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Summary Statement 

Using XROMM, we show that the ribs in birds move in a constrained, predictable way during 

breathing. This is important for modelling the evolution of avian ventilation and respiratory 

physiology.  
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Abstract 

The avian ribcage is derived relative to other amniotes, and is hypothesised to be 

constrained in its movements during ventilation. The double headed ribs form two 

articulations with the vertebrae, and are thought to rotate about a strict anatomical axis. 

However, this costovertebral joint constraint has not been demonstrated empirically and 

was not found in other taxa with double-headed ribs (i.e. crocodilians). Here we use X-ray 

reconstruction of moving morphology (XROMM) to quantify rib rotation in wild turkeys 

(Meleagris gallopavo) during breathing. We demonstrate that, as predicted from anatomy, 

the ribs do rotate in a hinge-like manner about a single axis. There is also evidence for 

elliptical motion of the sternum, as has been reported in other taxa. The evolution of the 

avian ribcage is closely related to the co-evolution of ventilation and flight, and these results 

are important for how we model ventilation mechanics in living and fossil birds. 

List of Symbols and Abbreviations 
CT  computed tomography 

DOF  degrees of freedom 

JCS joint coordinate system 

XROMM X-ray reconstruction of moving morphology 

ZYX  rotation order for JCS Euler angles  
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Introduction 
Birds are the most numerous group of extant tetrapods with over 10,000 living species (Jetz et al., 

2012), and understanding the factors that led to their evolutionary diversification is a key question in 

evolutionary biology. The avian respiratory system is highly derived and efficient compared to other 

amniotes (Maina, 2006). The immobile, highly subdivided parabronchial lungs are ventilated by a 

system of compliant air sacs (Duncker, 1972; Maina, 2006). Airflow through the lungs is 

unidirectional and is controlled via a system of aerodynamic valves and pressure differences 

between the cranial and caudal air sacs (Kuethe, 1988; Wang et al., 1988; Maina et al., 2009). 

However, the skeletal kinematics of ventilation that drive changes in air sac pressure and so 

underpin the avian respiratory system remain relatively unexplored (but see Claessens, 2004b; 

Claessens, 2009a). In order to understand respiratory evolution in birds, it is important to 

understand the form-function relationships between ribcage morphology and the mechanics of 

ventilation.  

The avian thorax is also derived relative to other amniotes (Baumel, 1993; Claessens, 2009; 

Schachner et al., 2009). The dorsal series is very short, and the ribs are bipartite consisting of ossified 

vertebral and sternal segments (Figure 1A). The sternum is also ossified, and expanded posteriorly. 

The vertebral ribs articulate with the vertebral column at the costovertebral joints (Figure 1B), which 

are bicondylar with two distinct articulations between the rib heads and the dorsal vertebrae; the rib 

capitulum with the parapophysis on the vertebral centrum, and the rib tuberculum with the 

vertebral diapophysis at the end of the transverse process (Figure 1B).  

The bicondylar articulation at the costovertebral joint in birds is thought to move in a hinge-

like manner (Claessens, 2009), with the ribs rotating about a constrained axis of rotation which 

passes through the diapophysis and parapophysis. However, this hypothesis has not been tested 

experimentally; previous studies used two-dimensional single-plane fluoroscopy (Claessens, 2009)  

which cannot capture details of non-planar motion, and so cannot fully describe the complex, three-

dimensional motion of the ribs during ventilation (Brainerd, 2015). As for the sternum, an elliptical 

motion path has been documented in some birds (Claessens, 2009), but it is unclear how widespread 

this is. Differences in kinematic timing of the vertebral and sternal ribs have been suggested to cause 

elliptical motion of the sternum, but this has also not been definitively shown (Claessens, 2009).  

Here, we analyse the skeletal kinematics of ventilation in wild turkeys (Meleagris gallopavo, 

Daudin 1802) using marker-based X-ray Reconstruction of Moving Morphology (XROMM). XROMM 

allows us to capture all possible translations and rotations that may occur across joints during their 

motion, and permits truly three-dimensional motion analysis (i.e. six degree-of-freedom motion 

analysis) in a morphological context (Brainerd et al., 2010). Using these XROMM data, we can test 
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whether the ribs in M. gallopavo really do follow a hinge-like pattern of rotation, as predicted from 

the anatomy of the costovertebral joint. The motion of the sternum will also be analysed in detail to 

see if there is evidence for an elliptical motion path during ventilation.  

Materials and Methods 

XROMM Data Collection 
Data were collected from three adult wild turkeys with a body mass range of 4.75-6.3 kg. Birds were 

captive bred and obtained from a heritage breeder. All animal care and experimental procedures 

were approved by the Institutional Animal Care and Use Committee of Brown University. The birds 

were anaesthetised, and radio-opaque markers were implanted to track the motions of the 

vertebrae, ribs and sternum. 1mm tantalum beads were implanted into the sternal keel and all other 

bones were marked using conical carbide markers, ~2.5mm long and 0.8mm diameter at the widest 

point (Kambic et al., 2014). The vertebral column and sternum were marked in all individuals; 

however, not all ribs could be marked in each bird, and so to ensure the whole ribcage was covered, 

different ribs were marked in different birds. 

X-ray video data were collected at the W.M. Keck Foundation XROMM Facility, Brown 

University, using a custom biplanar fluoroscopy set-up (Miranda et al., 2011). Videos were recorded 

at 60 or 100 frames per second, with exposure time 700 microseconds and X-ray energy 70-90 kV 

and 100-200 mA. Once video data collection was completed, the animals were euthanized and 

computed tomography (CT) scanned with an Animage Fidex veterinary CT scanner with isotropic 

voxels 0.4-0.5 mm). The raw data associated with this study (X-ray video and CT scan data) are 

available from the X-ray Motion Analysis Portal (xmaportal.org) and are stored in accordance with 

best practices for video data management in organismal biology (Brainerd et al., 2017). From the CT 

data, bones and markers were segmented in Avizo (Version 8.1, 9.0, FEI Visualisation Sciences 

Group), and 3D surface meshes exported as OBJ files. Smoothing, cleaning and mesh reduction 

(retaining anatomical accuracy whilst reducing file size) was carried out in Geomagic Studio (2012, 

Geomagic Inc.) and Meshlab (http://meshlab.sourceforge.net/). Finally, all mesh models were 

imported into Autodesk Maya (Version 2016, Autodesk Inc.) for animation. 

Marker positions were tracked in the X-ray videos using XMALab (Knörlein et al., 2016) to a 

precision of ±0.12mm (calculated based on distance between intra-osseous marker pairs as in 

(Knörlein et al., 2016)). Distortion was corrected using standard grid images and the three-

dimensional space was calibrated using images of a cube with 64 radio-opaque markers. All 

calibration files are available from the X-ray Motion Analysis Portal (xmaportal.org). Once all markers 

had been tracked, rigid body transformations of the vertebrae, ribs and sternum were calculated in 
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XMALab. These transformations were then filtered with a low-pass Butterworth filter with frequency 

cut-off of 5-6 Hz for the ribs and sternum, but more aggressive filtering was applied to the vertebral 

column (cut-off 1-2 Hz), on the grounds that it was almost stationary during ventilation. The rigid 

body transformations from each marker set were applied to the corresponding 3D model in 

Autodesk Maya to create the XROMM animations. Kinematic data were collected and analysed for 

five full breaths from one inhalation to the next for all individuals. 

Joint coordinate systems 
Kinematic data were extracted from the XROMM animations using local joint coordinate systems 

(JCSs), to measure translation and rotation across joints. One JCSs was oriented relative to the body 

planes, in order to decompose rotations about the joints into bucket handle, pump handle and 

calliper motion (Brainerd et al., 2016; Brocklehurst et al., 2017). This costovertebral JCS (CV-JCS) was 

positioned as follows; the Z axis was oriented dorso-ventrally (dorsal is positive) representing bucket 

handle motion, the Y axis was oriented cranio-caudally (caudal is positive) representing calliper 

motion, and the X axis was oriented medio-laterally (left is positive), representing pump handle 

motion (Figure 1C). Joint Coordinate Systems were placed and outputs calculated in Autodesk Maya 

using XROMM MayaTools (bitbucket.org/xromm/xromm_mayatools). Polarities follow the right-

hand rule and Euler angles were calculated with the rotation order ZYX. 

 In addition to the JCSs described above, to test the hinge-like nature of the costovertebral 

joint, we used a JCS which was oriented based on the positions of the parapophysis and diapophysis; 

a parapophysis-diapophysis joint coordinate system (“or PD-JCS”)(Figure 1D). Here, the Z-axis was 

oriented along the anatomical axis running from the parapophysis to the diapophysis, the X-axis ran 

through the rib tuberculum pointing down the vertebral rib and the Y-axis was orthogonal to both. In 

the PD-JCS, the Z-axis measures flexion-extension of the joint, the y-axis measures abduction-

adduction, and the x-axis measures long axis rotation (Figure 1D). For all local coordinate systems, it 

was necessary to define a “zero pose” (i.e. starting position); for this, maximum inhalation was 

chosen, rather than using a non-anatomical reference pose (Brocklehurst et al., 2017). It should be 

noted that maximum inhalation is not a resting pose in birds. To compare breaths of differing 

magnitude and duration, we applied a standard resampling procedure (Gidmark et al., 2014; 

Brocklehurst et al., 2017); data were imported into R, resampled to 100 points (each point being one 

percent of the breathing cycle), and zeroed to the mean angle of each rotational degree of freedom.   

Precision of the rotations measured by a JCS is dependent on marker positioning within the 

bones, and placement of the JCS. JCS precision was measured from markers on a frozen specimen; 

the whole frozen specimen was manually translated and rotated in the X-ray beams, and joint 

rotations measured using the JCSs described above. In a frozen specimen, all joint rotations should 
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be zero and standard deviation of the JCS output is a measure of rigid-body precision (Menegaz et 

al., 2015). Mean precision of rotations about the X-, Y- and Z-axes of the CV-JCS was 0.085, 0.250, 

and 0.067 degrees. Mean precision of rotations about the X-, Y-, Z-axes of the PD-JCS was 0.101, 

0.229, and 0.108 degrees. 

To measure the motion path of the sternum, a reference “body” coordinate system was 

positioned and oriented based on the vertebral column. In this system, the Z axis pointed dorsally, 

the Y axis pointed caudally, and the X axis pointed to the left. The translation and position of the 

posterior tip of the sternal keel was then measured in this reference coordinate system. To test for 

differences in kinematic timing which might create elliptical sternal motion, we also measured the 

translation of the distal tip of the vertebral and sternal ribs, using the same reference coordinate 

system as for the sternum. These data were imported into R, the peaks and valleys corresponding to 

maximum expiration and inspiration were located, and their positions compared to check for 

consistent differences in kinematic timing.   

Results & Discussion 

The costovertebral joint 
From the XROMM animations, we have two different ways of measuring the 3D motions occurring at 

the costovertebral joint; the standard costovertebral (CV) JCSs oriented to the body axes, and the 

PD-JCSs oriented to the parapophysis and diapophysis. From the CV-JCS data, bucket and pump 

handle motions occur in roughly equal measure, and account for the majority of the rotations 

occurring at the costovertebral joint in all ribs (Figure 2A, B). This matches our predictions based on 

joint morphology. There is some calliper motion measured using the CV- JCSs, but this has a 

relatively minor contribution to motion across the joint. Although pump and bucket handle motion 

are mostly in-phase, a slight phase difference can be seen in some plots (e.g. costovertebral joint 2 

and 4 of Me23 and 49 respectively), where pump handle motion peaks before bucket handle motion 

(Figure 2A, B).  

When rotations are measured using a PD-JCS, we see that the majority of the rotation 

occurring about the costovertebral joint can be described as flexion-extension about the anatomical 

Z-axis, running along the line between the parapophysis and diapophysis (Figure 2C, D); this clearly 

shows support for a hinge-like model of rib motion in birds. There appears to be some contribution 

from the other two axes (representing abduction-adduction and long-axis rotation), but flexion-

extension appears to dominate. Comparing the cranial and caudal parts of the ribcage, there is little 

variation in either the magnitude or kind of the rotations occurring at the costovertebral joint and 

motions are consistent across the ribcage.  
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Although the motions measured in this study generally support hinge-like rotations 

at the costovertebral joint, the motions were never 100% hinge-like (Figure 2D). Due to the 

small magnitude of the rotations being measured in this study – generally only a few 

degrees at most - this is possibly a problem of signal to noise ratio. When we consider rigid 

body precision as assessed using our frozen specimen, much of the motions that occurred in 

vivo about the X- and Y-axes of the PD-JCS (Figure 2C) actually fell within the bounds of rigid 

body precision (0.101 and 0.229 degrees respectively). Rotations about the Z-axis (the 

anatomical hinge axis) meanwhile were well outside the bounds of rigid body precision 

(0.108 degrees) (Figure 2C), and so we can be confident that these rotations represent a 

genuine signal of hinge-like motion about the costovertebral joint. 

 These results contrast with living the sister taxon to birds, the crocodilians, where 

costovertebral anatomy was found to predict only general patterns of rib motion (Brocklehurst et al., 

2017). There are several possible reasons for this difference. Birds retain the wide separation of the 

diapophysis and parapophysis for the whole vertebral column; in crocodilians the parapophysis 

migrates towards the diapophysis, starting at the third thoracic vertebra (Schachner et al., 2009; 

Brocklehurst et al., 2018). The parapophyseal facets are also flatter and more medio-laterally 

inclined in crocodilians from the third thoracic vertebra, which may permit translation of the rib 

capitulum (Claessens, 2009b), and allow the ribs to deviate from their anatomical hinge-axis 

(Brocklehurst et al., 2017).  

Birds also possess additional soft tissue constraints to rib motion. Two ligaments, the 

costotransverse ligament and the costovertebral ligament, connect the rib heads to the vertebrae in 

birds (Baumel, 1993; Yasuda, 2002), but are absent in crocodilians (Hirasawa, 2009). The 

costovertebral joint of birds is also surrounded by lung tissue, as the rib heads incise the dorsal 

surface of the lung (Maina and Nathaniel, 2001). This intimate association between the ribs and lung 

tissue would presumably restrict motion outside of rotation about an anatomical hinge axis. In 

crocodilians, following the migration of the parapophysis on the transverse process, the rib heads lie 

dorsal to the surface of the lung and so do not face those same constraints (Schachner et al., 2009; 

Brocklehurst et al., 2018).  

Motion of the sternum  
The motion path of the tip of the sternum in lateral projection appeared to be scissor-like in one 

individual (Me18) (Figure 3A), but did show evidence of elliptical movement in a second (Me23) 

(Figure 3B). Unfortunately, due to issues with marker placement and tracking, it was not possible to 

accurately animate the sternum of our third individual (Me49). Elliptical motion of the sternum 
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during ventilation in birds was suggested by Claessens, based on his own work and previous studies 

(Jenkins et al., 1988; Claessens, 2009). Scissor-like motion involves only dorso-ventral rotation of the 

sternum, whereas elliptical motion also includes some cranio-caudal translation. Although there was 

clear evidence for elliptical sternal movement in emu (Dromaius novaehollandiae), the motion 

appeared scissor-like or linear in other birds (Claessens, 2009). In part, this was attributed to 

limitations of the method (Claessens, 2009). Here, using XROMM which has greater precision and 

can measure smaller motions, we find individual variation in the motion path of the sternum (Figure 

3A, B).   

In Me23, which displayed elliptical sternal motion, there was some evidence for variation in 

kinematic timing – peak expiratory movements almost always occurred a few frames earlier in the 

sternal ribs, compared with the vertebral ribs (Figure 3C, D). This pattern was also generally true of 

peak inspiratory movements, but was occasionally reversed (Figure 3C, D). Elliptical motion of the 

sternum was hypothesised to be driven by differences in timing of the motion of the sternal ribs 

relative to the vertebral ribs (Claessens, 2009); if the sternum and distal sternal ribs move ventrally 

faster than the distal vertebral ribs move cranially during inspiration, then the sternum will be 

displaced both ventrally and caudally (and vice versa during expiration). Our XROMM data support 

this, showing some evidence for subtle differences in kinematic timing comparing craniocaudal 

displacement of the distal vertebral ribs with the dorsoventral displacement of the distal sternal ribs 

(Figure 3C, D). Electromyographic data show the cosoternalis pars major, which inserts onto the 

sternal ribs (Baumel, 1993), is active earlier in inspiration than the intercostal muscles which attach 

to the vertebral ribs (Fedde et al., 1964).  

Elliptical motion of the sternum was thought to aid in generating and maintaining 

unidirectional airflow (Claessens, 2009). However, the unidirectional nature of intrapulmonary 

airflow is mostly governed by aerodynamic valving (Banzett et al., 1987; Wang et al., 1988; Maina et 

al., 2009) and experimental occlusion of the air sacs showed maintenance of aerodynamic valving 

and unidirectional flow (Brackenbury et al., 1989; Brackenbury and Amaku, 1990). Unidirectional 

flow has also been demonstrated in crocodilians (Farmer and Sanders, 2010; Schachner et al., 2013) 

and lepidosaurs (Schachner et al., 2014; Cieri et al., 2014), which do not ventilate their lungs via 

dorsoventral motion of the sternum. Therefore, elliptical sternal motion may be sufficient to help 

generate unidirectional flow but is not necessary. The presence of elliptical motion seems to be 

related to differences in kinematic timing of the ribs (Figure 3), and it is possible that elliptical vs 

scissor-like sternum motion is simply the result of variation in respiratory muscle activation patterns. 

Observed differences in kinematic timing were not entirely consistent (Figure 3C, D) fitting with the 
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idea that elliptical sternal motion is not constrained. Our data suggest that elliptical sternal motion is 

a variable trait, the functional significance of which is unclear. 

Concluding remarks 
Along with their unique lung-air sac respiratory system, birds have also evolved a highly constrained 

ribcage, and a derived mode of ventilation. These two features – skeletal form and breathing 

function – are intimately linked, and so establishing the relationships between them is important for 

our understanding of the evolution of avian ventilation. The results presented here suggest that joint 

morphology in birds can be a good predictor of rib motion, and that sternum motion is less 

constrained to a particular pattern (elliptical vs scissor-like) than previously thought. This study 

serves both to demonstrate the strength of XROMM, measuring detailed three-dimensional skeletal 

kinematics in the context of bone and joint morphology, and as an empirical framework in which 

modelling studies may have their assumptions based and their outputs validated. The results 

presented here deepen our understanding of the relationship between ventilation and trunk skeletal 

morphology, and open the possibility for future work on how these features vary with ecology in 

modern birds, and how they evolved through time across the dinosaur-bird transition.  
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Figures 

 

 

 
Figure 1. Ribcage anatomy and joint coordinate systems. (A) Left lateral view of the ribcage, with 
the vertebral ribs (V1-4) and sternal ribs (S1-4) labelled. (B) Frontal view of the vertebral column and 
proximal ribs, showing the parapophysis-capitulum (pink) and diapophysis-tuberculum (turquoise) 
articulations at the costovertebral joints (CVJs). (C) Costovertebral JCS (CV-JCS) axes are oriented to 
the primary body axes such that the dorsoventral Z axis (blue) measures bucket handle motion, the 
craniocaudal Y axis (green) measures calliper motion and the mediolateral X axis (red) measures 
pump handle motion. (D) Parapophysis-diapophysis JCS (PD-JCS) axes oriented to pass through the 
parapophysis and the diapophysis such that the Z axis (blue) measures flexion-extension, the Y axis 
(green) measures abduction-adduction and the X axis (red) measures long-axis rotation. 
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Figure 2. Motions of the vertebral ribs in Meleagris. (A,B) Pump handle (red), calliper (green), and 
bucket handle (blue) motion of the verterbal rib relative to the vertebral column at the 
costovertebral joint, measured using a CV-JCS. (C,D) Long-axis rotation (red), abduction-adduction 
(green), and flexion-extension (blue) of the verterbal rib relative to the vertebral column at the 
costovertebral joint, measured using a PD-JCS. (A, C) Plots of each costovertebral joint from three 
individuals (Me23, Me 18 and Me 49). Graphs show means (solid lines) ± 1 s.d. (shading) (N=5 
breaths). Breathing cycle calculated from one full inspiration to the next. (B,D) Ternary plot showing 
different contributions of rotations at the JCS’s. Data include all joints from all individuals. Each point 
is one breath. Symbols represent different joints, numbered from cranial to caudal: square, CV1; 
circle, CV2; triangle, CV3: cross, CV4. 
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Figure 3. Sternum motion in vivo during ventilation. (A,B) Motion path of the posterior tip of the 
sternum in the sagittal plane measured for 5 breaths in (A) Me18 (scissor-like motion) and (B) Me23 
(elliptical motion). All breaths overlaid with the mean motion path shown in black. (C,D) Traces 
showing the craniocaudal displacement (in cm) of (C) the distal verterbal rib (caudal is positive) and 
(D) the dorsoventral displacement (in cm) of the sternal rib (dorsal is positive) of Me23, which 
showed elliptical sternal motion. Peaks and valleys corresponding to maximum expiratory and 
inspiratory motions respectively, are marked by the dotted lines. Solid lines connect the same peaks 
between the the two traces and the angle of the line indicates the degree of phase lag between the 
vertebral and sternal ribs. Expiration = black, inspiration = grey. 
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Movie 1. XROMM animation of the ribcage of a wild turkey (Melagris gallopavo) during 
ventilation. Playback is at quarter speed.
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