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Abstract

Extant archosaurs exhibit highly divergent articular soft tissue anatomies between avian and crocodilian

lineages. However, the general lack of understanding of the dynamic interactions among archosaur joint soft

tissues has hampered further inferences about the function and evolution of these joints. Here we use contrast-

enhanced computed tomography to generate 3D surface models of the pelvis, femora, and hip joint soft tissues

in an extant archosaur, the American alligator. The hip joints were then animated using marker-based X-Ray

Reconstruction of Moving Morphology (XROMM) to visualize soft tissue articulation during forward terrestrial

locomotion. We found that the anatomical femoral head of the alligator travels beyond the cranial extent of

the bony acetabulum and does not act as a central pivot, as has been suggested for some extinct archosaurs.

Additionally, the fibrocartilaginous surfaces of the alligator’s antitrochanter and femoral neck remain engaged

during hip flexion and extension, similar to the articulation between homologous structures in birds. Moreover,

the femoral insertion of the ligamentum capitis moves dorsoventrally against the membrane-bound portion of

the medial acetabular wall, suggesting that the inner acetabular foramen constrains the excursion of this

ligament as it undergoes cyclical stretching during the step cycle. Finally, the articular surface of the femoral

cartilage model interpenetrates with those of the acetabular labrum and antitrochanter menisci; we interpret

such interpenetration as evidence of compressive deformation of the labrum and of sliding movement of the

menisci. Our data illustrate the utility of XROMM for studying in vivo articular soft tissue interactions. These

results also allow us to propose functional hypotheses for crocodilian hip joint soft tissues, expanding our

knowledge of vertebrate connective tissue biology and the role of joint soft tissues in locomotor behavior.
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capitis femoris; menisci; XROMM.

Introduction

Members of Archosauria, the clade that includes crocodil-

ians, birds, non-avian dinosaurs, pterosaurs, and other

extinct forms, have evolved a wide diversity of limb mor-

phologies and body sizes. Among the two extant groups,

the distinctive terrestrial locomotor styles of crocodilians

(plantigrade quadrupeds with variably adducted posture)

and birds (digitigrade bipeds with fully erect posture) are

reflected in their highly disparate hind limb musculoskeletal

anatomies (Huxley, 1870; Romer, 1923; Galton, 1969; Par-

rish, 1987a,1987b; Gatesy & Middleton, 1997; Wilson & Car-

rano, 1999; Hutchinson, 2001a, 2001b; Maidment & Barrett,

2012; Benson & Choiniere, 2013) and joint architectures

(Kuznetsov & Sennikov, 2000; Bonnan et al. 2010; Holliday

et al. 2010; Tsai & Holliday, 2015; Tsai et al. 2018). For exam-

ple, the avian hip joint exhibits relatively thin layers of artic-

ular soft tissues at skeletal maturity. Such high bony

congruence in birds has allowed workers to use the osteo-

logical morphologies of the femur and the acetabulum as

proxies for in vivo surface geometry when describing hip

articulation (Rubenson et al. 2007), kinematics (Kambic

et al. 2014, 2015), and loading (Goetz et al. 2008). In con-

trast, the crocodilian hip joint retains thick layers of articular

soft tissues throughout life (Gadow, 1901; Bonnan et al.

2010; Fujiwara et al. 2010; Holliday et al. 2010). Accordingly,

the shape and size of femoral and acetabular articular sur-

faces differ significantly from those of the underlying bony

elements (Holliday et al. 2010; Tsai & Holliday, 2015). Kine-

matic analyses of crocodilian hind limbs based on external

markers (Reilly & Elias, 1998) and X-ray imaging (Brinkman,

1980; Gatesy, 1991) have not been able to visualize dynamic

joint surface relationships. Therefore, our current knowl-

edge of the role articular soft tissues play in maintaining

joint congruence, influencing range of motion, and trans-

mitting locomotor forces is limited.
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The crocodilian condition is of critical paleobiological

interest because many extinct archosaurs have highly incon-

gruent bony hip joints as well (Tsai et al. 2018). Frequent

presence of osteological correlates for thick layers of articu-

lar soft tissues on well-preserved archosauromorph fossils,

such as those of pseudosuchians (e.g. Sawin, 1947; Nesbitt,

2011; Lacerda et al. 2016), sauropods (e.g. Marsh, 1896; Hay,

1908; Bonnan, 2004), and large ornithischians (e.g. Gilmore,

1914; Lehman, 1989; Dilkes, 2001), suggests that these struc-

tures played crucial roles in hip joint function in both the

crocodilian and avian lineages. Several workers have there-

fore suggested that anatomical descriptions of bony mor-

phology are likely insufficient for understanding articular

geometry in life (Osborn, 1898; Coombs, 1975; Holliday

et al. 2010). Insights into the functional relationship

between hip movement and soft tissue interactions in

crocodilians will improve our ability to reconstruct hind

limb posture in extinct archosaurs and will broaden our

understanding of how articular tissues evolved in verte-

brates.

Extant archosaurs share homologous regions of articular

soft tissues with other living diapsids (Tsai & Holliday, 2015)

and extinct archosaurs (Tsai et al. 2018). In both birds and

crocodilians, the proximal femoral surface is composed of a

core of hyaline cartilage surrounded by a sleeve of fibrocar-

tilage. The sub-spherical avian femoral head is augmented

by a saddle-shaped articular surface (facies articularis

antitrochanterica, Baumel & Raikow, 1993) of the femoral

neck. The entire proximal end of the femur of crocodilians

is convex, such that the surfaces considered homologous

with the head and facies articularis antitrochanterica are

continuous. In birds and crocodilians, the acetabulum is

composed of a hyaline cartilage-covered cranial portion, a

fibrous acetabular labrum on the supraacetabulum (the

‘ceiling’), and a fibrocartilaginous antitrochanter in the cau-

dal region (Tsai & Holliday, 2015). The avian acetabulum

possesses a small labrum and a laterally expanded antitro-

chanter with a single fibrocartilaginous surface. In contrast,

the crocodilian acetabulum exhibits a large, pliant labrum

and an antitrochanter made of two semilunate menisci (Tsai

& Holliday, 2015). When articulated, the spherical avian

femoral head acts as a pivot within the acetabular socket

(Hertel et al. 2007). A secondary articulation, the facies artic-

ularis antitrochanterica of the femoral neck, is thought to

engage with the antitrochanter to prevent femoral abduc-

tion (Hertel et al. 2007). However, the dynamic relationship

between the anatomical homologues of these structures in

crocodilians remains unknown.

In the present study, we qualitatively describe the 3D

kinematics of the crocodilian hip joint during forward ter-

restrial locomotion. We used biplanar X-ray imaging to

record juvenile Alligator mississippiensis performing contin-

uous strides of high walking on a motorized treadmill. We

then reconstructed the 3D positions and orientations of the

cartilaginous articular surfaces of the proximal femur

relative to the soft tissues of the acetabulum using a combi-

nation of marker-based XROMM (X-ray Reconstruction of

Moving Morphology, Brainerd et al. 2010) and contrast-en-

hanced computed tomographic (CT) techniques (Gignac

et al. 2016; Pauwels et al. 2013). We describe the dynamic

interactions among hip joint soft-tissue surfaces in alliga-

tors, and discuss the implications of our findings for recon-

structing joint articulation and locomotion in extinct

archosaurs.

Materials and methods

Three female American alligators, Alligator mississippiensis, were

acquired from the Rockefeller Wildlife Refuge (Grand Chenier, LA,

USA) as eggs and captive-raised at the alligator colony at California

State University, San Bernardino (San Bernardino, CA, USA). The alli-

gators were kept in 122-gallon fiberglass tanks, with enclosure tem-

perature maintained between 25 and 30 °C throughout the year,

and fed on a diet of commercially available alligator feed (LoneStar

Alligator chow pellets, 50% protein by weight) approximately twice

a week, ad libitum, until reaching 3 years of age (100–150 cm total

length). At the time of the surgery, animal 1 weighed 3.82 kg; ani-

mal 2 weighed 3.80 kg, and animal 3 weighed 3.6 kg. At Brown,

the animals were kept in 1741-liter tank enclosures, with water tem-

perature maintained at 25–30 °C, fed dead mice and LoneStar pel-

lets twice weekly, and allowed free access to water and basking

platforms. All surgical and experimental procedures involving live

animals were approved by the Institutional Animal Care and Use

Committee at Brown University.

We used marker-based XROMM techniques (Brainerd et al. 2010)

to track the 3D translations and rotations of the pelvis and femora

during locomotion. The animals were sedated with butorphanol

with body temperature controlled using a circulating water heating

pad; anesthesia was induced and maintained using isoflurane. Coni-

cal markers (0.8 mm diameter and ~ 2.5 mm long) fashioned from

carbide steel rods were manually inserted into bones using a pin

vise (see Kambic et al. 2014 for fabrication details). Pelvic markers

(five) were implanted into the pre- and post-acetabular crests of

both ilia, as well as in the ischial symphysis. Each femur received

three to four markers placed into the medial and lateral sides of

the proximal metaphysis and distal femoral condyles (Fig. 1A). Addi-

tional markers were implanted in bones distal to the femur but are

not used in this study. Animals were given ketoprofen as an anal-

gesic agent during post-surgical recovery, and given a week to

recover before locomotor trials.

Locomotor trials were conducted in the W. M. Keck Foundation

XROMM Facility at Brown University. Alligators were trained to

walk on a motorized treadmill (Jog-a-Dog model DC5, JOG A DOG;

LLC, Ottawa Lake, MI, USA) outfitted with custom-made acrylic

walls to create a 35-cm-wide 9 148-cm-long 9 48-cm-high cham-

ber. Treadmill speed was adjusted to keep the animal’s hind limbs

within the X-ray field of view. Animals were imaged using two Var-

ian model G-1086 X-ray tubes (80 kV, 100 mA, magnification level

0) and two Dunlee model TH9447QXH590 image intensifiers

(40.64 cm diameter) mounted on mobile-arm bases at source-image

distances of 134–136 cm. Phantom v10 high-speed cameras (Vision

Research, Wayne, NJ, USA) recorded at 100 fps, 1/2000 s shutter

speed, and 1760 9 1760 pixel resolution. Images of a standardized

metal distortion grid (Brainerd et al. 2010) and a Lego-based cali-

bration cube (Kn€orlein et al. 2016) were recorded before and after

each session. We conducted more treadmill trials than the final
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number of trials analyzed using XROMM to ensure observation of

consistent, representative high walk behaviors. A total of seven

locomotor trials consisting of 10 strides were analyzed for animal 1.

A total of four trials consisting of 10 strides were analyzed for ani-

mal 2. A total of six trials consisting of 17 strides were analyzed for

animal 3. After kinematic data collection was completed, animals

were euthanized by intraperitoneal injection of beuthanasia after

isoflurane induction.

Bone and cartilage surface model construction

Cadaveric specimens of the three experimental animals were dis-

sected to extract cartilage-capped hind limb skeletal elements. After

removal of skin and muscles, the sacrum was removed by disarticu-

lation from the last dorsal and the first caudal vertebrae. All pelvic

joints were left intact. The femora were disarticulated from the

acetabulum by incising the synovial capsule, including the iliofe-

moral ligament. The ligamentum capitis femoris (L. cf) was incised

close to its insertion onto the femur such that the majority of this

ligament, including its pubofemoral and ischiofemoral crura, was

preserved in the acetabulum.

The freshly disarticulated, cartilage-capped limb bones were

immediately scanned using a FIDEX Multi-Modality Veterinary CT

Scanner (Animage; LLC, Pleasanton, CA, USA) at 110 kV, 0.08 mA,

480 9 480 resolution, and 0.173 mm slice thickness. This initial scan

digitized the overall shape and volume of bony tissues and joint

soft tissues in each limb segment but was unable to differentiate

between soft tissue types (e.g. hyaline- and fibrocartilage). Subse-

quently, the cartilage-capped bones were fixed in 10% neutral buf-

fered formalin, then stored in 70% ethanol, before undergoing

saturation by contrast-enhancing media to increase visual distinc-

tion between joint soft tissues in CT imaging. All hind limb elements

except for the right femur of animal 3 were stained for 1 week in

5% phosphomolybdic acid (PMA) following an overnight pretreat-

ment in a sucrose solution using techniques modified from Pauwels

et al. (2013). The right femur of animal 3 underwent 4 weeks of sat-

uration via Lugol’s Iodine (I2KI) using techniques modified from

Metscher (2009), Jeffery et al. (2011), and Tsai & Holliday (2011) in

order to compare the effectiveness of both treatments in tissue-

specific staining. The specimens were then CT-imaged using the

same FIDEX scanner and settings as the initial, freshly dissected

scans. The two staining modalities produced comparable results in

tissue-specific contrast.

CT data were exported as DICOM files and imported into AMIRA

v5.2 (Visage Imaging, San Diego, CA, USA) for reconstruction. Oss-

eous and soft tissue structures of the pelvis and femora were differ-

entiated using a combination of manual outline segmentation and

threshold segmentation techniques, producing surface models

reflective of their ex vivo shape (Figs 2and 3). Visual comparison

between 3D models of the formalin-fixed, contrast-stained soft tis-

sues showed no discernable difference in soft tissue shape from to

their earlier, freshly dissected counterparts, suggesting a negligible

amount of tissue shrinkage during the fixation and staining process.

The surface models were exported as 3D surface models (.obj files)

and imported to (V12; Geomagic, Inc. Morrisville, NC, USA), where

non-biological imaging artifacts created by the carbide markers

were repaired. The cartilage-capped proximal femoral models were

then divided into sets of surface patches based on two soft tissue

types (fibrocartilage and hyaline cartilage surfaces) identified based

on CT contrast, and three anatomical regions (femoral head,

femoral neck, and L. cf insertion) based on regional anatomy and

homology (Fig. 2). In particular, the femoral neck is here defined as

the region on the proximal femur between the femoral head and

the greater trochanter. Bone and soft tissue surface models were

imported into MAYA 2014 and 2016 (Autodesk Inc., San Rafael, CA,

USA).

XROMM animation

XMALab (versions 1.2.10 – 1.5.0; Kn€orlein et al. 2016) was used to

undistort video, calibrate cameras, and track markers. We evaluated

precision of tracking (see Brainerd et al. 2010) by taking the mean

of the standard deviations of intermarker distances for 9–13 co-oss-

eous marker pairs per trial (over 4142 frames representing seven tri-

als (two trials from animal 1, two trials from animal 2, and three

trials from animal 3) were collected from three individuals). The

mean standard deviation for 83 total pairwise intermarker distances

A

B

Fig. 1 XROMM setup reconstructed as a MAYA scene. (A) Top view of

treadmill representing the two X-ray systems as pairs of virtual X-ray

cameras and video image planes. The blue and yellow beams overlap

in the biplanar volume, allowing bone and soft tissue models to be

animated based on the rigid body transformations of marker clusters.

(B) Models of the pelvis and femora registered to X-ray Video S1

showing the locations of surgically implanted conical markers (red).
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yielded an overall precision of 0.197 mm. Reconstructed 3D marker

coordinates were combined with CT-derived marker centroids in

XMALab to calculate pelvic and femoral rigid body transformations,

which were then filtered using a low-pass Butterworth filter at

10 Hz. Rigid body transformations frommultiple trials of high walk-

ing were concatenated for each individual by combining the rigid

body transformations from multiple trials chronologically into a sin-

gle file. The concatenated rigid body transformations were then

applied to the pelvic and femoral bone models to reconstruct the

3D positions of each element within the experimental scene in MAYA

(Fig. 1B). Articular soft tissue element models were connected to

their skeletal segments, such that they followed the movements of

their respective bony elements. Each tissue type and anatomical

region was given a color-coded shader following the convention of

Tsai & Holliday (2015).

The 3D motion of the alligator hip is here described by character-

izing the movement of the femur relative to the acetabulum. To set

up a repeatable pelvic orientation among individuals, we created a

coordinate system following Kambic et al. (2014). In GEOMAGIC STUDIO,

we fit a sphere to each acetabulum (including soft tissue models)

and a cylinder to the centra of the two sacral vertebrae. The cen-

troids of the acetabular spheres were connected to make a trans-

verse axis, which was crossed with a longitudinal axis from the

vertebral cylinder to establish the third, dorso-ventral axis. We then

stabilized the pelvis at the origin of the MAYA workspace by apply-

ing the inverse transforms of the pelvic animation to the pelvic and

femoral models. By removing all pelvic yaw, pitch, roll and transla-

tions, a fixed acetabular reference frame for femoral movement

was established.

We visualized the dynamic relationships between gross motion

of the entire femur and the relative excursions among femoral and

acetabular articular surfaces using two methods within MAYA. First,

we created small, spherical shapes (particles) to act as motion path

tracers. We attached particle emitters to three locations on the

femur model, specifically the proximal terminal apex of the hyaline

cartilage, the cranial apex of the fibrocartilage on the anatomical

femoral head, and the distal intercondylar groove. The proximal

apex was identified as the most distant point from the distal inter-

condylar groove on the hyaline cartilage surface of the proximal

femur, whereas the cranial apex was identified as the cranial-most

extent of the hyaline-fibrocartilage junction on the anatomical

femoral head. Each emitter acted like a 3D stylus, leaving behind

one particle per frame to form a particle stream as it traveled rela-

tive to pelvic structures. The colors of the particles are based on the

femoral tissues and regions that they are meant to represent (e.g.

dark blue for the proximal terminal apex of the hyaline cartilage in

Fig. 2B, 2G). Because the particles are emitted at a regular rate, the

more closely spaced regions along the particle stream signify slower

movement of the femur during the step cycle, and vice versa.

Second, we mapped the 3D locations of surface patches repre-

senting femoral soft tissues and anatomical regions relative to the

acetabulum. We tracked the locations of femoral surface patches

during the step cycle by creating a duplicate patch model at each

frame of the animation using the Animation Snapshot tool in MAYA.

This method creates a set of stroboscopic patch traces – an aggre-

gate record of the 3D positions and orientations assumed by

femoral surfaces relative to the acetabulum during a stride.

Results

Articular soft tissue reconstruction

Contrast-enhanced computed tomography was able to dis-

tinguish fibrocartilage, hyaline cartilage, and bone as dis-

tinct grayscale values, allowing segmentation of the

Fig. 2 Articular surface models of femoral

soft tissues as reconstructed by contrast-

enhanced CT scans. (A,F) Longitudinal and

axial CT sections of a right proximal femur,

respectively, after 2 weeks in 5% PMA. (B,D,

G) 3D model of the proximal femur in medial,

lateral, and proximal views, respectively,

color-coded by soft tissue. Blue and green

spheres represent the particle emitters, traced

in Fig. 4. (C,E,H) 3D model of the proximal

femur in medial, lateral, and proximal views,

respectively, color-coded by anatomical

region. Gray signifies unassigned parts of the

articular surface. Scale bar: 10 mm. fc,

fibrocartilage (light green); fh, femoral head

(blue); fm, femur (tan); fn, femoral neck (dark

green); hc, hyaline cartilage (cyan); I.lcf,

insertion of ligamentum capitis femoris

(orange); mk, bone marker; troch, greater

trochanter.
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alligator hip joint tissues as 3D surface models (Figs 2 and

3). The raw CT data are consistent with anatomical data

previously obtained via dissection, histology, and DiceCT

imaging of the alligator hip joint (Tsai & Holliday, 2015).

Anatomical abbreviations are summarized in Table 1.

The acetabulum possesses three distinct articular surfaces:

a cranioventral hyaline cartilage portion surrounding the

pubo-iliac joint (aqua in Fig. 3B); a pliant, fibrous acetabular

labrum along the acetabular ‘ceiling’ (yellow in Fig. 3B);

and a set of overlapping menisci that comprises the antitro-

chanter on the caudal portion of the acetabulum (purple in

Fig. 3B). The medial wall of the acetabulum is unossified

and forms an inner acetabular foramen, covered by an

acetabular membrane during life. The ventral rim of the

inner acetabular foramen provides the origin of the rostral

ligamentum capitis (L. rcf), which is the dominant compo-

nent of the ligamentum capitis femoris (L. cf). The insertion

of L. cf is located between the femoral head and the medial

protuberance on the proximal femur. The acetabular origin

is noted on the acetabular 3D models (Fig. 3B), whereas the

femoral insertion of L. cf (orange) is mapped onto femoral

3D models (Fig. 2C, 2H). However, the ligament itself is not

reconstructed as a 3D model because it was incised in order

to disarticulate the hip joint for CT scanning.

The proximal femur is composed of a core of hyaline car-

tilage (light blue in Fig. 2B, 2G), which attaches to the calci-

fied cartilage-covered growth plate surface. Surrounding

Table 1 Anatomical abbreviations.

Abbreviation Anatomical nomenclature

att Antitrochanter

fc Fibrocartilage

fh Femoral head

fm Femur

fn Femoral neck

hc Hyaline cartilage

il Ilium

i. lcf Insertion of ligamentum capitis femoris

is Ischium

lab Acetabular labrum

L. cf Ligamentum capitis femoris

L. ccf Caudal ligamentum capitis femoris

L. rcf Rostral ligamentum capitis femoris

o. lcf Origin of ligamentum capitis femoris

pb Pubis

troch Greater trochanter

Fig. 3 Articular surface models of acetabular soft tissues as recon-

structed by contrast-enhanced CT scans. (A) Parasagittal CT section of

a right pelvis after 2 weeks in 5% PMA. (B) 3D model of the pelvis in

right lateral view, color-coded by soft tissue. Scale bar: 10 mm. att,

antitrochanter (pink); hc, hyaline cartilage (blue); il, ilium (tan); is,

ischium (tan); lab, acetabular labrum (yellow); mk, bone marker; o.lcf,

origin of ligamentum capitis femoris; pb, pubis (tan).
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the hyaline core is a sleeve of fibrocartilage (light green in

Fig. 2B, 2G), which attaches distally to a raised shelf of lon-

gitudinally striated cortical bone, termed the metaphyseal

shelf. The fibrocartilage sleeve extends proximally to par-

tially enclose the hyaline cartilage layer, as well as distally

where it merges into the periosteum (Tsai & Holliday, 2015).

Because the articular surface of the proximal femur consists

of both fibro- and hyaline cartilage regions, anatomical

structures of the proximal femur may possess either or both

tissue types as described below.

The anatomical femoral head (dark blue in Fig. 2C, 2H) is

a craniomedially oriented tuber on the proximal femur

(Hutchinson, 2001b; Nesbitt, 2011). The anatomical femoral

head is composed of a hyaline cartilage proximal portion

but also includes part of the metaphyseal fibrocartilage

sleeve on its distal extent. The crocodilian femoral neck

(dark green in Fig. 2C, 2H) is here used to denote the region

on the proximal femur between the femoral head and the

greater trochanter, a region termed the facies articularis

antitrochanterica by Baumel & Witmer (1993) and Hutchin-

son (2001b). The articular surface of the femoral neck is

composed of a hyaline cartilage surface on its apical por-

tion, but also includes part of the fibrocartilage sleeve at

the metaphyseal boundary (Fig. 2C, 2H).

In freshly dissected cadaveric specimens, manipulations

reveal that the acetabular labrum is deformable and the

antitrochanter menisci are mobile. The labrum’s pliability is

likely due to its fibrous tissue composition, whereas the

menisci’s mobilities reflect their intracapsular ligamentous

attachments. However, because the hip joints were disartic-

ulated as part of the staining preparation, the segmented

3D models of these soft tissues represent their shapes in an

unloaded state. The models are reconstructed as static

objects and therefore do not deform during animation.

Similarly, because the L. cf was incised close to its femoral

insertion, the majority of this ligament remains on the ven-

tral acetabulum. Although the L. cf itself is not recon-

structed as a 3D model, its motion was visualized by

observing the motion trail left by the insertion of L. cf rela-

tive to its origin.

Hip kinematics

Rather than presenting hip kinematics using traditional

graphs of joint angles (Gatesy, 1991; Reilly & Elias, 1998),

we qualitatively describe alligator femoral motion during

the high walk by tracing the motion paths of particles emit-

ted from three locations on the models’ surfaces (Fig. 4).

During each step cycle, particles left by the distal emitter

trace out a 3D loop. In lateral view, the right femoral trace

is semilunar in shape, with sequential poses progressing in a

clockwise direction (Fig. 4A). In caudal view, the loop is

Fig. 4 Dynamic relationship between the

femur and pelvis during high-walking,

visualized using particle traces. (A,C,E) The

motion path of a distal femoral particle (red)

over four strides in right lateral, caudal, and

ventral views, respectively. (B,D,F) The motion

paths of the terminal apex of the femur

(blue) and cranial apex of the femoral head

(green) in magnified lateral, caudal, and

ventral views, respectively (see Fig. 2) for one

stride, corresponding to the bright red distal

particle path. Paths are shown both in

acetabular context and offset for visibility,

with portions of the proximal femoral paths

that interpenetrates with acetabular

structures illustrated by the lighter shadings

and dotted outlines. Gray-scale arrows

alongside motion paths denote directionality

of movement (dark to light). Four positions

during the high walk sequence (1, maximum

hip flexion at approximate heel strike; 2,

maximum hip adduction at approximate mid-

stance; 3, maximum hip extension at

approximate toe-off; 4, maximum hip

abduction at approximate mid-swing) are

indicated throughout (unnumbered poses are

occluded by bone). Scale bars: 1 cm.
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compressed into an oblique B-shape that is traversed in a

counterclockwise direction (Fig. 4C). In ventral view, the

clockwise loop is spindle-shaped (Fig. 4E). Four femoral posi-

tions along the particle loop were used to describe

extremes of hip motion during the step cycle. With each

stride, the distal femur traverses the loop from maximal hip

flexion just prior to the swing-stance transition (Fig. 4, posi-

tion 1), to maximal hip adduction near mid stance (position

2), to maximal extension in latest stance (position 3), to

maximal abduction near mid swing (position 4), before

returning to position 1.

We describe the kinematics of the proximal femur using

particles emitted from the terminal apex (blue) and the cra-

nial apex of the femoral head (green) (Fig. 4B,44). Overall,

the terminal apex traces a miniature version of the distal

particle loop, rotated ca. 180° about the animal’s dorsoven-

tral body axis. In lateral view, the semilunar loop is still

traversed in a counterclockwise direction each stride but is

concave ventrally (Fig. 4B). Just prior to foot contact, the

terminal apex is located at its caudal-most point on the par-

ticle loop (position 1). As the femur undergoes coupled

adduction and extension during early stance, the terminal

apex moves craniodorsally until mid-stance (position 2).

During late-stance, the terminal apex moves cranioven-

trally until it reaches the cranial-most point on the particle

loop (position 3). As the femur undergoes coupled abduc-

tion and flexion during early swing, the terminal apex

moves caudomedially until it reaches mid-swing (position

3), after which it moves caudolaterally during late-swing

and returns to the beginning for the next heel strike. The

shapes and directions of the terminal apex trace in caudal

and ventral views (Fig. 4D,4) are correspondingly rotated

in the opposite direction relative to the distal trace

(Fig. 4C,4). Such inversions result from the hip’s

Fig. 5 Stroboscopic patch traces of the 3D

positions and orientations assumed by

femoral cartilaginous surfaces (top) relative to

the acetabulum during a typical high-walking

stride. (A) Hyaline cartilage in lateral, caudal,

and ventral views. (B) Fibrocartilage in lateral,

caudal, and ventral views. Paths are shown

both in acetabular context and offset for

visibility. Scale bar for acetabular views: 1 cm.
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instantaneous rotation axes being located within the prox-

imal femur rather than on or superficial to its articular sur-

face. It is noteworthy that as the femur approaches and

exits mid-stance phase (positions 1–3 in Fig. 4), and the ter-

minal apex interpenetrates with the 3D surface of the

acetabular labrum model (see Discussion).

Fig. 6 Stroboscopic patch traces of the 3D positions and orientations assumed by femoral anatomical regions (top) relative to the acetabulum dur-

ing a typical high-walking stride. (A) Femoral head in lateral, caudal, and ventral views. (B) Femoral neck in lateral, caudal, and ventral views. (C)

Ligamentum capitis insertion in lateral, caudal, and ventral views. Paths are shown both in acetabular context and offset for visibility. Scale bar for

acetabular views: 1 cm.
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The trace of the cranial apex of the femoral head forms

an elongated, caudally concave ‘figure 8’ loop near the cra-

nial edge of the acetabulum. In caudal view (Fig. 4D), the

cranial apex starts at the top of the ‘figure 8’ (position 1,

heel strike) and moves clockwise ventrally as the femur

undergoes extension and adduction to mid stance (position

2). The cranial apex path undergoes an inflection to the

counterclockwise direction shortly after passing position 2,

and moves dorsally again upon nearing toe-off (position 3).

Finally, the cranial apex continues moving counterclockwise

until the femur arrives at mid-swing (position 4), where its

particle path again inflects to move clockwise until reaching

the next footfall.

The cranial apex particle trace shows that the femoral

head exits the soft tissue extent of the acetabulum ventro-

laterally, as delineated by both bone and articular soft tis-

sues, during the stance phase of each step cycle. The

particle then reenters the acetabulum dorsomedially during

the swing phase, such that the femoral head is only located

within the acetabulum as the femur approaches and exits

heel-strike (around position 1). Lastly, the cranial apex trace

interpenetrates with the 3D surface of the acetabular lab-

rum near position 1, similar to the behavior of the terminal

apex near position 2 (mid-stance).

Acetabular and femoral tissue contacts

During the high walk, the hyaline cartilage articular surface

of the proximal femur follows the basic trajectory of the

terminal apex particle, moving cranially within the acetabu-

lum during the stance phase and caudally during the swing

phase. Overall, the path traveled by the hyaline cartilage

surface closely matches the shape of the soft tissue acetabu-

lum (Fig. 5A). As the femur approaches mid-stance, the hya-

line cartilage surface consistently penetrates the ventral

surface of the labrum model (see Discussion). At no point

during the step cycle does the hyaline cartilage surface

impinge upon the inner acetabular foramen. The cranial-

most portion of the hyaline cartilage surface exits the

acetabulum during late stance through early swing, but for

most of the step cycle the hyaline cartilage surface remains

within the acetabulum.

The metaphyseal fibrocartilage sleeve covers a greater

fraction of the exposed proximal femoral articular cartilage.

During the high walk, femoral fibrocartilage sweeps out a

substantial ellipsoid (Fig. 5B) that obscures the entire articu-

lar surface of the acetabulum in lateral view.

Acetabular and femoral regional contacts

The anatomical femoral head of Alligator undergoes sub-

stantial movement outside the acetabulum during high

walking, and roughly follows the path of the cranial apex

particle (Fig. 6A). As the femur extends during the stance

phase, the femoral head moves ventrolaterally along the

cranial edge of the acetabulum. The femoral head only

approaches the interior of the acetabulum during postures

in which the hip is maximally flexed from late swing into

early stance.

During the swing phase, the femoral neck glides ventro-

laterally across the caudal portion of the acetabulum, and

maintains surface contact with the antitrochanter as the

femur protracts (Fig. 6B). When the hip reaches its most

flexed posture (position 1), the antitrochanter contacts the

most proximal, hyaline cartilage portion of the femoral

neck. As the femur extends during the stance phase (posi-

tion 1–3), the femoral neck moves dorsomedially and enters

deeper into the acetabulum, simultaneous with the ventro-

lateral movement of the femoral head out of the acetabu-

lum. At no point during the step cycle does the femoral

neck disengage from the antitrochanter menisci.

The insertion, or femoral attachment, of ligamentum

capitis femoris (L. cf) remains in proximity to the inner

acetabular foramen without impinging upon the hyaline

cartilage portion of the acetabulum cranially or the antitro-

chanter menisci caudally (Fig. 6C). However, the insertion of

L. cf undergoes substantial dorsoventral deviation during

the step cycle, appearing to be constrained by the inner

acetabular foramen. The L. cf insertion deviates dorsally

during the stance phase, whereas during the swing phase

the L. cf insertion moves closer to one of the ligament’s

dual origins, or acetabular attachments. Specifically, the L.

cf insertion approaches the origin site of the ligament’s ros-

tral crus, the rostral ligamentum capitis femoris (L. rcf), on

the ischium’s pubic peduncle. These deviations are consis-

tent with cyclical changes in L. cf strain during the step cycle

and are consistent among the three experimental animals

(Supporting Information Fig. S1). The motion of the caudal

crus, the caudal ligamentum capitis femoris (L. ccf), is

excluded from this analysis due to its relatively smaller con-

tribution to L. cf, as well as its attachment to the complex

and likely mobile antitrochanter menisci. Although it is pos-

sible that the ligamentous linkage between the femur and

the menisci may allow femoral movement to alter acetabu-

lar surface shape, modeling such motion is beyond the cur-

rent capability of our methods.

Discussion

In this study, we used a combination of XROMM and con-

trast-enhanced CT techniques to elucidate the dynamic rela-

tionship between alligator hip joint soft tissues and surface

regions during sustained forward terrestrial locomotion

(high walking). We present articular relationships between

the proximal femur and the acetabulum via particle traces

and stroboscopic patch traces. Our results illustrate the util-

ity of contrast-enhanced XROMM for assessing articular soft

tissue interactions, and allow the proposal of functional

hypotheses for crocodilian and archosaurian joint soft tis-

sues based on their in vivo kinematic relationships.
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Interpretation of soft tissue interpenetration

Throughout the step cycle, we observed instances in which

articular soft tissue models on the femur interpenetrated

substantially with those on the acetabulum. If all hip soft

tissues were relatively rigid and accurately animated, we

would expect close proximity and minimal interpenetration

among articulating models. In all strides analyzed, we

observe this relationship between the hyaline and fibrocar-

tilage of the femoral head and the hyaline cartilage sur-

rounding the pubo-iliac joint, which forms the rostral wall

of the acetabulum. In contrast, the proximal femoral articu-

lar surface substantially and consistently interpenetrated

with the models of the acetabular labrum and antitrochan-

ter menisci. Because these instances appear cyclically across

multiple strides and individuals, and only between certain

structures, we consider them potential evidence of dynamic

interactions among deformable tissues, rather than noise

from tracking errors or filtering artifacts.

Acetabular labrum

In all strides analyzed that included mid-stance frames, the

femoral hyaline cartilage surface penetrated the acetabular

labrum model (yellow, Figs 3B and 5A). Because the acetab-

ular labrum is composed of non-cartilaginous fibrous tissue

that is appreciably more compliant than the hyaline carti-

lage core of the proximal femur (Tsai & Holliday, 2015), we

infer that the proximal apex compressively deforms the

acetabular labrum during these instances of interpenetra-

tion. Notably, when the hip joint is viewed in transverse sec-

tion (Fig. 7), the profile of the proximal femur, and thus the

shape of the space between it and the ilium, changes dra-

matically during the step cycle. Our interpenetration results

do not reflect the actual magnitude of labrum deformation

during each stride because the static ex vivo shape of the

acetabular labrum cannot capture its dynamic in vivo shape.

Rather, the in vivo acetabular labrum is presumed to

deform compressively to fit the space between the femur

and the bony ‘ceiling’ of the acetabulum. Studies in mam-

mals have suggested that the acetabular labrum functions

to secrete and maintain a pressurized fluid layer within the

hip joint (Ferguson et al. 1999), as well as provide a ‘vacuum

seal’ to prevent synovial fluid flow away from the hip joint

capsule (Terayama et al. 1980). Although the anatomical

topology of the mammalian acetabular labrum differs from

that of Alligator, we hypothesize that their common role as

compressible articular structures on the external rim of the

acetabular roof may indicate some similarity in function.

Antitrochanter menisci

Additionally, during late swing through early stance phases,

the proximal hyaline cartilage surface interpenetrated with

the antitrochanter model (purple, Figs 4B and 5A), indica-

tive of dynamic soft tissue interactions at the posterior por-

tion of the acetabulum. The antitrochanter consists of two

fibrocartilaginous, overlapping menisci with ligamentous

attachments to the acetabular labrum, the joint capsule,

the bony acetabular surface, and the proximal femur itself

(Tsai & Holliday, 2015). The presence of both collagen fibers

and cartilaginous matrix suggests that the antitrochanter

menisci may be less pliant than the acetabular labrum.

However, the presence of extensive ligamentous attach-

ments to the femur and other acetabular structures implies

that the labrum may be able to slide and alter the shape of

the posterior acetabulum depending on the relative posi-

tion of the femur.

In humans and other mammals (Messner & Gao, 1998),

the menisci in the knee joint serve to increase articular sur-

face congruence between the distal femur and the tibial

plateau. The human menisci shift posteriorly during knee

flexion due to their ligamentous connection to the femur

and tibia, thereby altering the shape of the articular surface

Fig. 7 Transverse sections of the femur and

acetabulum at four positions during the high

walk sequence (see Fig. 4). Sections taken at

the black dashed line reveal that the available

space for the deformable labrum (yellow) and

mobile menisci (pink), between the much

more rigid bone (gray) and femoral cartilages

(blue and green), changes throughout the

step cycle.
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and maintaining congruence with the distal femur (Thomp-

son et al. 1991). The antitrochanter menisci in the alligator

hip joint may serve a similar function, and the interpenetra-

tion observed in the current study may be better inter-

preted as evidence of the menisci sliding around the

proximal femur than as compressive deformation. Although

the results of the current study are unable to detect the

extent of acetabular shape changes and their potential

effect on subsequent femoral movement, the dynamic rela-

tionship among antitrochanter position, overall acetabular

shape, and femoral excursion remains an area worthy of

further exploration.

The anatomical femoral head is not the functional

femoral head

The majority of the anatomical femoral head remains lateral

to the soft tissue limit of the acetabulum throughout much

of the step cycle (Fig. 6A). At no point does the alligator’s

anatomical femoral head act as a stable pivot within the

acetabulum. Rather, the entire terminal end of the alligator’s

proximal femur serves as the ‘functional’ femoral head.

Previous research on mammalian (MacLatchy & Bossert,

1996; Hammond et al. 2016) and avian (Baumel & Raikow,

1993; Martin & Ritchie, 1994; Kambic et al. 2014, 2015) hips

has modeled the femoral head and acetabulum as a ball-

and-socket articulation, in which the convex, sub-spherical

femoral head rotates within a correspondingly shaped, con-

cave acetabulum. In particular, avian hip joints are com-

monly modeled with the antitrochanter forming an

additional physical contact between the femur and acetab-

ulum, acting as a bony ‘stop’ that prevents femoral abduc-

tion and guides femoral axial rotation (Hertel et al. 2007).

In contrast, the proximal femora of lepidosaurs and lissam-

phibians have been described as ‘terminal’ (Carroll, 1988;

Kuznetsov & Sennikov, 2000), such that the proximal femur

lacks a distinct ‘head’ region. Instead, the entire convex sur-

face of the proximal femur articulates with the concave

acetabulum. The evolution of the anatomical femoral head

within the archosaurian radiation has received substantial

attention in the comparative phylogenetic literature (Par-

rish, 1987b; Nesbitt, 2011). However, using the femoral

head as a discrete, binary character has led postural recon-

structions of fossil archosaurs to be based mainly on either

mammals/birds, or lepidosaurs/lissamphibians, depending

on the discretion of authors and museum exhibit designers

(Hay, 1908; Tornier, 1909; Holland, 1910; Wade, 1989; Car-

penter et al. 1994). Reconstructions of joint articulation

directly influence range of motion estimates (Mallison,

2010b), joint pivot inferences (Langer, 2003), muscle

moment arm calculations (Bates & Schachner, 2012), and

bone loading (Blob, 2001). Therefore, it is crucial that joint

articulation in fossil taxa is based upon shared anatomical

and kinematic relationships between corresponding joint

surfaces observed in their extant relatives.

Our results on hip articulation and kinematics of the

American alligator question the applicability of using the

anatomical femoral head for inferring the functional hip

joint pivot in extinct archosaurs. Multiple lineages of archo-

saurs independently evolved sub-spherical, medially

deflected anatomical femoral heads relative to the distal

condyles (Carrano, 2000). Fossil archosaurs with such a dis-

tinct anatomical femoral head are often reconstructed such

that the femoral head is oriented medially at 90� relative to

the sagittal midline of the body and inserts directly

into the acetabular fossa (e.g. Allosaurus, DMNH 2149;

Saturnalia, Langer, 2003; Plateosaurus, Mallison, 2010a;

but see Fechner, 2009 for alternative reconstruction on

sauropodomorpha and Sereno & Arcucci, 1994 on basal

dinosauromorpha). In taxa whose bony acetabular anatomy

prevents the femoral head from inserting into the acetabu-

lum at 90� (e.g. Poposaurus, Bates & Schachner, 2012), the

femoral head is generally reconstructed in a craniomedially

oriented, lepidosaur/lissamphibian-like position. Neverthe-

less, the avian-mammalian articulation scheme has been

widely applied to in silico range-of-motion and biome-

chanical analyses of extinct archosaurian hind limbs (e.g.

Hutchinson et al. 2005; Mallison, 2010a; Bates et al. 2012;

Klinkhamer et al. 2018), in which the anatomical femoral

head is assumed to function as a central pivot akin to a

ball-and-socket articulation. The current study shows that

even though the alligator possesses an anatomical femoral

head recognizably offset from the femoral midshaft, the

femur rotates via contact of the entire convex surface of

the proximal femur against the acetabulum in a manner

more similar to that observed in lepidosaurs (Snyder, 1989;

Arnold et al. 2014).

Within the dinosaur lineage, early members of Thero-

poda (e.g. Dilophosaurus, Welles, 1984; Tawa, Nesbitt

et al. 2009), Ornithischia (e.g. Lesothosaurus, Sereno,

1991a; Eocursor, Butler et al. 2007), and Sauropodomor-

pha (e.g. Buriolestes, Cabreira et al. 2016; Macrocollum,

M€uller et al. 2018) possess femora with craniomedially

oriented femoral heads relative to the distal condyles,

similar to those of crocodilians, rather than the medially

oriented, sub-spherical femoral heads in more derived

representatives of each respective clade (Hadrosauridae,

Brett-Surman & Wagner, 2006; Sauropoda, Bonnan,

2004; Avetheropoda, Carrano et al. 2012). Additionally,

the acetabulum of early dinosauromorphs shows osseous

evidence of non-pivoting anatomical femoral heads sim-

ilar to Alligator (Langer et al. 2010). In these taxa, the

large, ventrolaterally descending supra-acetabular crest

(inferred as a partially ossified iliofemoral ligament

attachment by Tsai et al. 2018) prevents physical articu-

lation of the anatomical femoral head with the acetabu-

lum medially at 90� to the body’s sagittal midline

without impingement on the cartilage-covered femoral

neck region. These lines of evidence are consistent with

the femoral head in early dinosaur taxa inserting into
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the acetabulum craniomedially, such that much or all of

the proximal femur’s terminal end facilitates articulation

with the acetabulum, a condition more similar to

crocodilians and lepidosaurs.

Our observations suggest that the presence, absence, or

distinctiveness of the femoral head may not be the sole

indicator of the central pivot of hip articulation in archo-

saurs, and that alligator-like, non-pivoting femoral heads

may be more widespread among non-avian archosaurs. The

inference of non-pivoting anatomical femoral heads in

early saurischians suggests that in archosaurs, the anatomi-

cal femoral head likely evolved prior to the acquisition of

its function as a central pivot of the femur within the

acetabulum. Nevertheless, the independent, iterative

evolution of sub-spherical, medially oriented femoral heads

relative to the distal condyles within theropods, sauropodo-

morphs, and ornithischians (Carrano, 2000), as well as the

multiple reductions of the bony supraacetabular crests

(Tsai et al. 2018), likely signify independent shifts of the

rotational pivot from the proximal femoral apex to the

anatomical femoral head.

The femoral neck and antitrochanter maintain

engagement during the stance phase of the step

cycle

The femoral neck of Alligator maintains close proximity

with the antitrochanter menisci during both stance and

swing phases of high walk. Despite the femoral neck’s con-

tinuity with the anatomical head on the convex proximal

femur, kinematic traces of the alligator’s femoral neck

region resemble the expected kinematic behavior of the

concave, saddle-shaped avian femoral neck (Fig. 6B). Studies

on the femoral neck-antitrochanter articulation in birds

have thus far focused primarily on ex vivo manipulations

and modeling approaches (Hertel et al. 2007; Rankin et al.

2016), and it is generally agreed in the avian comparative

literature that the antitrochanter undergoes physical over-

lap, or engagement, with the femoral neck during bipedal

stance and terrestrial locomotion (Duff & Lynch, 1988;

Abourachid et al. 2011).

However, the extent of femoral neck-antitrochanter

engagement during in vivo femoral excursions, as well as

the role of this articulation in bearing compressive loads,

have been matters of contention among different authors.

Hertel et al. (2007) and Hutchinson & Allen (2009) proposed

that engagement of the antitrochanter with the femoral

neck acts as an important load-bearing articulation, in addi-

tion to the femoral head-acetabular articulation. This view

was contested by Goetz et al. (2008), who focused solely on

the contact forces between the femoral head and the

acetabulum during terrestrial locomotion of large palaeog-

naths and concluded that femoral neck-antitrochanter

engagement does not bear any stance- or locomotor-in-

duced loads. Martin & Ritchie (1994) characterized the hip

joints of non-cursorial birds as ‘gliding hinges’, wherein the

antrochanter-femoral neck engagement presumably con-

tributed to hip articulation. However, these authors also

maintained that the hip joint of cursorial birds (e.g. ‘ratites’)

acted more similar to ball-and-sockets, presumably with lit-

tle contribution of antitrochanter-femoral neck engage-

ment during normal terrestrial locomotion. Similarly,

Bishop et al. (2018) proposed that the proximal femoral

cancellous bone architecture of large non-avian theropods

(e.g. Allosaurus, tyrannosaurids) indicated that these taxa

also relied on the articulation between the sub-spherical

femoral head region and the acetabular fossa as the pri-

mary hip articulation. However, these authors also sug-

gested that articulation between the femoral neck and the

ilial antitrochanter would have occurred occasionally. Disen-

gagement of the avian femoral neck from the antitrochan-

ter has thus far only been observed via ex vivo

manipulation (Cracraft, 1971; Manafzadeh & Padian, 2018).

It is therefore likely that the crocodilian hip joint also allows

postures in which the femoral neck disengages from the

antitrochanter dorsally, particularly during maximally

extended hip postures as observed during swimming (Fish,

1984) and galloping (Zug, 1974; Webb & Gans, 1982). Nev-

ertheless, our results indicate that during the high walk in

Alligator, the femoral neck and antitrochanter maintain

engagement throughout the step cycle.

Among extinct archosaurs, the antitrochanter leaves clear

osteological correlates on the bony ilium and ischium in the

form of laterally oriented subchondral surfaces of the ischial

and ilial peduncle, respectively (Sereno, 1991b; Hutchinson,

2001b; Tsai et al. 2018). Correspondingly, a continuous layer

of articular cartilage can be inferred to have been present

on both the anatomical femoral head and femoral neck

regions in many extinct archosaurs, as indicated by the

uninterrupted subchondral growth plate surface on the

proximal femur (Hutchinson, 2001b). Both the antitrochan-

ter and the cartilaginous femoral neck are anatomical char-

acters shared among extant archosaurs (Tsai & Holliday,

2015), and the kinematic patterns of femoral neck-an-

titrochanter engagement in Alligator during the high walk

in this study greatly mirror the condition inferred for extant

birds. Therefore, we hypothesize that engagement

between the femoral neck and the antitrochanter articula-

tion during terrestrial locomotion is likely a conserved

aspect of hip joint articulation among archosaurs.

The inner acetabular foramen constrains the femoral

head ligament

The inner acetabular walls of birds and crocodilians are

unossified and form an acetabular foramen within the sur-

rounding pelvic bones, bounded internally by an acetabular

membrane during life. The acetabular membrane serves as

the medial boundary of the acetabulum (Tsai & Holliday,

2015). By tracing the motion path left by the femoral
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insertion of L. cf during terrestrial locomotion, we show

that the alligator L. cf remains lateral to the acetabular

foramen, without craniocaudal impingement between the

femoral and acetabular surfaces (Fig. 6C). The anatomical

arrangement of L. cf in Alligator and this ligament’s kine-

matic relationship with the acetabular membrane resemble

the condition in birds. The avian L. cf attaches from the ven-

tral rim of the inner acetabular foramen to the fovea capitis

of the anatomical femoral head (Martin et al. 1994) and

remains between the femoral head and the inner acetabu-

lar membrane throughout normal in vivo femoral postures

(MacCoy, 1989). Our results therefore suggest that the

acetabular foramen of archosaurs forms a concave region

within the acetabulum to accept L. cf, thereby preventing

impingement.

Whereas the avian L. cf binds the femoral head tightly

inside the acetabulum (Martin, et al. 1994), the crocodilian

L. cf is here inferred to allow substantially more mobility

between its attachment sites. The femoral insertion of the

alligator’s L. cf undergoes dorsoventral movement during

each step of the high walk, suggesting cyclical stretching

during each load-bearing phase. Although it is not possible

directly to observe L. cf. during crocodilian terrestrial loco-

motion, our kinematic results allow us to infer that the

bony boundaries of the inner acetabular foramen constrain

L. cf movement in Alligator. This proposed function is anal-

ogous to that of the acetabular notch in mammals, a fat-

filled cavity within the acetabular fossa that houses the liga-

mentum teres femoris (Beltran et al. 1986; Fuss & Bacher,

1991) and prevents its impingement between femoral- and

acetabular lunate surface during femoral excursions.

Although the structural homology of the archosaurian L. cf

and the mammalian ligamentum teres has not yet been

explored in the comparative literature, our results neverthe-

less suggest that the presence of a hollowed cavity lined

with pliant soft tissues within the acetabular fossa is the

osteological correlate for the presence of an intracapsular

ligament in the hip joint.

Unossified inner acetabular walls, commonly referred to

as ‘perforate acetabulum’ (Romer, 1956), were recognized

by Novas (1996) as a synapomorphy of Dinosauria. Subse-

quent work by Langer & Benton (2006) indicated that the

initial bony aperture in the inner acetabular wall is rela-

tively small compared with the bony acetabulum in basal

theropods, ornithopods, and sauropodomorphs. This obser-

vation suggests that enlargements of the inner acetabular

foramen occurred in parallel in the dinosaurian clades. Bak-

ker & Galton (1974) suggested that the perforate acetabu-

lum is a mechanical consequence during the evolution of

adducted hip posture in archosaurs, such that the decrease

in medially directed ground reaction forces favors the

reduction, and eventual loss, of bony inner acetabular walls.

Egawa et al (2018) further investigated the developmental

mechanism of acetabular perforation in the avian hip joint,

and proposed that the evolution of a membranous inner

acetabular wall in dinosaurs resulted from the loss of carti-

laginous anlagen at the inner acetabular wall during

embryogenesis. Presence of a perforate acetabulum has

thus been used by numerous authors (Sereno, 1991a; Kubo

& Benton, 2007; Brusatte et al. 2010) as an indicator of

adducted hind limb postures in archosaurs. These postural

inferences based on acetabular perforation do not necessar-

ily contradict our inference of acetabular perforation as an

osteological correlate for intracapsular ligaments. However,

it is noteworthy that the perforate acetabulum does not

preclude Alligator from assuming abducted hind limb pos-

tures during resting and low walk behaviors. Nevertheless,

the femoral attachment of L. cf remains in proximity to the

inner acetabular foramen in both Alligator and birds.

Therefore, these osseous features may be useful for con-

straining hip range of motion in extinct archosaurs, such

that postures which result in craniocaudal deviation of the

two sites can be excluded on the basis of potential ligamen-

tous impingement.

Femoral soft tissue arrangement and interaction in

the alligator hip joint

The femoral hyaline cartilage surface moves substantially

during the step cycle, but remains largely restricted to the

confines of acetabular tissues (Fig. 5A). The extent of spatial

overlap between the two articular surfaces may be

explained by the potential load-bearing function of the

femoral hyaline cartilage. Research on mammalian cartilagi-

nous tissues indicates that hyaline cartilage is more resistant

to compressive loads (Yamada, 1970; Benjamin & Evans,

1990), whereas fibrocartilage is more resistant to tensile

and shear loads (Freemont & Hoyland, 2006). Regional dif-

ferences in loading modality have been demonstrated in

the limb joints of humans (Afoke et al. 1987; Assassi & Mag-

nenat-Thalmann, 2014) and domestic dogs (O’Connor et al.

1988), suggesting that the alligator hip joint may experi-

ence regional differences in the magnitudes of compressive

and shear loads as well.

Although the material properties of crocodilian hyaline

and fibrocartilage are not known, assuming they are similar

to those of mammals, we propose a functional explanation

for the arrangement of proximal femoral articular soft tis-

sues in light of their observed dynamic interactions with the

acetabulum. Constraining the movements of the hyaline

cartilage within the acetabulum during terrestrial locomo-

tion, particularly during the stance phase, is consistent with

the assumption that the hyaline cartilage portion of the alli-

gator’s proximal femur is more resistant to compressive

loading than the fibrocartilage portion. Indeed, we

observed that the hyaline cartilage surface engages the

soft, readily deformable acetabular labrum between mid-

stance and late-stance phases, during which the animal

pushes its hind limb caudoventrally against the substrate in

order to propel the body forward.
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Alternatively, if the material properties of crocodilian

hyaline and fibrocartilage do not differ significantly

from one another, then the observed dynamic interac-

tion between the femoral hyaline cartilage and the

acetabulum may require another explanation. Never-

theless, the observed motion pattern suggests that the

articular soft tissue border of the acetabulum and the

fibro-hyaline cartilage junction may be informative for

describing the range of achievable femoral positions

during the high walk, as the extent of the proximal

femoral hyaline cartilage remains in articulation with

the acetabular soft tissues.

Although the extent of femoral hyaline cartilage and

acetabular soft tissues may be predictive of femoral posi-

tions during the high walk, the topography of these soft tis-

sues may be less informative for inferring joint poses

outside of the high walk posture, including the maximum

active or passive range of hip joint motion. Crocodilians are

able voluntarily to hyperextend the hip joints during hind

limb-propelled jumps from solid substrates (Targarona et al.

2010), as well as during swimming behaviors, in which the

hind limbs are held close to the tail in order for the body to

undulate laterally while maintaining a streamlined contour

(Seebacher et al. 2003). During hip hyperextension, the

femoral hyaline cartilage surface would likely travel beyond

the cranioventral border of the acetabular soft tissues. This

hypothesis remains to be tested using additional kinematic

data from non-high walk behaviors.
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Supporting Information

Additional Supporting Information may be found in the online

version of this article:

Figure S1. Comparison among the insertion sites of L. cf as

marked on the proximal femora of the three experimental ani-

mals (top row, all in medial view), as well as the stroboscopic

patch traces left by the L.cf insertion site in the bony acetabula

during multiple high walk sequences (bottom row, all in lateral

view).

Video S1. Stroboscopic patch traces of proximal femoral regions

relative to the acetabulum during a typical high-walking stride

(Animal 3, Run 1) slowed to 1/10th speed.

© 2019 Anatomical Society

Alligator hip joint soft tissue kinematics, H. P. Tsai et al.304


