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SUMMARY: The passive stay apparatus (PSA) in horses is an example of an efficient biomechanical structure that enables
upright posture with minimal muscle activity for extended periods of time. This function is achieved through the synarggotdjg
tendons, muscles and bone elements. The intermediate tubercle (IT) of the humerus that optibicagsstheachimuscle in the
forelimb and the medial trochlear ridge (MTR) that blocks the sliding of the patella, are structures established as phyiggalseti
of Equidae that have not been evaluated during the life cycle of horses. We explore the ontogeny of morphological Varaides of
MTR of Chilean horses. We selected a humerus and femur osteotechnics from Chilean horses for ontogenetic stage of newborn,
juvenile, sub-adult, adult and senescent. We photographed proximal views of the humerus and distal views of the femur, in which
lengths were measured in 2 dimensions using the Tracker 4.11.0 program. In the humerus, the length of the IT, thefrota length
the center of rotation (TLCR) and its percentage ratio [(TI/TLXIRD] were measured. In the femur, the length of the MTR, lateral
(LTR) and its percentage ratio [(MTR/LTR)00] were measured. IT/TLCR ratio was for newborn = 0 %; juvenile = 45 %; adult =
54 %; sub-adult = 59 % and senescent =57 %. MTR/LTR is in newborn = 1.6 %; juvenile = 24 %; adult = 26 % and senescent = 31%.
The relative increase in IT and MTR is observed during ontogeny, and this developmental pattern parallels trends obeerved in th
phylogeny of Equidae.
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INTRODUCTION

Current horses possess outstanding movemestructures to provide at rest and activity: i) mechanical
characteristics of strength, endurance, power, speed, adVantage of the appendicular skeleton, i) efficiency in energy
maneuverability (Minettet al, 1999; Hildebrand & Goslow, storage and release, and iii) postural patterns with the lowest
2001; Nagy, 2016). This set of movement capabilities give fiossible energy cost (Biewener, 1998; Minettal, 1999).

a wide adaptive range to develop its biological abilities in

worldwide heterogeneous landscapes, and has also been used The passive stay apparatus (PSA) in the thoracic limbs

as a “work generator” for human activities such as transpoand pelvic limbs of horses exemplifies the interaction of such

agriculture, and recreation (Wilsehal, 2003; Denoix, 2014). structures by optimizing the animal's resting posture. This
system achieves mechanical, comfortable, and relaxed balance

The adaptive capabilities of horse movement angith minimal muscle activity, thus requiring very little
explained by highly specialized bone, tendon, and ligameatlditional energy (Schuurmanal, 2003; Konig & Liebich,
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2005; Nagy, 2016). This biomechanical system exhibitd TR have been used as morphofunctional indicators of
specific characteristics, relying on tendons and ligamengsolution in Equidae. Hermanson & MacFadden (1992)
in the thoracic limb (i.e., sesamoid, suspensory and cheestablished that IT is a necessary structure to improve the
ligaments) and on bone, tendons, and ligaments in the pelmechanical action of theceps brachimuscle, as it prevents
limb (i.e., locking and reciprocal). These structures stabilizbe shoulder collapse (flexion) without active muscle
the carpal, metacarpophalangeal, proximal interphalangeacruitment. They report that the appearance of an incipient
and distal interphalangeal joints during standing. They aF€ occurs inDinohippusQuinn, 1955£10-4 mya), and the
crucial for explaining the mechanisms behind this efficiemrell-developed IT is observed in tRguusgenera Linnaeus,
biomechanical strategy. 1758 £3-2 mya). Subsequently, the same authors evaluated
the evolution of passive locking at the knee. This mechanism
The thoracic limb suspensory apparatus requires tpesvents pelvic limb collapse through a complex synergy
stabilizing participation of several muscles: geratus of patellar ligaments, medial enlargement of the patella, and
ventralis the short portion of thbiceps brachiithe long the enlargement of MTR. They found that a developed and
portion of thebiceps brachii the triceps brachij and functional MTR is observed iRrotohippusgenera Leidy,
superficial and deep flexors digital tendons muscles, k858 £14-5 mya), being earlier than the at the thoracic limb
addition to the suspensory ligament for the check mechanisnechanism (Hermanson & MacFadden, 1996).
(Kdnig & Liebich, 2005). The distal tendons not only are
elements of the PSA, but also act as an energy-storage The PSA presents a marked development of key
mechanism and contribute to vibration reduction duringtructures that during the phylogeny of equids allowed
locomotion (Biewener, 1998; Minett al, 1999). Wilson optimize their adaptive and functional range. Jatial
et al (2003) establishes that the elastic elements titkes (2012) establishes that an increase in the relative size of
brachii muscle play a role in storing and releasing energ TR (i.e., asymmetry versus LTR) greater than 15 mm
(i.e., energy bursts), which is cyclical and constant fowvould guarantee the use of open habitats in ungulates. This
shoulder protraction during full speed gallop. Furthermorés confirmed by the findings that relate the emergence of
the location of an intermediate tubercle (IT) in the proximahe MTR with a mixed feeding (browzer and grazing) and
epiphysis of the humerus, gives the long head dbiteps with the emergence of the well-developed IT with a feeding
brachii muscle tendon a mechanical advantage for theostly grazers (Sondaar, 1994; MacFadden, 2005).
passive stay mechanics function dependent on the
coordinated action with thextensor carpi radialigi.e., During the life of current horses, motor behavior
lacertus fibrosus muscle and the optimization of thepatterns present differences (Duncan, 1980; Boyd, 1988;
muscular action angle to synchronize shoulder, elbow, akdaring, 2002). Duncan (1980) measured the time-budgets
carpal joint movements (McDiarmid, 1999). of adult and sub-adults Camargue horses. He reports that
sub-adult horses spend a lower percentage of their time
The stabilization of the pelvic limb of horses is activestanding resting and standing alerts versus adults. Similarly,
(Schuurmaret al, 2003), so it requires the contribution ofit has been established that the grazing times increase with
the bone and tendon blocking systems. The main pelvic limalge in Przewalski horses (Boyd, 1988) and New Forest
mechanisms are the patellar locking on the distal epiphygisnies (Waring, 2012).
of the femur and the reciprocal mechanism between the
tendons of theperoneus tertiugfibularis tertius) muscle During the ontogenetic development of current
and superficial digital flexor muscles (Konig & Liebich,horses, behaviors associated with increased standing and
2005; Nagy, 2016). The patella is a mobile sesamoid bogeazing times have been proposed as phylogenetic
that presents a “dynamic gearing” function in improvingnilestones of Equidae. The PSA of horses presents
mechanical advantage compared with an immobilghylogenetic signals in the humerus (Hermanson &
retroarticular process-like the olecranon (Sameetlal, MacFadden, 1992) and femur (Hermanson & MacFadden,
2017). This mechanism ends its action with a bony blocka896), which have not been evaluated during their life cycle.
between the patella and the medial trochlear ridge (MTR) this way, we asked (hypothesize) if the development of
of the distal femoral epiphysis. key structures of the PSA during the ontogeny of current
horses, recapitulate stages of the Equidae phylogeny?
Because muscles are structurally similar across
different species and sizes (Schmidt-Nielsen & Knut, 1984), Our purpose for this case study was to analyze the
bone structures such as IT and MTR provide usefbhlumerus IT size and the femur MTR according to the
information to understand explanatory mechanisms of tlemtogenetic stages of juvenile, sub-adult, adult and senescent
various movement capabilities in horses. The IT and tld Chilean domesticated horses.
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MATERIAL AND METHOD

Material. We conducted a descriptive exploratory angriterion validity (Pearson'sr=0.9; 95 % CI = 0.92-0.98;

cross-sectional study. Five humerus and four fem@r<.001) when comparing with values taken directly by

osteotechnics were selected from newborn (NB), juveni@ expert (Medina-Gonzalez, 2014; Vetal, 2022).

(JUV), sub-adult (SAD), adult (AD) and senescent (SEN)

Chilean horses from the Comparative Anatomy In the proximal humerus epiphysis, the IT length

Laboratory, Universidad Austral de Chile. The ontogenet({@éhm), the total length from center of rotation (TLCR,;

stage was determined by an expert based on the epiphysaal) and their relationship (IT/TLCR) were measured

characteristics of the specimens (Fig. 1A,B). (Fig. 1C). To transform this result to a percentage, the
following calculation was applied:

Measurement procedure. The humerus was

photographed in a proximal view (Fig. 1C) and the femur (IT/TLCR) x 100

in a distal view (Fig. 1D). A photogrammetric protocol

was developed to images with a calibration scale (i.e.,to A greater relative length of the IT (i.e., higher

ruler in mm) using the Tracker 4.11.0 vector video analygiercentage), may indicate increased efficiency in force

program. This protocol has reported an excellent level tsnsmission through the tendon complex betviserps

inter-rater reliability (intra-class correlation coefficient brachiiandextensor carpi radialligi.e.,lacertus fibrosus

0.98, 95 % CI = 0.96-0.99, p <.001) and a high concurreMicDiarmid, 1999) (Table I).

juv sad ad

Fig. 1. Views of the material ordered according to ontogenetic stage and definition of osteological measurements. (AgviDofshkvi
proximal epiphysis of the humerus. (B) Ventral view of the distal epiphysis of the femur. nb, newborn; juv, juvenile;adualf;sad-adult;
sen, senescent. (C) In the proximal humerus epiphysis, IT (intermediate tubercle; yellow) and TLCR (total length fronrottien;of
red) were measured. (D) In the distal epiphysis of the femur, MTR (medial trochlear ridge; yellow) and LTR (lateral tidgbjeady of
the femoral trochlea were measured. Both examples are represented in the material of the adult ontogenetic state. Scale bars, 5
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Table I. Absolute and relative values of the intermediate tubercle of humerus and the medial trochlear ridge of
Chilean horses.

Ontogenetic stages Humerus Femur

IT TLCR IT/TLCR MTR LTR MTRATR
Newborn 0.0 16.5 0.0 64.8 63.7 16
Juvenile 315 70.0 44.9 52.7 425 239
Sub-adult 431 79.4 54.2 naom naom naom
Adult 595 100.1 594 99.5 787 264
Senescent 520 91.7 56.7 921 704 308

IT, intermediate tubercle; TLCR total length from center of rotation; MTR, medial trochlear ridge; LTR, lateral trochlear ridge
naom = non-available osteological material. The percentage calculation of the relative length of IT was by, (IT¥ TQ@CR)
The percentage calculation (difference over LTR) of the relative length of MTR was by [(MTR kLTGR)] -100.

In the distal epiphysis of the femur, the length obéf asymmetry with 20 %, while the newborn is very close to
the MTR (mm) and the LTR (mm) and their relationshigymmetry.
(MTR/LTL) were determined (Fig. 1D). To represent this
result more intuitively, the following calculation wasDISCUSSION
developed:
Ernest Haeckel's (1866) assertion that ontogeny is a
[MTR/LTR) x 100]-100 rapid and condensed recapitulation of phylogeny driven by
the physiological functions of inheritance and adaptation,
Where the relationship is converted to a percentadeas been a topic of debate. These developmental changes
and then 100 is subtracted to establish the percentaaye not always strictly unidirectional, as some species evolve
difference between the MTR and LTR. A greater relativevith less developed changes compared to their ancestors,
length of the MTR (i.e., a higher percentage of asymmetryjgsulting in more complex forms (Darwin, 1878; McNamara,
may indicate a more timely and mechanically efficient patell&012).
locking mechanism (Samueds al, 2017) (Table ).
This epistemological context led to the understanding
Data analysis.Since in this case study one material wasf evolution as changes driven by genetics and mutations
measured for each ontogenetic stage, each of the resufisn which natural selection acts. However, it is now
obtained will be described (Table I). For the representatioecognized that the shape of bones is not solely determined
of results according to the ontogenetic stage, bar graghsgenetics, but also influenced by the forces exerted on
were used. The programs used were GraphPad Prisame growth centers (Mielket al, 2018). Consequently,
version 6.0.0 for Windows (GraphPad Software, 2012}Yhe development of structures during an individual's
ontogeny can be explained by the interplay of genetic
RESULTS mechanisms of spatial regulation, such as homeaotic genes,
and temporal regulation, represented by heterochronic genes
Table | summarizes the description of the absolui&lack & Ruvkun, 1998). Furthermore, functional adaptation,
(mm) and relative size (percentage values) of the IT and the explained by mechanobiology and concepts like Wolff's
MTR in Chilean domesticated horses (n = 1 for eadaw, also plays a role in shaping bone structures (Stoltz
ontogenetic stage). al., 2018).

Figure 2A presents the bone material analyzed for Gould (1977) discusses how changes in the timing
ontogenetic stages of the proximal humerus epiphysis. Toerate of developmental events, compared to the same events
stage with the largest relative size of the IT is the adulp ancestral species, are fundamental aspects of evolution, a
reaching 60 %. The newborn horse still does not present ttancept later termed heterochrony (Albeathal, 1979).

IT, while in the juvenile stage it reaches almost 45 %. These changes can manifest as either paedomorphosis or
peramorphosis, as development can be slowed down, sped

Figure 2B represents the relative size of the MTRp, shortened, or prolonged in descendant species relative
(percentage of asymmetry between the MTR and LTR9 their ancestors. The hypothesis of the present case study
according to ontogenetic stages. A systematic increaseisdased on the observation that motor behavior patterns in
observed until the senescence stage, reaching values claswent horses differ throughout their lifespan. Consequently,
to 30 %. The juvenile stage presents an intermediate degtiee study explores whether there are corresponding changes
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Fig. 2. Ontogenetic stages and phylogeny of the Equidae for the morphological adaptation of humerus and
femur. (A) Intermediate Tubercle of the Humerus. The green arrow represents the similar value between
current horses (case study) a@aduus scottif The red arrow represents the similar values between the
ontogenetic stage of juvenile and Dinohippust generates. For comparison, the image measurement procedure
described in the methodology section was applied to the images of the phylogenetic sequence described by
Hermanson & MacFadden (1992). (B) Medial Trochlear Ridge of the femur. The newborn stage presents
symmetry between the medial and lateral trochlear ridge, which is observed in Mesohippust and Parahippust
genera. Results of the adult and senescent ontogenetic stage are obsdaredpunst, Dinohippusdind

Equus generaor comparison, the image measurement procedure described in the methodology section was
applied to the images of the phylogenetic sequence described by Hermanson & MacFadden (1996). IT,
intermediate tubercle; TLCR, total length from center of rotation; MTR, medial trochlear ridge; LTR, lateral
trochlear ridge; nb, newborn; juv, juvenile; sad, sub-adult; ad, adult; sen, senescent. Scale bars, 5 cm.
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in the relative size of key structures in horse biomechanidgvelopment for seeking protection within the herd
and whether these changes recapitulate certain stages of s(Biewener, 1998; Grossi & Canals, 2010).
species in the Equidae phylogeny. The study indeed found a
relative increase in the size of IT and MTR, which will béevolutionary implications of IT and MTR development
further discussed in terms of their mechanical and
evolutionary implications. The relative increase of IT and MTR observed in this
case study can be interpreted as a heterochronic mechanism
Mechanical implications of IT and MTR development  of peramorphosis (acceleration; McNamara, 2012). This
phenomenon would demonstrate a recapitulation of these
It has been established that juvenile horses exhilsitibstructures during stages described in the phylogeny of
dynamic movement patterns that are distinct from those Bfjuidae, as suggested by Hermanson & MacFadden (1992,
adults (Duncan, 1980; Boyd, 1988; Waring, 2002). Ouk996).
findings corroborate this observation, as we observed a
relative increase in the size of IT and MTR (as indicated in When applying the IT results to some species in the
Table I). This increase in size could potentially account f&quidae phylogeny, we found that newborns have a similar
the differences observed in the static and dynamic movemelatvelopment to thiglesohippusMarsh, 1875Merychippust
capacities of horses throughout their ontogeny. Leidy, 1856 andHypohippustiLeidy, 1858 genera, which are
associated with a mostly browsers diet (MacFadden, 2005).
Grossi & Canals (2010) conducted a study and four@urrently, this phenotype is related to the behavior of the first
that the thoracic limb posture, measured as the ratio betwewanths of life, where the foals are under the care of the mother
the height of the leg at rest and the sum of the lengths of afid perform less grazing (Waring, 2002). The juvenile stage
the bones that compose it, did not differ significantly betwegsresents a development liRgnohippustQuinn, 1955 genera
adult horses (0.8% 0.03) versus juveniles (0.830.07). Itis which emerged in the late Miocene and is associated with
important to note that this measurement, which focuses orostly grazers around 5 million years ago (MacFadden, 2005),
the orientation of the long bones, does not consider the sizeasfshown in Figure 2A.
substructures such as IT. However, an increase in IT size could
potentially provide a mechanical advantage for lifeeps The development of the MTR during the newborn
brachii muscle aponeurosis in storing potential energy for ttetage is associated wittiesohippusfand Parahippust
catapult movement during galloping (Minett al, 1999; Leidy, 1858 (Oligocene and early Miocene), where both
Wilson et al, 2003). Additionally, it may also contribute totrochlear ridges of the femur are symmetrical, and the
the functioning of the PSA in the thoracic limb (McDiarmidbehavior is associated with a mixed diet of browsing and
1999; Koénig & Liebich, 2005). Theiceps brachiimuscle grazing (Ma€&adden, 2005). The greater development of the
plays a significant role in the rapid protraction of the thorac®ITR compared to the LTR in the juvenile stage shows
limb during trot and gallop, where inertial forces dominate. Hifferences of approximately 10 mm (Table 1), which
contributes 80% of the extensor moment, generating a forcerresponds to mixed and open environments (Jznéd,
of 11.4 kN and storing 74 J of elastic energy (Wilsbal, 2012). On the other hand, the differences in the adult and
2003). This mechanism is considered to exhibit the highestnescent stages exceed 15 mm, linking them to the phylogeny
efficiency of movement through potential energy observed of species in open environments and grazing diets from the
terrestrial mammals (Minetét al, 1999). late Miocene wittNannipusiMatthew, 1926 anBinohippust
to the Quaternary with tHequusgenera (MacFadden, 2005;
The general posture, which refers to thdanisetal, 2012), as illustrated in Figure 2B.
intersegmental relationship of long bones, of the pelvic limb
in juveniles (0.83t 0.03) was significantly less erect These changes in IT and MTR size can be part of a
compared to adult horses (0.22.04) (Grossi & Canals, postural and behavioral development strategy to restrict the
2010). This postural difference can be attributed to the lowlevel of normal operating stress to a range like smaller
development of the MTR in the juvenile stage, as indicatedhimals, achieved through small changes in proportion
in Table | and Figure 2. Consequently, greater musc{@lexanderet al, 1979). For instance, Thomason (1985) used
activation is required to maintain the resting posture due ge@ometrical models to estimate the forces and stresses acting
the immaturity of the PSA check system (Kénig & Liebichpn the third metacarpal of Equidae members. The study found
2005; Nagy, 2016). However, despite being consideredtlzat the stresses estimated for different positions of the digits
mechanical disadvantage, this postural pattern could fe., inclination angles of°05°, and 10) in Merychippust
beneficial for maintaining maneuverability capabilities(|17.1 - 75.8] MX¥m?) were higher than those liquus(|5.9
which are necessary during the early stages of hors&8.3] MNn%) and Mesohippust(|2.6 - 33.4] MMm?),
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suggesting that the transition from being subunguligrade, patela, son estructuras establecidas como sefiales filogenéticas
in Mesohippus;fto being fully unguligrade iMerychippust de los Equidae que no han sido evaluadas durante el ciclo de vida

@]réables morfolégicas del Tl y CTM de caballos chilenos.

these genera but also to changes in habitat and substrucg , > o . :
. eleccionamos osteotécnicas de himero y fémur de caballos
proportions. . > L .
chilenos para las etapas de recién nacido, juvenil, subadulto, adulto
o . . y senescente. Fotografiamos vistas proximales del hUmero y vistas
Limitations and future directions distales del fémur, en las que se midieron longitudes en 2
o o . dimensiones utilizando el programa Tracker 4.11.0. En el himero,
Within the limitations of this exploratory study, these midié la longitud del TI, la longitud total desde el centro de
number of osteotechnics is restricted to one per ontogenetitacion (LTCR) y su relacion porcentual [(TI/LTCRPO]. En
stage. Future research should incorporate a larger samgigmur, se midic la longitud del CTM, lateral (CTL) y su relacion
size, including different horse breeds and sexual dimorphishfrcentual [(CTM/CTLY100]. Larelacion TVLTCR fue de recién

to evaluate the potential role of size differences in thf¥cido =0 %; juvenil = 45 %; adulto = 54 %; subadulto =59 %y
adaptive mechanism (Bullimore & Burn, 2006) senescente = 57 %. La relacion CTM/CTL es en recién nacido =

Additi v, th fin vivo i . hni h "1.6 %; juvenil = 24 %; adulto = 26 % y senescente = 31 %. Por lo
itionally, the use of in vivo Imaging techniques, suc "’\somto, para las osteotécnicas seleccionadas, se observa una

computed tomography scans, could enhance the analysise@fjencia hacia un aumento relativo del IT y MTR durante la

these structures (Akbari-Shahkhosravial, 2021) and ontogenia y este patrén de desarrollo también puede observarse
enable assessment of stance and locomotion capacities based filogenia de Equidae.

on field biomechanics indicators (e.g., walk—trot transition

in Griffin et al, 2004). PALABRAS CLAVE: Biologia Evolutiva; Equidae;
Miembro toracico; Miembro pélvico; Fendmenos
CONCLUSION biomecanicos; Paleontologia.
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