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Introduction 
The quality of elbow function after fracture of the distal humerus is related to the 
degree to which normal anatomic relationships are restored.

1-4
  

Through time, the human elbow has evolved into a complex non-weight bearing 
articulation, giving the distal humerus an intricate osseous anatomy.

5
The ulno-

humeral articulation allows the hand to move from and to the body, where the 
radio-ulnar articulation facilitates hand position.

6
  

 
The same basic elbow design is shared amongst all vertebrates. 

7
 In most 

vertebrates, the elbow is primarily used for locomotion. However, the elbow is 
used in different ways depending on the locomotor demands placed upon the 
system. Understanding these demands enables us to appreciate the differences 
in distal humerus morphology between species.  
 
This chapter will discuss the evolutionary changes to the elbow in general and 
more specifically the distal humerus. A general perspective of vertebrate evolution 
will be given after which the distal humeri of 6 species that use their elbow in 
different manners will be compared. Finally, general considerations regarding the 
comparative morphology of the distal humerus will be given. 
 
Evolution 
Bone is only found in vertebrates.

8
 The origin and early evolution of vertebrates 

took place in marine water, somewhere around 544 million years ago (Ma). 
Fossils have left a detailed record of the structure of lobed fins: pectoral 
appendages that internally possess bones homologous to those of early Tetrapod 
limbs. (fig. 1) Tetrapods (‘four-footed’) are the common ancestor, shared by 
amphibians, reptiles, bird and mammals. Ancathostega, an early Devonion, 
showed transitional features from fish to Tetrapod and could be described as a 
“food-footed fish”(fig. 2A and 2B) .The first tetrapods quickly displayed changes in 
the appendicular skeleton correlated with locomotion on land and the exploitation 
of the terrestrial environment.

9-11
  The pelycosaur is a late Paleozoic reptile that 

later gave rise to therapsids. 
 

 
FIGURE 1: Fins to limbs. From left to right: Polypterus, Sauripterus (Tetrapodomorph) and Limnoscelis 
(Thetrapod). (From Anderson, J.S.) 
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FIGURE 2: Acanthostega, early tetrapod, showing transitional features from fish to tetrapod. About 7 
cm overall length. (From Anderson, J.S.) 

 
The distal humerus of the pelycosaur shows a bulbous capitellum and the 
humero-ulnar articulation is formed but has a concave ventral surface and a flat 
dorsal surface.

12-14
(fig. 3A) Three-hundred and forty Ma the amniotes (reptiles) 

evolved from the tetrapods: the first fully terrestrial vertebrates.  
Therapsids, mammal-like reptiles, appeared in the late Permian (300 Ma). Their 
stance was quadrupedal and their limb posture was less sprawled than reptiles. 
The femur and especially the humerus show torsion of their distal ends which 
rotates the digits in line with the direction of travel.

13
  

 
Cynodonts (256 Ma), the common ancestor of all mammals, had limbs directly 
beneath the body, not sprawled, thereby contributing to the ease and efficiency of 
active terrestrial locomotion.

15-20
 On the distal humerus of the cynodont, the radial 

condyle (capitellum) and ulnar condyle are separated by a shallow groove. (fig. 
3B) The distal humerus of the theria (live bearing mammals) had several 
modifications. The trochlea is more apparent, deeper and separated from the 
capitellum.

13
 (fig. 3C) Around 125 Ma the theria evolved into monotremes (egg 

laying mammals), metatheria (marsupials) and eutheria (placentals).
21
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FIGURE 3 

 
A. Distal Humerus of a pelyocaur. (From Jenkins, F.A.) 
 

 
B: Distal humerus of a cytodont. (From Jenkins, F.A.) 

 
 
C: Distal humerus of a bear. (From Jenkins, F.A.) 
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Comparative Morphology of Eutheria 
 
Locomotion through a fluid medium: 
Aquatic: Dolphin (Lagenorhynchus acutus) 
The dolphin is a species of the Delphinidae, in the order of cetacean. Cetaceans 
(whales, dolphins, and porpoises) descended from terrestrial mammals.

22-24
 Their 

forelimbs  have been radically modified during the limb-back-to-flipper transition.
25

 
(fig. 4) 
Like many other fully aquatic animals, cetaceans employ a lift based propulsion 
system using an oscillating hydrofoil to generate thrust.

26
 Their smooth, 

streamlined fusiform body is propelled by high aspect ratio flukes.
27

 Flippers are 
of prime importance in total hydrodynamics

28
 controlling stability, minimizing drag, 

and effecting forces in roll, pitch, and yaw directions.
29

 The morphology and 
skeletal design both favor maneuverability over speed – adaptations suited to 
prey and feeding techniques.

27
  

 
In the transition to an aquatic lifestyle, cetaceans have lost most forelimb 
structural complexity and evolved into a stiff forelimb distal to the shoulder.

25
 They 

display a mostly immobile flipper that is rigid, reinforced by dense connective 
tissue. If the flippers were malleable and deformed under hydrodynamic pressure, 
this would increase drag and decrease the speed of corkscrewing.

25, 30
  

 
The elbow joint is immobilized as the radius and ulna are firmly attached to the 
distal end of the humerus by articular cartilage

31
 The lower end is broad and 

flattened and its inferior surface is divided into two nearly equal flat surfaces 
placed side by side (one external, the other internal) and meeting at a very obtuse 
angle.

32
 The wrist is mostly immobilized by closely oppressed carpal elements 

that lack the ability to glide relative to another.  
 
Corresponding with the loss of elbow joint mobility, cetaceans are unique in 
displaying atrophied muscles in the triceps complex. A shortening and flattening 
of the humerus, radius, and ulna is also observed.

33-35
  Flipper movement is 

generated at the glenohumeral joint primarily by means of the deltoid and 
subscapularis muscles.

36
 The musculature of in the brachial region have become 

vestigial or absent, given the lack of mobility of the forelimb at the elbow joint
31

 
and antebrachial muscles display drastically reduced origins and insertions.

25
 

 
Areal: Bat (Pteropus giganteus) 
Bats (order Chiroptera) have gone beyond the gliding and parachuting abilities of 
several lineages of flying squirrels, flying lemurs and Australian gliders and 
developed active flight.

37
 As a consequence of this achievement, bats underwent 

one of the greatest adaptations in the history of mammalian evolution.
38-40

 (fig. 5) 
Bat powered flight is made possible by several key morphological innovations, 
one of the most crucial being the elongation of the forelimb digits to support the 
broad, two-layered wing membrane,

40
 stretched between the side of the body and 

the collapsible support system formed by the arm, hand and finger bones.
41

 
Many of the joints of the bat forelimb are specialized to restrict movement in the 
plane of the outstretched wing. This allows a reduction of the joint stabilizing 
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musculature and a decrease of insertion area of the remaining muscles that 
control flexion and extension.

42
 

 
The large, strong humerus is suspended from the scapula

41
 and has a slight 

sigmoid curve.
32

The distal articular surfaces are rotated anteriorly and both lateral 
and medial epicondyles are widely displaced from the long axis of the shaft.

43, 44
  

The medial condyle is large, the lateral side small.
45

 
 
The humeral capitellum is non-spherical with its articular surface limited laterally 
and medially by ridges and grooves and its articular surface is mostly aligned with 
the shaft.  The groove separating the capitellum from the trochlea is deep and 
rather V-shaped.

46
 The presence of a prominent spinous process from the medial 

condyle is consistent throughout the chiroptera.
44

 
 
The extensive, rigid articulation between the trochlea and the radius only allows 
motion n the anteroposterior plane and is associated with relatively fast, direct 
flight.

47-49
  The radius occupies the greater part of the joint and is greatly enlarged, 

sometimes being twice as long as the humerus.
45

 The radius cannot rotate and 
the wrist can only flex and extend. The ulna is reduced: only the upper third being 
present and that is ankylosed with the radius. There is a detached sesamoid 
ossicle on the olecranon.

32
 These modification make the wing gain strength and 

rigidity in order to withstand air pressures associated with flight.
49, 50

  
 
Locomotion through a solid medium: 
Fossorial: Mole (Talpa europaea) 
Moles are the majority of the members of the mammal family Talpidae, in the 
order Soricomorpha. Fossil evidence shows that the Talpidae radiated into 
subterranean habitats as early as Eocene times.

51, 52
 (fig. 6) 

Ridges are a common sign of the presence of moles and are made as they travel 
just beneath the surface by forcing their way through the soil.

53
 Their burrows are 

used for nesting , food storage, sanitation
54

 and retreat
55-57

 The closed 
environment provides a relatively constant microclimate, protection from 
predators or competitors, and access to food.

58-60
  

 
The manner of its subterranean locomotion necessitates very powerful forelimbs 
and a pectoral girdle to excavate the burrow.

61, 62
 The moles almost swim through 

the earth, their burrowing process called a ‘lateral thrust method of digging’.
63, 64

 
Their front limbs are armed with broad spade-like claws.

62
 When the claws are 

moved aside, the mole straightens its forelimbs forward, extending the shoulder 
and elbow, while rotating the shoulder as to fixate the humerus in parasagittal 
position.

64-67
 

 
In no other group of mammals has the humerus undergone as remarkable a 
rotation and transformation as in talpids.

62, 65
 Associated changes are related to 

the development of areas of muscle attachement.
68

 The humerus has undergone 
considerable medial ration. Its lateral border faces antero-medial and its medial 
border postero-lateral, while, as a result of extension and abduction, its proximal 
extremity is directed postero-medial and its distal extremity antero-lateral.

69
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The distal humerus has four oversized processes. The lateral epicondyle consists 
of a sharp spinous process, a smooth, oval shaped capitellum and the radial 
fossa. The medial epicondyle is marked by a spinous process proximally and the 
trochlea is shaped like a slightly bent cylinder. Adjacent to the medial epicondyle 
on the ventral surface are the supracondylar foramen, which transmits the median 
nerve, and a slight coronoid fossa with on the dorsal surface the deep olecranon 
fossa. 

62, 66, 69
 

 
Locomotion on a substrate: 
Arboreal: Gibbon (Hylobates lar lar) 
The bimanual arm swinging locomotion of the gibbons (Hylobatidae) is a highly 
specialized mode of locomotion that involves energy-saving mechanisms using 
gravity.

70-74
 Besides brachiation, gibbons frequently walk along branches using 

bipedal locomotion and climb vertically.
75

 Analytical studies of body proportions in 
gibbons using an oscillating model showed that the concept of a pendulum motion 
of the free arm in gibbons is important for acceleration of the body.

72, 73
 (fig. 7) 

Elbow flexion of the support arm during brachiation is important to accelerate 
body progression. 

72, 76
 Increased arm length results in improved periodicity, 

greater efficiency and higher velocity. The shoulders are very mobile, mostly as a 
result of freedom of movement of the scapula.

77
 Increased stability of the elbow 

joint is achieved by making use of the crachioradialis muscle as a shunt, 
contracting automatically if its fibers are suddenly extended and  so cushioning 
the shock which prevents potential dislocation of the elbow.

78
 

 
The humerus of brachiators has prominent muscular processes

79
 and the upper 

limb bones are very slender as well as elongated. A supratrochlear foramen in the 
humerus appears rarely in hylbatids.

80
 The articular surface is perpendicular to 

the shaft with a relative low biepicondylar width.
81

 
 
The elbow joint has several features associated with full extension: small 
olecranon process of the ulna, deep olecranon fossa and posterior extension of 
the distal articular surface of the humerus. The lateral keel of the trochlea is much 
less well-defined and the medial slope of the lower humeral surface is lacking. 
The capitellum is rounded, and occupies more of the articular surface than the 
trochlea.  
 
Pronators and supinators are strongly developed in brachiators, correlated with a 
strongly developed medial epicondyle to the humerus

82
 which makes it possible to 

rotate 180 degrees.
83

 However, the lateral epicondylar ridge is poorly 
developed.

84
 

 
Terrestial, quadrupedal: Lion (Felis leo) 
Cats are part of the order of the carnivora. Efficiency as a predator necessitates 
the ability to make a wide variety of movements. Carnivores have not specialized 
in the performance of one particular type of movement to the determent of others: 
some are swift runners, but most can also climb or dig to some extent and many 
are good swimmers.

85-88
 (fig. 8) 
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In felines, elbow and knee are oppositely oriented. When the forefoot contacts the 
ground the humerus is vertical and the elbow and wrist slightly flexed. The paw 
thus comes down well in advance of the elbow. Retraction of the humerus with 
extension of the elbow and wrist then follows. In the recovery stroke, the elbow is 
first flexed and the humerus protracted ; as the latter nears the vertical position, 
elbow and wrist extend again to set the foot down for the next step.

61
  

 
This gait is associated with digitigrade foot pressure: elevated metacarpals to an 
acute angel, leaving only the phalanges in contact with the substrate.

89
  

In cursorial species there is a tendency for action to be limited to movement in the 
sagittal plane: the head of the humerus is more cylindrical and the articulating 
grooves between the humerus and ulna are deeper.

88, 90
  Some carnivores retain 

supinatory ability, allowing them to manipulate prey and other items with their 
forepaws.

85-87, 91
  

 
The articular surface of the distal humerus is displaced 90 degrees anteriorly and 
is slightly dorsally to the axis of the shaft. The concave trochlea continues directly 
into the capitellum, without a defined lateral margin of the trochlea.

92, 93
 The 

olecranon fossa is deep compared to other species since the olecranon is 
enlarged for the attachment of a powerful triceps, necessary for fast quadrupedal 
movement. The supracondylar foramen is a narrow perforation from the ventral to 
the dorsal aspect of the humerus near the caudal side of the distal extremity. 
Through it pass the median nerve and the brachial artery.

94
 

 
Terrestial, bipedal: Human (Homo Sapiens)  
Most paleoanthropologists agree that bipedalism is the key adaptation of the 
hominin clade.

95
 Some of the most long-standing questions in paleoanthropology 

concern how and why human bipedalism evolved. Some theories include 
monkey-like arboreal or terrestrial quadrupedalism, gibbon- or orangutan-like (or 
other forms of) climbing and suspension, and knuckle-walking. (fig. 9) 
The functional characteristics of the shoulder and arm, elbow, wrist, and hand 
shared by African apes and humans, including their fossil relatives, most strongly 
supports the knuckle-walking hypothesis, which reconstructs the ancestor as 
being adapted to knuckle-walking and arboreal climbing.

96
 The elbow is typically 

extended during knucklewalking,
97

 which suggests that stability in extended 
postures may be particularly important to resist torque. Some early homonin 
humeri have features related to strong elbow extension, such as extension of the 
distal margin of the capitellum onto the posterior aspect of the humerus.

98
 Details 

of the forelimb remains of Ardipithecus, including a well-developed lateral 
trochlear ridge on the distal humerus 

99
, are consistent with the knuckle-walking 

hypothesis.  
 
Flexion at the elbow underlies man’s ability to carry food to his mouth. The distal 
end of the humerus bulges anteriorly at an angle of 30 to 45 degrees to the shaft 
(or: its most anterior point of the articular surface lies 11.7 mm in front of the 
anterior border of the shaft).

100-105
  In the same way the trochlear notch of the ulna 

projects anteriorly and superiorly at an angle of 45 degrees to the ulnar shaft. This 
anterior projection of the articular surfaces and their inclination promotes 
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flexion.
106

 The anterior translation evolved during the transition from quadruped to 
biped as the need for stability was supplanted by the need for flexion. A straight 
distal humerus offers more stability in extension, whereas an anteriorly translated 
distal humerus offers more stability in flexion.

96, 107
 

 
The trochlea is pully-shaped with a central groove and is bound by two convex 
limps accommodating the trochlear notch of the ulna. The capitellum is a 
hemisphere placed anteriorly and distally on the distal humerus, laterally from the 
trochlea, articulating with the radial head. Immediately above the articular 
surfaces, two concavities are present: anteriorly, the coronoid fossa which 
receives the coronoid process during flexion; and posteriorly the olecranon fossa 
which receives the olecranon process of the ulna during extension.  
The compact portions of the distal humerus lie on either side of these fossae, 
forming two divergent pillars, one ending on the medial epicondyle, the other on 
the lateral epicondyle; in this fork-like construction, the capitulo-trochlear 
articulation complex lies supported.

106
  

 
The humero-ulna articular combination (the true elbow joint) has a range of 
motion of 145 degrees actively and up to 160 degrees passively.

6
 Women and 

children can increase this by 5-10 degrees depending on the laxity of the 
ligaments, allowing hyper extension.

106
  The range of motion of rotation (pronation 

and supination) is around 175 degrees. Rotation is a function of the radio-ulnar 
joints, superior and inferior. The muscles for of the upper limb are adapted for 
climbing: maximum efficient flexion occurs when reaching up while strongest 
extension is achieved when the arm is pointing downwards.

106
 

 
General considerations on distal humerus comparative morphology  
Evolution is the process of continuously changing life on earth, sustaining the 
most practical adaptations. The evolutionary development and diversification of 
the mammalian humero-ulnar joint principally reflects changes in forelimb posture 
and excursion.

13
 

 
Bones, cartilage, tendons, ligaments and muscles of all vertebrates have a 
gracefully efficient physical order. The existence of a hierarchy of structural and 
kinematic harmony is not accidental but the result of unique and complex 
phylogenetic and ontogenetic histories in which genes and mechanical forces 
provide critical control.

108
 The development of joint surfaces and bone geometry 

near joints can be viewed as an interdependent causal relationship between form 
and function. The structural changes of the distal humerus articulation reflect a 
functional shift in load bearing, joint stability and forearms rotation that is 
connected with differences in forearm use.

109
 

 
Capitellum shape is correlated with movement of the radius on the humerus, and 
a more spherical shape is generally indicative of multi axial movement, whereas a 
trochleated capitellum is correlated to varying degrees with fast flexion/extension 
of the ulna that requires lateral bracing. A distally flattened (as opposed to 
rounded) capitellum with well-defined borders is characteristic of more terrestrial 
vs. arboreal species.

110-115
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The deeper trochlea of terrestrial mammals
110, 114-116

  has extended surface area 
for ulnar articulation and medial restriction of that articulation.

117
 A more derived 

mammalian condition where the trochlea takes over more direct loads at the 
elbow, and the capitellum is reduced, plays an important role in movement 
associated with radial rotation.

115
  

 
Deep or perforated coronoid and/or olecranon fossae are generally attributed to 
more extreme degrees of forearm flexion and extension, respectively.

113
 There is 

a significant correlation between anterior translation of the articular surface of the 
distal humerus and elbow flexion.

100
 The entepicondylar foramen, which transmits 

the median nerve
64

 is considered to be a primitive therian trait that has been lost 
in several mammalian taxa.

114, 115, 118, 119
 

 
Most of the variation in the width of the distal humerus is accounted for by the 
medial and lateral epicondyles. These structures serve as areas of origin for the 
wrist and digital flexors (medially) and extensors (laterally).

120-124
 Differences in 

mediolateral widths of the trochlea and capitellum suggest how much body weight 
is distributed on one side of the humerus relative to the other.

113, 114
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FIGURE 4: Distal humerus of Lagenorhynchus acutus  
A. Anterior view 

B. Posterior view 

C. Lateral view  

D. Medial view 

Museum of Comparative Zoology, Harvard University 
©President and Fellows of Harvard College 
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FIGURE 5: Distal humerus and olecranon sesamoid of Petropus giganteus  
A. Anterior view          

B. Posterior view 

C. Lateral view  

D. Medial view 

E. Articular surface 

Museum of Comparative Zoology, Harvard University 
©President and Fellows of Harvard College 
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FIGURE 6: Distal humerus of Talpa europaea  
A. Anterior view with complete arm 

B. Anterior view 

C. Posterior view  

D. Medial view 

E. Lateral view 

Museum of Comparative Zoology, Harvard University 
©President and Fellows of Harvard College 
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FIGURE 7: Distal humerus of Hylobates lar lar  
A. Anterior view 

B. Posterior view 

C. Lateral view  

D. Medial view 

E. Articular surface 

Museum of Comparative Zoology, Harvard University 
©President and Fellows of Harvard College 
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FIGURE 8: Distal humerus Felis Leo 
A. Anterior view 

B. Posterior view 

C. Lateral view  

D. Medial view 

E. Articular surface 

Museum of Comparative Zoology, Harvard University 
©President and Fellows of Harvard College 
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FIGURE 9: Distal humerus Homo Sapiens 
A. Anterior view 

B. Posterior  view 

C. Lateral view 

D. Medial view 

E. Articular surface 

Museum of Comparative Zoology, Harvard University 
©President and Fellows of Harvard College 
 

A   B   C  
   

 
 
 
 
 D   E 
 

 
 
 



 

27 

 

References 
1. Jupiter JB, Neff U, Holzach P, Allgower M. Intercondylar fractures of the humerus. An 
operative approach. J Bone Joint Surg Am 1985;67:226-39. 
2. Ring D, Jupiter JB. Fractures of the distal humerus. Orthop Clin North Am 2000;31:103-13. 
3. Riseborough EJ, Radin EL. Intercondylar T fractures of the humerus in the adult. A 
comparison of operative and non-operative treatment in twenty-nine cases. J Bone Joint Surg Am 
1969;51:130-41. 
4. Sanders RA, Sackett JR. Open reduction and internal fixation of delayed union and 
nonunion of the distal humerus. J Orthop Trauma 1990;4:254-9. 
5. Morrey BF, An KN. Articular and ligamentous contributions to the stability of the elbow joint. 
Am J Sports Med 1983;11:315-9. 
6. Morrey BF, Askew LJ, Chao EY. A biomechanical study of normal functional elbow motion. J 
Bone Joint Surg Am 1981;63:872-7. 
7. Shubin NH, Daeschler EB, Coates MI. The early evolution of the tetrapod humerus. Science 
2004;304:90-3. 
8. Ruben JA, Bennett AF. Antiquity of the vertebrate pattern of activity metabolism and its 
possible relation to vertebrate origins. Nature 1980;286:886-8. 
9. Capdevila J, Izpisua Belmonte JC. Perspectives on the evolutionary origin of tetrapod limbs. 
J Exp Zool 2000;288:287-303. 
10. Gunter G. Origin of the Tetrapod Limb. Science 1956;123:495-6. 
11. Krantz G. The process of human evolution. Cambridge, Mass: Shenkman Publishing Co.; 
1981. 
12. Haines RW. A revision of the movements of the forearm in tetrapods. J Anat 1946;80:1-11. 
13. Jenkins FA, Jr. The functional anatomy and evolution of the mammalian humero-ulnar 
articulation. Am J Anat 1973;137:281-97. 
14. Romer AS, Price LW. Review of the pelycosauria. Geol Soc Am Spec Pap 28 1940. 
15. Ahlberg PE, Milner AR. The origin and early diversification of tetrapods. Nature 
1994;507:507-14. 
16. Carroll RL. Vertebrate paleontology and evolution. New York: WH Freeman; 1988. 
17. Clack JA. New material of the early tetrapod Acanthostega from the Upper Devonian of East 
Greenland. Paleontology 1988;31:699-724. 
18. Coates MI. The Devonian tetrapod Acanthostega gunnari Jarvik: Post-cranial anatomy, 
basal tetrapod interrelationships and patterns of skeletal evolution. Trans Royal Soc of Edinburgh 
1965;87:363-421. 
19. Janvier P. Catching the first fish. Nature 1999;402:21-2. 
20. Reisz RR. The origin and early evolutionary history of amniotes. Trends in Ecology and 
Evolution 1997;12:218-22. 
21. McKenna MC, Bell SK. Classification of mammals above the species level. New York: 
Columbia University Press; 1997. 
22. O'Leary MA, Rose KD. Postcranial skelton of the early Eocene mesonychid Pachyaena 
(Mammalia, Mesonychia). Journal of Vertebrate Paleontology 1995;15. 
23. Thewissen JGM, Fish FE. Locomotor evolution in the earliest cetaceans: functional model, 
modern analogues and paleontological evidence. Paleobiology 1997;34:482-90. 
24. Zhou W, Sanders WJ, Gingerich PD. Functional implications of vertebral structure in 
Pachyaena ossifraga (Mammalia, Mesonychia). Contributions from the Museum of Paleontology, 
University of Michigan 1992;28:289-319. 
25. Cooper LN, Dawson SD, Reidenberg JS, Berta A. Neuromuscular anatomy and evolution of 
the cetacean forelimb. Anat Rec (Hoboken) 2007;290:1121-37. 
26. Fish FE. Transition from drag-based to lift based propulsion in mammalian swimming. Am 
Zool 1996;36:628-41. 
27. Woodward B. Locomotory strategies, dive dynamics, and functional morphology of the 
mysticetes: Using morphometrics, osteology, and DTAG data to compare swim performance in four 
species of baleen whales. PhD thesis. The University of Maine 2006. 
28. Felts WJL. Some functional and sturctural characteristics of cetacean flippers and flukes. In: 
Norris KS, ed. Whales, dolphins, and popises. Berkely: University of California; 1966. 
29. Edel RK, Winn HE. Observations on underwater locomotion and flipper movement of the 
humpback whale Megoptera novaengliae. Marine Biology 1978;48:279-87. 
30. Fish FE, Battle JM. Hydrodynamic design of the humpback whale flipper. J Morph 
1995;225:51-60. 



 

 
28 

31. Sanchez JA, Berta A. Comparative anatomy and evolution of the odontocete forelimb. 
Marine Mammal Science 2010;26:140-60. 
32. Flower WH. An introduction to the osteology of the mammalia. 3rd ed. London: Macmillan 
and Co; 1885. 
33. Benke H. Investigations on the osteology and the functional morphology of the flipper of 
whales and dolphins (Catacea). Invest Cetacea 1993;24:9-252. 
34. Dawson SB, Rommel SA, Manire CA, Murphy DM. Anatomy of the current and potential 
sampling sites in the Florida manatee (Trichechus manatus latirostris). Annual Conference American 
Association of Zoo Veterinarians, New Orleans, LA 2000. 
35. Howell AB. Myology of the narwhal (Monodon monoceros). Am J Anat 1930;46:187-215. 
36. Fish FE. Balancing requirements for stability and meuverability in cetaceans. Integr Comp 
Biol 2002;42:85-93. 
37. Fenton MB. Just bats. Toronto: University of Toronto press; 1983. 
38. Cooper KL, Tabin CJ. Understanding of bat wing evolution takes flight. Genes Dev 
2008;22:121-4. 
39. Nowak RM. Walker's bats of the world. Baltimore: Johns Hopkins Univ. Press; 1994. 
40. Sears KE, Behringer RR, Rasweiler JJ, Niswander LA. Development of bat flight: 
morphologic and molecular evolution of bat wing digits. Proc Natl Acad Sci 2006;103:6581-6. 
41. Neuweiler H. The biology of bats. New York: Oxford University Press; 2000. 
42. Strickler TL. Functional osteology and mycology of the shoulder in the Chiroptera. New 
York: S. Kager; 1978. 
43. Koopman KF, Cockrum EL. Bats. New York: Ronald Press Co; 1967. 
44. Walton DW, Walton GM. Comparative osteology of the pelvic and pectoral girdles of the 
phyllostomatidae (Chiroptera; Mammalia). Dallas: Southern Methodist University Press; 1968. 
45. Grasse PP. Anatomie, in traite zoology, tome 17. Paris: Mason et Cie; 1955. 
46. Altenbach JS. Locomotor morphology of the vampire bat, demodus rotondus. Am Sc Mamm 
1979;ASN special publications 6. 
47. Smith JD. Systematics of the chiropteran family Mormoopidae. University of Kansas 
museum of naatural history miscellaneous publications 1972;56:1-132. 
48. Vaughan TA. Functional morphology of three bats: Eumops, Myotis, Macrotus. University of 
Kansas museum of naatural history miscellaneous publications 1959;12:1-153. 
49. Vaughan TA. The skeletal system. In: Wimsatt WA, ed. Biology of bats. New York: 
Academic press; 1970:97-138. 
50. Schutt WA. Digital morphology in the Chiroptera: the passive digital lock. Acta anat 
1993;148:219-27. 
51. Anderson S, Jones JKJ. Recent mammals of the world. A synopsis of families. New York: 
The Ronald press; 1967. 
52. Nevo E. Adaptive convergens and digergence of subterranean mammals. Ann Rev Eco Sys 
1979;10:269-308. 
53. Yalden DW. The anatomy of mole locomotion. Journ of Zoology 1966;149:55-64. 
54. Nevo E. Observations on Israeli populations of the mole-rat Spalax e. ehrenbergi. Nehring 
1898. Mammalis 1969;25:127-44. 
55. Godfrey GC, Crowcroft P. The life of the mole (Talpa europeae, L). London: Musuem Press; 
1960. 
56. Jarvis JUM, Sale JB. Burrowing and burrow patterns of East African mole-rats Tachoryctes, 
Helio-phobius and Heterocephalus. J Zool London 1971;163:452-79. 
57. Scheffer TH. Excavation of a runway of the pocket gopher (Geomys bursarius). Trans Kans 
Acad Sci 1940;43. 
58. Howard WE, Childs HEJ. Ecology of pocket gophers with emphasis on Tomomy bottae 
mewa. Hilgardia 1959;29. 
59. Kennerly TEJ. Microenvironmental condition of the pocket gopher burrow. Texas J Scd 
1964;16:395-441. 
60. Wilks BJ. Some aspects of the ecology and population dynamics of the pocket gopher 
Geomy bursarius in Southern Texas. Texas J Sci 1963;15:241-83. 
61. Hildebrand M. Digging in quadrupeds. In: Functional Vertebrate Morphology. Cambridge, 
Mass and London: Harvard University press; 1985:89-109. 
62. Slonaker JR. Some morphological changes for adaptation in the mole. Jour Morph 
1920;34:335-75. 
63. Gambaryan PP. Adaptive features of the locmotory organs in fossorial mammals. 
Izdatel'stvo An Armyanskoi, SSR 1960:195 [Russian]. 



 

29 

 

64. Reed CA. Locomotion and appendicular anatomy in three soricoid insectivores. American 
Midland naturalist 1951;45:513-671. 
65. Campbell B. The shoulder anatomy of the moles. A study in phylogeny and adaptations. 
American Journal of Anatomy 1939;64:1-39. 
66. Freeman RA. The anatomy of the shoulder and upper arm of the mole (Talpa europaea). 
Journal of Anatomy and Physiology 1889;20:201-19. 
67. Todorowa Z. Die Enstehugen der Grabanpassugen bei Talpa europaea. Gegenbaurs 
Morphologische Jahrbucher 1927;57:381-409. 
68. Gambaryan PP, Gasc JP, Renous S. Cinefluorographical study of the burrowing movements 
in the common mole, Talpa europaea (Lipothyphla, Talpidae). Russian J Theriol 2000;1:91-109. 
69. Edwards LF. Morphology of the forelimb of the mole (Scalops aquaticus, L) in relation to its 
fossorial habits. Ohio J Science 1937;37:20-41. 
70. Fleagle JG. Dynamics of a brachiating siamang. Nature 1974;248:259-60. 
71. Fleagle JG. Brachiation and biomechanics: the siamang as example. Malay Nat J 
1977;30:45-51. 
72. Preuschoft H, Demes B. Biomechanics of brachiation. In: Preuschoft H, ed. The lesser apes. 
Edinburgh: Edinburg Univ Press; 1984. 
73. Preuschoft H, Demes B. Influence of size and proportions on the biomechanics of 
brachiation. In: Jungers WL, ed. Size and scaling in primate biology. New York: Plenus press; 1985. 
74. Yamazaki N. The effects of gravity on interrelationship between body propoertions and 
brachiation in the gibbon. Hum Evol 1990;5:543-58. 
75. Fleagle JG. Locomotion and posture of the Malayan siamang and implication for hominid 
evolution. Folia Primatol 1976;26:245-65. 
76. Tuttle RH. Quantitative and functional sutdies on the hands of the Anthropidea. I the 
Hominoidea. J Morphol 1969;128:309-64. 
77. Le Gros Clark WE. The ascendents of man. Endinburgh: Edinburgh Univ Press; 1959. 
78. Gans C, Bock WJ. The functional significance of muscle architecture. Ergebn Anat 
Etwgesch 1965;38. 
79. Napier JR, Napier PH. A handbook of living primates. London: Academic Press; 1967. 
80. Schultz AH. Skeleton of the hylobatidae and other observations on their morphology. In: 
Rumbaugh DM, ed. Gibbon and siamang Anatomy dentition, taxonomy, molecular evolution and 
behavior. Basel: Kager, S.; 1973. 
81. Andrews P, Groves CP. Gibbons and brachiation. In: Gibbon and siamang; 1975:167-218. 
82. Oxnard CE. Locomotor adaptations in the primate forelimb. Symp Zool London 
1963;10:165-4. 
83. Avis V. Brachiation: the crucial issue for man's ancestry. Southwestern J Anthrop 
1962;18:119-48. 
84. Erickson GE. Brachiation in new  world monkeys and in anthropoid apes. Symp Zool London 
1963;10:135-64. 
85. Anderson KI. Predicting carnivore body mass from a weight bearing joint. Unpublished 
Manuscript. 
86. Anderson KI. Elbow-joint morphology as a guide to forearm fuction and foraging behavious 
in ammalian carnivores. Zoolical journal of the Linnean society 2004;142:91-104. 
87. Anderson KI, Werdelin L. The evolution of cursorial carnivores in the tertiary: implications of 
elbow joint morphology. Proc R Soc Lond B 2003;270:165-. 
88. Ewer RF. The carnivores. Ithaca: Cornell Univ Press; 1973. 
89. Feldhamer GA, Drickamer LC, Vessey SH, Merritt JF. Mammalogy. Adaptation, diversity 
and ecology. 3rd ed. Baltimore: The Johns Hopkinds Univ Press; 2007. 
90. Sisson S, Grossman JB. The anatomy of domestical annimals. Philadelphia: WB Saunders; 
1938. 
91. Lekagul B, McNeely JA. Mammals of Thailand. Bangkok: Association for the conservation of 
wildlife; 1977. 
92. Field FE, Taylor ME. Atlas of cat anatomy. Chicago: Univ of Chicago Press; 1969. 
93. Reighard J, Jennings HS. Anatomy of the cat. New York: Henry Holt & Co. ; 1935. 
94. Wilder BG, Sage SM. Anatomical technology as applied to the domestic cat. An introduction 
to human, veterinary and comparative anatomy. New York: AS Barnes & Co; 1882. 
95. Dart RA. Australopithecus africanus: the man-ape of South Africa. Nature 1925;115:235-6. 
96. Richmond BG, Begun DR, Strait DS. Origin of human bipedalism: The knuckle-walking 
hypothesis revisited. Am J Phys Anthropol 2001;Suppl 33:70-105. 



 

 
30 

97. Tuttle RH. Darwin's apes, dental apes, and the descent of man: normal science in 
evolutionary anthropology. Curr Antropol 1974;15:389-98. 
98. Aiello L, Dean C. An introduction to human evolutionary anatomy. London: Academic Press; 
1990. 
99. White TD, Suwa G, Asfaw F. Australopithecus ramidus, a new species of early hominid from 
Aramis, Ethiopia. Nature 1994;371:306-12. 
100. Brouwer KM, Lindenhovius AL, Ring D. Loss of anterior translation of the distal humeral 
articular surface is associated with decreased elbow flexion. J Hand Surg Am 2009;34:1256-60. 
101. Holdsworth BJ. Humerus: distal. In: Ruedi T, ed. AO Principles of Fracture Management. 
Stuttgart: Thieme; 2000:309. 
102. Morrey B. Anatomy of the Elbow Joint. In: Morrey B, ed. The Elbow and its Disorders. 2nd 
ed. Philadelphia: W.B.Saunders; 1985:14. 
103. Morrey B. Biomechanics of the elbow. In: Morrey B, ed. The Elbow and its Disorders. 3rd ed. 
Philadelphia: W.B. Saunders; 1985:43-60. 
104. Morrey BF. Passive motion of the elbow joint. J Bone Joint Surg Am 1976:501-8. 
105. Zimmerman NB. Clinical application of advances in elbow and forearm anatomy and 
biomechanics. Hand Clin 2002;18:1-19. 
106. Kapanji IA. The Distal End of the Humerus. In: Kapanji IA, ed. The Physiology of the joints. 
Paris: Churchill Livingstone; 1982:78-97. 
107. Larson SG. phylogeny. In: Morrey B, ed. The elbow and its disorders. Philadelphia: W.B. 
Saunders; 1985:8. 
108. Carter DR, Beaupre GS. Skeletal function and form. Mechanobiology of skeletal 
development, aging and regeneration. Cambridge, UK: Univ Press; 2001. 
109. Anderson KI, Werdelin L. The evolution of cursorial carnivores in the tertiary: implications of 
elbow joint morphology. Proc R Soc Lond B 2003;270:163-5. 
110. Gebo D, Sargis EJ. Terrestirial adaptations in the postcranial skeletons of guenons. Am J 
Phys Ant 1994;93:341-71. 
111. Harrison T. New postcranial remains of Victoriapithecus from the middle Miocene of Kenya. 
J Hum Evo 1989;18:3-54. 
112. Rose MD. New postcranial specimens of catarrhines from the middle Miocene Chinji 
formation, Pakistan: descriptions and a discussion of proximal humeral fucntional morphology in 
anthropoids. J Hum Evo 1989;18:131-62. 
113. Salton JA, Sargis EJ. Evolutionary morphology of the Tnerocoidea (Mammalia) forelimb 
skeleton. In: Sargis EJ, ed. Mammalian evolutionary morphology. Dordrecht: Springer Netherlands; 
2008:51-71. 
114. Sargis EJ. Functional morphology of the forelimb of tupaiids (Mammalia, Scandentia) and its 
phylogenetic implications. J Morph 2002;253:10-42. 
115. Szalay FS, Dagosto M. Locomotor adaptations as reflected on the humerus of Paleogene 
primates. Foli Primatologica 1980;34:1-45. 
116. Szalay FS, Sargis EJ. Model-based analysis of postcranial osteology of marsupials from the 
Palaeocene of Itaborai (Brazil) and the phylogenetics and biogeography of Metatheria. Geodiversitas 
2001;23:139-302. 
117. Evans HE. Arthrology. In: Miller's anatomy of the dog. Philadelphia: WB Saunders; 1993. 
118. Ciochon RL. Evolution of the cercopithecoid forelimb: phylogenetic and functional 
implications from morphometric analyses. Univ CA pub geo sci 1993;138:1-251. 
119. Simmons NB. The case for chiropteran monophyly. Am Mus Nov 1994;3103:1-54. 
120. Argot C. Functional-adaptive anatomy of the forelimb in the Didelphiae, and the paleobiology 
of the Paleocene marsupials Mayulestes  ferox and Pucadelphys andinus. . J Morph 2001;247:183-5. 
121. Biknevicius AD. Biomechanical scaling of limb bones and differential limb use in caviomorph 
rodents. J Mamm 1993;74:95-107. 
122. Grant TI, Barboza PS. Anatomy and development of the koala, Phascolarctos cinereus: an 
evolutionary perspective on the superfamily Vombatoidea. Anat Embr 2001;203. 
123. Rose MD, Emry RJ. Extraordinary fossorial adaptations in the Oligocene palaeanodonts 
Epoicotherium and Xenocranium (Mammalia). J Morph 1983;175:33-56. 
124. Stein B. Morphology of subterranean rodents. In: Lacey E, ed. Life underground: the biology 
of subterranean rodents. Chicago: Univ Chicago Press; 2000. 
 
 




