane: ± indicates hip flexion/extension moment Fabell
ae 

Contr
ol 

P-
value 

Fabell
ae 

Contr
ol 

P-
value 

Fabell
ae 

Contr
ol 

P-
value 

HFM1 Hip flexion moment at toe-off 
0.819 

(0.377) 

0.874 

(0.49
2) 

0.77 
0.770 

(0.372) 

0.892 

(0.51
8) 

0.70 
0.690 

(0.288) 

0.761 

(0.24
3) 

1.00 

HEM1 Hip extension moment at beginning of absorption 
phase -1.014 

(0.819) 

-
1.534 

(0.53
5) 

0.05 
-0.794 

(0.277) 

-
1.135 

(0.52
2) 

0.08 
-0.769 

(0.099) 

-
0.795 

(0.27
9) 

0.19 

Frontal Plane: ± indicates hip adduction/abduction 
moment 

         



245 

 

HADM1 Hip adduction moment at toe-off 
0.224 

(0.249) 

0.246 

(0.19
9) 

0.85 
0.118 

(0.152) 

0.159 

(0.13
2) 

0.77 
0.099 

(0.077) 

0.126 

(0.13
7) 

0.49 

HABM1 Hip abduction moment at propulsion phase 
stance phase -1.733 

(0.524) 

-
1.581 

(0.39
2) 

0.92 
-1.647 

(0.511) 

-
1.496 

(0.26
2) 

0.70 
-1.658 

(0.545) 

-
1.511 

(0.35
3) 

1.00 

Knee Moments (Nm/kg)          

Sagittal Plane: ± indicates knee flexion/extension 
moment 

         

KEM1 Knee extension at midstance transition point 
2.345 

(0.790) 

2.265 

(1.02
5) 

0.90 
2.102 

(0.754) 

2.177 

(0.86
2) 

0.97 
2.036 

(0.634) 

2.208 

(0.66
2) 

0.97 

KFM1 Knee flexion moment during late propulsion phase 
-0.022 

(0.196) 

-
0.131 

(0.27
2) 

0.32 
-0.004 

(0.154) 

-
0.129 

(0.21
0) 

0.70 
0.051 

(0.173) 

-
0.100 

(0.19
1) 

0.15 
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Frontal Plane: ± indicates knee adduction/abduction 
moment 

         

KADM1 Maximum knee adduction moment 
0.056 

(0.155) 

0.086 

(0.07
7) 

0.76 
0.055 

(0.231) 

0.080 

(0.03
0) 

0.90 
0.031 

(0.078) 

0.043 

(0.04
0) 

0.83 

KABM1 Maximum knee abduction moment 
-0.619 

(0.322) 

-
0.708 

(0.35
5) 

0.70 
-0.529 

(0.390) 

-
0.607 

(0.40
3) 

0.76 
-0.520 

(0.363) 

-
0.597 

(0.27
6) 

0.64 

Ankle Moments (Nm/kg)          

Sagittal Plane: ± indicates ankle 
dorsiflexion/plantarflexion moment 

         

AMP1 Ankle plantarflexion moment at propulsion phase 
-2.676 

(0.404) 

-
2.638 

(0.88
1) 

0.76 
-2.659 

(0.464) 

-
2.455 

(0.73
6) 

0.37 
-2.461 

(0.224) 

-
2.330 

(0.68
6) 

0.64 

Frontal Plane: ± indicates ankle inversion/eversion 
moment 
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AIM1 Ankle inversion moment at midstance transition 
point 

0.214 

(0.194) 

0.455 

(0.30
4) 

0.01 
0.337 

(0.243) 

0.398 

(0.25
8) 

0.12 
0.169 

(0.233) 

0.329 

(0.26
3) 

0.04 

AEM1 Ankle eversion moment during propulsion phase 
-0.232 

(0.201) 

-
0.173 

(0.26
4) 

0.41 
-0.148 

(0.140) 

-
0.145 

(0.15
6) 

0.70 
-0.143 

(0.182) 

-
0.125 

(0.16
2) 

0.28 
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Table S 9 Peak angle metrics of lower limb joints during walking trials. 

Peak angle metrics of the hip, knee, and ankle joint in sagittal and frontal plane during fast, normal and slow walking. Median and interquartile range for the fabella individuals 
(Fabellae) and control matched individuals (Control). Paired Wilcoxon signed-rank test comparison. IQR is interquartile range. Significance level was set at p < 0.05 and are in 
bold. 

 

Discrete point angle definitions Walking Fast Walking Normal Walking Slow 

Hip Angles (degrees) Median 

(IQR) 

Median 

(IQR) 

Median 

(IQR) 

Sagittal Plane: ± indicates hip 
flexion/extension 

Fabellae Control P-
value 

Fabellae Control P-
value 

Fabellae Control P-
value 

HF2 Hip flexion at heel strike 33.445 

(4.977) 

37.703 

(6.794) 

0.43 30.995 

(6.845) 

33.606 

(4.685) 

0.56 29.302 

(5.816) 

32.201 

(8.310) 

0.43 

HE2 Hip extension during late stance -10.495 

(8.569) 

-6.487 

(11.501) 

0.38 -9.344 

(10.345) 

-5.354 

(13.269) 

0.43 -7.055 

(9.752) 

-2.073 

(11.018) 

0.28 

Frontal Plane: ± indicates hip 
adduction/abduction 
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HAD2 Hip adduction during early 
stance 

6.683 

5.459 

7.472 

4.769 

0.70 6.620 

3.398 

7.666 

4.011 

0.85 6.616 

3.847 

6.795 

3.627 

1.00 

HAB2 Hip abduction at heel strike -0.204 

6.448 

-1.194 

5.074 

0.63 0.010 

3.750 

0.383 

4.896 

0.63 0.357 

4.427 

1.144 

4.255 

0.38 

Knee Angles (degrees)          

Sagittal Plane: ± indicates knee 
flexion/extension 

         

KF2 Knee flexion in toe-off 31.729 

(5.328) 

33.799 

(9.401) 

0.12 32.385 

(7.093) 

33.194 

(6.240) 

0.28 32.576 

(6.372) 

35.528 

(6.728) 

0.01 

KE2 Knee extension in late stance 3.306 

(5.959) 

4.595 

(1.198) 

0.28 4.171 

(6.381) 

3.555 

(2.436) 

0.52 2.550 

(6.207) 

3.879 

(1.106) 

0.64 

Frontal Plane: ± indicates knee 
adduction/abduction 

         

KAD2 Maximum Knee adduction 3.747 

(6.587) 

3.933 

(4.180) 

1.00 5.248 

(6.750) 

3.830 

(3.964) 

0.83 4.456 

(6.905) 

3.548 

(4.032) 

0.97 
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KAB2 Maximum Knee abduction -0.601 

(6.391) 

-1.536 

(6.283) 

0.97 -0.811 

(5.968) 

-0.372 

(5.722) 

0.90 -0.284 

(6.495) 

-1.745 

(6.487) 

0.97 

Ankle Angles (degrees)          

Sagittal Plane: ± indicates ankle 
dorsiflexion/plantarflexion 

         

AD2 Ankle dorsiflexion during mid-
stance 

7.417 

(5.238) 

9.479 

(5.670) 

0.32 8.047 

(4.101) 

11.541 

(7.375) 

0.28 8.383 

(2.995) 

12.268 

(7.444) 

0.46 

AP2 Ankle plantarflexion during late 
stance 

-15.458 

(3.471) 

-10.564 

(7.240) 

0.08 -13.667 

(2.877) 

-10.404 

(6.315) 

0.28 -11.103 

(3.856) 

-9.416 

(5.584) 

0.58 

Frontal Plane: ± indicates ankle 
inversion/eversion 

         

AI2 Ankle inversion during late stance -5.170 

(5.169) 

-5.057 

(4.787) 

0.70 -4.774 

(5.116) 

-4.560 

(4.495) 

0.70 -3.622 

(5.000) 

-4.017 

(4.125) 

0.64 

AE2 Ankle eversion at toe-off -13.942 

(3.383) 

-14.906 

(4.579) 

0.21 -12.513 

(3.327) 

-14.076 

(3.140) 

0.24 -13.106 

(3.018) 

-15.373 

(2.527) 

0.46 
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Table S 10. Peak moment metrics of lower limb joints during walking trials. 

Peak moment metrics of the hip, knee, and ankle joint in sagittal and frontal plane during fast, normal and slow walking. Median and interquartile range for the fabella 
individuals (Fabellae) and control matched individuals (Control). Paired Wilcoxon signed-rank test comparison. IQR is interquartile range. Significance level was set at p < 0.05 
and are in bold 

Discrete point point definitions Walking Fast Walking Normal Walking Slow 

Hip Moments (Nm/kg) Median 

(IQR) 

Median 

(IQR) 

Median 

(IQR) 

Sagittal Plane: ± indicates hip 
flexion/extension moment 

Fabellae Control 
P-

value 
Fabellae Control 

P-
value 

Fabellae Control 
P-

value 

HFM2 Hip flexion moment during late 
stance 

1.109 

(0.297) 

0.908 

(0.140) 

<0.01 0.897 

(0.393) 

0.738 

(0.163) 

<0.01 0.677 

(0.378) 

0.566 

(0.159) 

0.04 

HEM2 Hip extension moment during 
loading period 

-0.787 

(0.340) 

-0.822 

(0.251) 

0.70 -0.557 

(0.193) 

-0.678 

(0.228) 

0.56 -0.329 

(0.204) 

-0.508 

(0.130) 

0.16 

Frontal Plane: ± indicates hip 
adduction/abduction moment 

         

HADM2 Hip adduction moment in mid-
stance 

-0.346 

(0.078) 

-0.399 

(0.077) 

0.32 -0.433 

(0.096) 

-0.424 

(0.164) 

0.92 -0.504 

(0.127) 

-0.526 

(0.187) 

0.92 
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HABM2 Hip abduction moment at toe-
off 

-0.724 

(0.167) 

-0.868 

(0.327) 

0.32 -0.806 

(0.259) 

-0.904 

(0.202) 

0.19 -0.752 

(0.179) 

-0.855 

(0.196) 

0.06 

Knee Moments (Nm/kg)          

Sagittal Plane: ± indicates knee 
flexion/extension moment 

         

KEM2 Knee extension moment during 
early stance 

0.901 

(0.226) 

1.281 

(0.690) 

0.46 0.668 

(0.084) 

0.884 

(0.597) 

0.52 0.496 

(0.224) 

0.589 

(0.425) 

0.58 

KFM2 Knee flexion moment during late 
stance 

-0.343 

(0.101) 

-0.304 

(0.139) 

0.37 -0.289 

(0.172) 

-0.285 

(0.067) 

0.46 -0.262 

(0.142) 

-0.249 

(0.101) 

0.64 

Frontal Plane: ± indicates knee 
adduction/abduction moment 

         

KADM2 Knee adduction moment in 
loading period 

0.091 

(0.074) 

0.041 

(0.034) 

0.24 0.081 

(0.034) 

0.066 

(0.049) 

0.46 0.058 

(0.059) 

0.034 

(0.037) 

0.008 

KABM2 Knee abduction moment in 
early stance 

-0.370 

(0.272) 

-0.501 

(0.233) 

0.58 -0.343 

(0.290) 

-0.450 

(0.193) 

0.97 -0.267 

(0.344) 

-0.379 

(0.102) 

0.97 
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Ankle Moments (Nm/kg)          

Sagittal Plane: ± indicates ankle 
dorsiflexion/plantarflexion moment 

         

AMP2 Ankle plantarflexion moment -1.695 

(0.165) 

-1.636 

(0.261) 

0.83 -1.604 

(0.110) 

-1.634 

(0.179) 

0.32 -1.508 

(0.176) 

-1.520 

(0.188) 

0.58 

Frontal Plane: ± indicates ankle 
inversion/eversion moment 

         

AIM2 Ankle inversion moment during 
early stance 

0.188 

(0.065) 

0.169 

(0.126) 

0.97 0.138 

(0.048) 

0.132 

(0.089) 

0.70 0.131 

(0.032) 

0.143 

(0.067) 

0.64 

AEM2 Ankle eversion moment during 
late stance  

-0.256 

(0.174) 

-0.270 

(0.148) 

0.46 -0.177 

(0.170) 

-0.220 

(0.140) 

0.83 -0.123 

(0.107) 

-0.190 

(0.179) 

0.64 
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Table S 11. Peak angle metrics of lower limb joints during hopping trials. 

Peak angle metrics of the hip, knee, and ankle joint in sagittal and frontal plane during hopping task. Median and 
interquartile range for the fabella individuals (Fabellae) and control matched individuals (Control). Paired Wilcoxon signed-
rank test comparison. IQR is interquartile range. Significance level was set at p < 0.05 and are in bold 

Discrete point angle definitions Hopping 

Hip Angles (degrees) Median 

( IQR ) 

Sagittal Plane: ± indicates hip flexion/extension Fabellae Control P-
value 

HF3 Hip flexion at transition point between 
braking to push-off phase 

22.225 

(10.639) 

31.762 

(15.450) 

0.43 

HE3 Hip extension at toe off 14.259 

(14.556) 

16.443 

(7.845) 

0.43 

Frontal Plane: ± indicates hip 
adduction/abduction 

   

HAD3 Hip adduction during propulsion phase -6.462 

(7.081) 

-6.804 

(6.127) 

0.77 

HAB3 Hip abduction at toe-off -7.695 

(5.597) 

-8.844 

(6.713) 

0.85 

Knee Angles (degrees)    

Sagittal Plane: ± indicates knee 
flexion/extension 

   

KE3 Knee extension at transition point 
between braking to push-off phase 

34.293 

(12.557) 

39.385 

(9.989) 

0.76 

KF3 Knee flexion at initial contact 21.821 21.047 0.83 
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Table 
S 12. 

(3.389) (5.681) 

Frontal Plane: ± indicates knee 
adduction/abduction 

   

KAD3 Maximum Knee adduction 3.278 

(6.785) 

2.342 

)7.887) 

0.70 

KAB3 Maximum Knee abduction 0.164 

(6.873) 

-1.120 

(4.373) 

0.41 

Ankle Angles (degrees)    

Sagittal Plane: ± indicates ankle 
dorsiflexion/plantarflexion 

   

AD3 Ankle dorsiflexion at transition point 
between braking to push-off phase 

13.148 

(6.077) 

17.559 

(8.381) 

0.24 

AP3 Ankle plantarflexion at initial contact -15.654 

(7.249) 

-14.807 

(5.671) 

0.58 

Frontal Plane: ± indicates ankle 
inversion/eversion 

   

AI3 Maximum ankle inversion  1.313 

(7.863) 

1.785 

(6.369) 

1.00 

AE3 Ankle eversion at initial contact -3.679 

(6.518) 

-0.560 

(7.922) 

0.32 
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Peak moment metrics of lower limb joints during hopping trials. 

Peak moment metrics of the hip, knee, and ankle joint in sagittal and frontal plane during hopping task. Median and 
interquartile range for the fabella individuals (Fabellae) and control matched individuals (Control). Paired Wilcoxon 
signed-rank test comparison. IQR is interquartile range. Significance level was set at p < 0.05 and are in bold. 

Discrete point moment definitions Hopping 

Hip Moments (Nm/kg) Median 

( IQR ) 

Sagittal Plane: ± indicates hip flexion/extension 
moment 

Fabellae Control 
P-

value 

HFM3 Maximum hip flexion moment 0.426 

(0.221) 

0.413 

(0.170) 

0.63 

HEM3 Maximum hip extension moment -0.209 

(0.224) 

-0.136 

(0.044) 

0.77 

Frontal Plane: ± indicates hip 
adduction/abduction moment 

   

HADM3 Maximum hip adduction moment 0.062 

(0.064) 

0.094 

(0.074) 

0.19 

HABM3 Maximum hip abduction moment -0.364 

(0.301) 

-0.385 

(0.239) 

0.77 

Knee Moments (Nm/kg)    

Sagittal Plane: ± indicates knee 
flexion/extension moment 

   

KFM3 Knee flexion moment at transition point 
between braking to push-off phase 

1.498 

(0.533) 

1.487 

(0.846) 

0.70 
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KEM3 Knee extension moment at initial 
contact 

-0.034 

(0.097) 

-0.004 

(0.094) 

0.83 

Frontal Plane: ± indicates knee 
adduction/abduction moment 

   

KADM3 Maximum knee adduction moment 0.108 

(0.201) 

0.233 

(0.205) 

0.46 

KABM3 Maximum knee abduction moment -0.107 

(0.093) 

-0.091 

(0.082) 

0.32 

Ankle Moments (Nm/kg)    

Sagittal Plane: ± indicates ankle 
dorsiflexion/plantarflexion moment 

   

APM3 Ankle plantarflexion moment at 
transition point between braking to push-off 
phase 

-1.988 

(0.320) 

-1.749 

(0.637) 

0.58 

Frontal Plane: ± indicates ankle 
inversion/eversion moment 

   

AIM3 Maximum ankle inversion moment  -0.015 

(0.038) 

-0.012 

(0.108) 

0.83 

AEM3 Maximum ankle eversion moment  -0.249 

(0.168) 

-0.189 

(0.194) 

0.64 
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Table S 13. Peak muscle activation of the lower limb muscles in fabella group and control group during running at different speeds. 

Peak muscle activation in both the fabella group and the control group during running at self-preferred speed (NR), faster (FR), and slower (SR). The muscles analysed included 
the biceps femoris, semitendinosus, vastus lateralis, lateral gastrocnemius, medial gastrocnemius, and soleus. The activation pattern of the lateral gastrocnemius was significantly 
lower in the fabella group compared to the control group during faster running (RF) and normal running (RN). A Wilcoxon paired test was applied to assess the significance of 
the differences, with a p-value of less than 0.05 considered significant. Significant results are highlighted in bold. 

 Running Fast Running Normal Running Slow 

Maximum muscle activation 

(normalized) 

Median 

(Interquartile range) 

Median 

(Interquartile range) 

Median 

(Interquartile range) 

 Fabellae Control 
P-

value 
Fabellae Control 

P-
value 

Fabellae Control 
P-

value 

Bicep femoris 
0.143 

(0.257) 

0.104 

(0.139) 
0.46 

0.133 

(0.175) 

0.088 

(0.098) 
0.32 

0.132 

(0.192) 

0.059 

(0.033) 
0.46 

Semitendinosus 
0.160 

(0.214) 

0.215 

(0.188) 
0.24 

0.116 

(0.157) 

0.154 

(0.158) 
0.76 

0.093 

(0.103) 

0.083 

(0.115) 
0.64 

Vastus lateralis 
0.363 

(0.315) 

0.237 

(0.243) 
0.28 

0.356 

(0.327) 

0.185 

(0.200) 
0.46 

0.311 

(0.144) 

0.227 

(0.196) 
0.70 
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Vastus medialis 
0.569 

(0.495) 

0.540 

(0.359) 
0.90 

0.424 

(0.213) 

0.444 

(0.245) 
0.70 

0.409 

(0.239) 

0.321 

(0.234) 
0.97 

Gastrocnemius lateralis 
0.396 

(0.358) 

0.859 

(0.637) 
0.04 

0.321 

(0.240) 

0.665 

(0.641) 
0.04 

0.247 

(0.248) 

0.447 

(0.450) 
0.07 

Gastrocnemius medialis 
0.750 

(0.378) 

0.688 

(0.276) 
0.70 

0.701 

(0.340) 

0.668 

(0.379) 
0.83 

0.590 

(0.316) 

0.591 

(0.280) 
0.58 

Soleus 
0.394 

(0.434) 

0.535 

(0.659) 
0.32 

0.347 

(0.396) 

0.430 

(0.204) 
0.52 

0.306 

(0.308) 

0.387 

(0.136) 
0.52 
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Table S 14. Peak muscle activation of the lower limb muscles in fabella group and control group during walking at different speeds. 

Peak muscle activation in both the fabella group and the control group during walking at self-preferred speed (NW), faster (FW), and slower (SW). The muscles analysed included 
the biceps femoris, semitendinosus, vastus lateralis, lateral gastrocnemius, medial gastrocnemius, and soleus. No differences were observed in any of the muscles analysed 
during walking at any speed. A Wilcoxon paired test was applied to assess the significance of the differences, with a p-value of less than 0.05 considered significant. Significant 
results are highlighted in bold. 

 Walking Fast Walking Normal Walking Slow 

Maximum muscle activation 

(normalized) 

Median 

(Interquartile range) 

Median 

(Interquartile range) 

Median 

(Interquartile range) 

 Fabellae Control 
P-

value 
Fabellae Control 

P-
value 

Fabellae Control 
P-

value 

Bicep femoris 
0.055 

(0.053) 

0.033 

(0.035) 
0.58 

0.033 

(0.028) 

0.031 

(0.034) 
0.97 

0.044 

(0.042) 

0.029 

(0.036) 
0.76 

Semitendinosus 
0.040 

(0.079) 

0.063 

(0.051) 
0.37 

0.034 

(0.082) 

0.050 

(0.028) 
0.46 

0.035 

(0.083) 

0.049 

(0.034) 
0.83 

Vastus lateralis 
0.124 

(0.116) 

0.120 

(0.118) 
0.90 

0.056 

(0.088) 

0.106 

(0.074) 
1.00 

0.073 

(0.054) 

0.072 

(0.050) 
0.83 



262 

 

 

 

 

Vastus medialis 
0.183 

(0.175) 

0.105 

(0.173) 
0.90 

0.115 

(0.098) 

0.077 

(0.106) 
0.70 

0.063 

(0.077) 

0.067 

(0.087) 
0.37 

Gastrocnemius lateralis 
0.223 

(0.263) 

0.243 

(0.340) 
0.07 

0.176 

(0.230) 

0.328 

(0.289) 
0.07 

0.156 

(0.130) 

0.167 

(0.187) 
0.21 

Gastrocnemius medialis 
0.564 

(0.323) 

0.455 

(0.223) 
0.52 

0.436 

(0.364) 

0.349 

(0.197) 
0.46 

0.371 

(0.186) 

0.347 

(0.213) 
0.97 

Soleus 
0.234 

(0.360) 

0.423 

(0.212) 
0.28 

0.171 

(0.284) 

0.339 

(0.187) 
0.28 

0.149 

(0.237) 

0.259 

(0.102) 
0.83 
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Table S 15. Peak muscle activation of the lower limb muscles in fabellae and control group during hoping. 

Peak muscle activation of biceps femoris, semitendinosus, vastus lateralis, lateral gastrocnemius, medial gastrocnemius, and 
soleus in both the fabella group and the control group during hopping. No difference was observed in any of the muscles 
analysed during hopping. A Wilcoxon paired test was applied to assess the significance of the differences, with a p-value of less 
than 0.05 considered significant. Significant results are highlighted in bold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Hopping 

Maximum muscle activation 

(normalized) 

Median 

(Interquartile range) 

 
Fabellae Control P-

value 

Bicep femoris 
0.104 

(0.123) 

0.071 

(0.073) 
0.58 

Semitendinosus 
0.091 

(0.249) 

0.166 

(0.097) 
0.70 

Vastus lateralis 
0.331 

(0.187) 

0.258 

(0.213) 
0.52 

Vastus medialis 
0.371 

(0.303) 

0.223 

(0.253) 
0.21 

Gastrocnemius lateralis 
0.318 

(0.356) 

0.409 

(0.535) 
0.07 

Gastrocnemius medialis 
0.519 

(0.439) 

0.595 

(0.247) 
0.32 

Soleus 
0.341 

(0.284) 

0.481 

(0.177) 
0.46 
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6.2 SUPPLEMENTARY FIGURES 

6.2.1 Chapter 3. Using a portable ultrasound to detect fabella 

 

 

 

 

 

 

 

  

Figure S 1. Sample age density curve of ultrasound fabella study. 

This density plot shows the age distribution of the sample participants of the study that used a portable 
handheld ultrasound device to detect fabella. It can be observed that the major proportion of participants are 
between 18 to 40 years old, with a mean age of 31years old (denoted in a blue dashed line). 
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6.2.2 Chapter 4. Biomechanical effects of fabella in human locomotion 

 

 

 

 

 

  

Healthy participants  

(n=202 individuals) 

Individuals with 

bilateral 

Individuals with 

unilateral 

Individuals 

without fabella 

Subgroup of 

individuals with 

Subgroup of 

individuals 

Biomechanical experiment: 

ÅSynchronised motion capture with force 
plates and wireless EMG sensors. 

Matched control 

U
l
t
r
a
s
o
u
n
d
 
S
t
u
d
y

 
B
i
o
m
e
c
h
a
n
i
c
a
l
 
S
t
u
d
y

 

Figure S 2. Study design of the two-part study. 

First project, it is an ultrasound study that detect fabella in individuals by using a hand-held ultrasound device (blue 
boxes). Second project, it is a biomechanical study that selected two cohorts, group with bilateral fabella and without 
fabellae (purple boxes), to identify fabella biomechanical effects during gait and two-legged hop. The control group 
for the biomechanical study was matched with the fabellae group by sex, age (± 5 years), height (± 6 cm), and 
weight (±5 kg). The second part study measured lower limbs kinematics and kinetics during the three tasks 
mentioned, and for that used a synchronised motion capture with force plates and wireless electromyographic 
(EMG) sensors. 
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Figure S 3. Study design of the biomechanical study of fabella. 

This study consisted of 22 participants, 11 individuals in the fabellae group and 11 individuals without fabellae as a control 
matched group. To observe the possible biomechanical effects of fabella, related to having a mechanical advantage to the 
gastrocnemius muscle, we compared these two groups when performing walking, running and two-legged hop. For the 
walking and running trials, participants performed these tasks at self-preferred speed (NW, NR), 20% slower (SW, SR), and 
20% faster (FW, FR), and the two-legged hope was done at self-preferred frequency. We used peak and statistical 
parametric mapping (SPM) analyses to compare joint angles and moments of the lower limbs, along with the muscle 
activation pattern of seven lower limb muscles (vastus lateralis, vastus medialis, bicep femoris, semitendinosus, 
gastrocnemius lateralis, gastrocnemius medialis and soleus) 
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Figure S 4. Comparison between fabella and control groups of lower limb joint angles in sagittal plane in 
running gait at different speeds. 

Mean and standard deviation plot of the lower limb joint angles in sagittal plane for fabellae and the control 
group at three speeds of running. The SPM{t} plots demonstrate the significant differences (Region of 
Significance or ROS) between the fabellae group and the control-matched group. There is an increase of 
plantarflexion in the ankle for the fabellae group in NR at the end of the stance phase (from ~95-100% of 
stance phase. Upon significance, directions of changes are highlighted in green colour, meaning there is an 
increase of either extension/flexion or dorsiflexion/plantarflexion for fabellae group in comparison with 
control group. Vertical dashed line is the midstance transition point between absorption to propulsion phase 

(40% of stance phase), this was defined as the knee peak flexion angle. 
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Figure S 5. Comparison between fabella and control groups of lower limb joint moments in sagittal 
plane in running gait at different speeds. 

Mean and standard deviation plot of the lower limb joint moments in sagittal plane for fabellae and 
the control group at three speeds of running. The SPM{t} plots demonstrate the significant 
differences (Region of Significance or ROS) between the fabellae group and the control-matched 
group. No differences were found between group in any joint moments in the sagittal plane at any 
running speed. Vertical dashed line is the midstance transition point between absorption to 
propulsion phase (40% of stance phase), this was defined as the knee peak flexion angle. 
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Figure S 6. Comparison between fabellae and control groups of lower limb joint angles in frontal 
plane in running gait at different speeds. 

Mean and standard deviation plot of the lower limb joint angles in frontal plane for fabellae and the 
control group at three speeds of running. The SPM{t} plots demonstrate the significant differences 
(Region of Significance or ROS) between the fabellae group and the control-matched group. No 
differences were found between group in any joint angle in the frontal plane at any running speed. 
Vertical dashed line is the midstance transition point between absorption to propulsion phase (40% 
of stance phase), this was defined as the knee peak flexion angle. 
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Figure S 7. Comparison between fabellae and control groups of lower limb joint moments in frontal 

plane in running gait at different speeds. 

Mean and standard deviation plot of the lower limb joint moments in frontal plane for fabellae and the 
control group at three speeds of running. The SPM{t} plots demonstrate the significant differences 
(Region of Significance or ROS) between the fabellae group and the control-matched group. There is a 
decrease in ankle inversion moment in FR for the fabellae group from ~12-25% of stance phase for the 
fabellae group in comparison with the control group. Additionally, a decrease in knee adduction moment 
in NR for the fabellae group can be observed at nearly the end of stance phase (~89-95% of stance 
phase). Upon significance, directions of changes are highlighted in pink colour, meaning there is a 
decrease of the moment of either adduction/abduction or inversion/eversion for fabellae group in 
comparison with control group. Vertical dashed line is the midstance transition point between absorption 
to propulsion phase (40% of stance phase), this was defined as the knee peak flexion angle. 
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Figure S 8. Comparison fabellae an control groups of lower limb joint angles in sagittal plane in walking gait at different speeds. 

Mean and standard deviation plot of the lower limb joint angles in sagittal plane for fabellae and the control group at three speeds 
of walking. The SPM{t} plots demonstrate the significant differences (Region of Significance or ROS) between the fabella group and 
the control-matched group. No differences were found between group in any joint angles in the sagittal plane at any walking speed. 
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Figure S 9. Comparison of fabellae and control groups of lower limb joint moments in sagittal plane in walking gait at different 

speeds. 

Mean and standard deviation plot of the lower limb joint moment in sagittal plane for fabellae and the control group at three speeds 
of walking. The SPM{t} plots demonstrate the significant differences (Region of Significance or ROS) between the fabella group and 
the control-matched group. There is an increase hip moment when NW from ~80 to 88% of stance phase for the fabella group in 
comparison to control group. Upon significance, directions of changes are highlighted in green colour, meaning there is an increase 
of the moment of either extension/flexion or dorsiflexion/plantarflexion for fabella group in comparison with control group. 
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Figure S 10. Comparison between fabellae and control groups of lower limb joint angles in frontal plane in walking gait at different 

speeds. 

Mean and standard deviation plot of the lower limb joint angles in frontal plane for fabellae and the control group at three speeds of 
running. The SPM{t} plots demonstrate the significant differences (Region of Significance or ROS) between the fabella group and 
the control-matched group. There is a decrease in ankle inversion in SW at the end of the stance phase for the fabella group in 
comparison to control group. Upon significance, directions of changes are highlighted in pink colour, meaning there is a decrease 
of either adduction/abduction or inversion/eversion for fabella group in comparison with control group.  
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Figure S 11. Comparison between fabellae and control groups of lower limb joint moments in frontal plane in walking gait at 
different speeds. 

Mean and standard deviation plot of the lower limb joint moments in frontal plane for fabellae and the control group at three speeds 
of walking. The SPM{t} plots demonstrate the significant differences (Region of Significance or ROS) between the fabella group and 
the control-matched group. No differences were found between group in any joint angles in the frontal plane at any walking speed. 

  




















