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The vertebrate skeleton is composed of articulated bones. Most of the articulations are classically described using mechanical joints, except the intervertebral joint. The aim of this study was to identify a joint model with the same mechanical features as the cervical joints. On the neck vertebrae, six articular surfaces participate in the joint: the cranial part of the centrum and the facets of the two prezygapophyses of a vertebra articulate on the caudal part of the centrum and the two articular facets of the postzygapophyses of the previous vertebra. We used the intervertebral joints of the bird neck to identify the mechanical joint representing intervertebral linkage. This link was described in the literature as a joint allowing two or three rotations and no translation. These features correspond to the rotule à doigt (RAD) joint, a ball and socket joint with a pin. We compared the RAD joint to the postaxial intervertebral joints of the avian neck and found it a suitable model to determine the geometrical features involved in the joint mobility. The difference in the angles of virtual axes linking the geometrical center of the centrum to the zygapophysis surfaces determines the mean dorsoventral flexion of the joint. It also helps to limit longitudinal rotation. The orientation of the zygapophysis surfaces determines the range of motion in both dorsoventral and lateral flexion. The overall system prevents dislocation. The model was validated on 13 joints of a vulture neck and 11 joints of a swallow neck and on one joint (C6-C7) in each of three mammal species: the wolf (Canis lupus), mole (Talpa europaea) and human (Homo sapiens). The RAD mechanical joint was found in all vertebral articulations. This validation of the model on different species shows that the RAD intervertebral joint model makes it possible to extract the parameters that guide and limit mobility of the cervical spine from the complex shape of the vertebrae and to compare them in interspecific studies.

Introduction

The vertebrate skeleton is composed of bones articulated by a diversity of joints. Their mobilities are described schematically using mechanical joints such as a ball and socket joint for the hip, a saddle joint between the carpal and metacarpal bones, and a planar joint between the tarsal bones. Among the skeleton articulations, the intervertebral joint is complex, and no schematic joint has been proposed to extract the geometrical features involved in its mobility. We used the necks of birds as a case study to find a mechanical link that schematically describes the intervertebral joint. The basic functions of the vertebral column are to protect the spinal cord, ensure the passage of nerve and blood networks and anchor the musculature. In amniotes, the head rotates primarily on two anterior cervical vertebrae the atlas and axis (C1, C2), which have special shapes. The next vertebrae comprise the following morphological structures (Fig 1 ): a ventral vertebral body, the centrum, is the basic part of the vertebra. Over the centrum, the paired neural arches form the walls of the neural canal which protects the spinal cord and fuse dorsally into the neural spine, a dorsal process which extends on the top of the vertebra, for muscular attachment. Paired transverse processes project laterally from the base of the arches as rib attachments. Paired zygapophyses extend between successive neural arches, preventing undue torsion. The surface of the anterior zygapophyses, i.e. the prezygapophyses, generally face upward and inward. They are opposed to the downward and outward surfaces of the posterior postzygapophyses of the previous vertebrae (Romer and Parson 1977). In amniotes, the vertebral column may be divided into different regions: caudal, sacral, dorsal and cervical regions. The caudal region is rather free, in terms of number of vertebrae (Müller et al. 2010), and is used in many functions from locomotion to weaponization, social behavior, etc. The sacral region anchors the pelvis on the vertebral column; the dorsal region, divided into lumbar and thoracic regions in mammals, supports the trunk. The number of presacral vertebrae and cervical vertebrae varies depending on phylogeny and functional demand (Müller et al. 2010). In current amniotes, the extremes are found in limbless species (110 presacral vertebrae with 6 cervical vertebrae in Dibamidae, limbless lizards (Müller et al. 2010)) and in birds. In mammals, the cervical region almost always comprises 7 cervical vertebrae (Kardong 2012). The cervical region ensures the mobility of the head relative to the trunk. The cervical column of birds is a long series comprising 10 and 26 vertebrae, depending on the species (Boas 1929). It articulates on the thoracic vertebrae on which true ribs articulate. Avian thoracic vertebrae are often ankylosed and merged into a notarium. There is no intervertebral disc between the avian vertebrae (Taylor andWedel 2013, Böhmer et al. 2019). The first two vertebrae, the atlas and the axis have particular shapes. They do not have prezygapophyses and the atlas has no postzygapophyses either (Boas 1929). These two vertebrae form the craniocervical hinge. Because of their particular shapes and function, we will not study them in this work. From the intervertebral joint, only the function of the centra has been described schematically, depending on its curvature. It is a ball and socket joint when a concave socket fits with a convex socket, as in most tetrapod cases, or a saddle joint in birds' cervical column (Kardong 2012). However, intervertebral mobility depends not only on the centra joint but also on all articular surfaces, the centra and the zygapophyses, which participate in its mechanical properties. The bird neck is long and flexible, and its vertebrae are very different in terms of number and shape depending on the species (Boas 1929). We use it as a case study to identify the mechanical joint because of this variability. We hypothesize that if we found a mechanical model that fits the cervical vertebrae of the birds, it may fit those of other vertebrates as well.

The shape of the cervical vertebrae of birds is complex. There is no disc between the centra, but a thin cartilage covers the articular facets (Taylor andWedel 2013, Böhmer et al. 2020). All the vertebrae are different and only fit perfectly with the neighboring vertebrae in the cervical column, to such an extent that it is possible to determine without error the order of their succession, from the atlas to the thoracic vertebrae, from an individual's isolated vertebrae. The cervical column is also different between the species. The number of cervical vertebrae is globally related to phylogeny, and older groups, such as ratites, have more vertebrae than more recent groups, such as psittacids (Böhmer et al. 2019). However, within phylogenetically close taxa, the number may vary. They look like they are more related to functional constraints, as in vultures (Böhmer et al. 2020). Böhmer et al. showed that while the length of the neck generally varies isometrically with the size of a bird, some species have a longer neck than expected. Similarly, while generally a long neck has long vertebrae, the long neck of the swan is formed by many short vertebrae, whereas the long neck of the pink flamingo is formed by a series of long vertebrae (Böhmer et al. 2019). Regardless of neck length, there are at least three areas in the bird neck, giving it a typical S shape (Boas 1929). The cranial area is mainly ventroflexed, the intermediate area is mainly dorsoflexed, and the prethoracic area is mainly straight (Bout 1997, Van der Leeuw et al 2001, Krings et al 2014, Kambic 2017). In those series of vertebrae, it is possible to recognize trans-specific patterns. By analyzing the shapes of the 107 vertebrae from 17 species via an without a priori analysis, i.e. clustering the vertebra shapes without qualitative information, Terray et al. ( 2020) using 3D geometric morphometrics identified nine trans-specific modules, which cluster vertebrae of several species. The clustered vertebrae correspond to comparable topological distributions in the spine of the birds (i.e. cranial, intermediate and prethoracic). Module 1 is the most widely shared by the species studied (14/15 species) and corresponds to the vertebrae just after the axis, the cranial part of the neck. Module 9 is found in the same part, but is rare, found in one species of the sample. Module 2 is shared by 9 species out of 15, and corresponds to the middle part of the neck. Module 5 is also found in the middle of the neck, in 5 species out of 15. Module 6 is shared by 11 species out of 15, and corresponds to the prethoracic part of the neck. Modules 3, 7 and 9 are also found in this last neck region, but are rarer. A 3D geometric morphometric analysis was performed to calculate the mean shape and create a 3D mean vertebra for each module. These modules mean that vertebrae share shape characteristics common to several species (Terray et al. 2020). When articulated together, the series of mean vertebrae in a module showed the articular orientation typical of the topological flexibility. For instance, the association of four mean vertebrae in the module 2 found in the middle of the neck forms a dorso flexed series typical of this region. The main characteristic of the bird neck is that many vertebrae, with many joints, allow head mobility toward the trunk ( Van der Leeuw et al 2001, Cobley et al 2013). Krings (2017) examined in detail the intervertebral mobility of the owl and observed that the high flexibility of the cervical column results from the complex combination of lateral and dorsoventral movements, with two rotations, at the level of each joint. For instance, lateral movements were allowed only when the joint was ventro-flexed. Kambic et al. (2017) observed the same in guinea fowl, showing that the complex rotation movements were related to zygapophysis orientation. They also observed a small longitudinal rotation between the 3-4 and 4-5 vertebrae, linked to lateral flexion. Translations were never observed.

Because in all birds the neck shares interspecific features, there must be a characteristic of the shape of the cervical vertebrae that are linked to the mobility of the different parts of the neck. These characteristics must be found in the joint shape, i.e. the link between the caudal part of a vertebra and the cranial part of the following vertebrae. We hypothesized that the complex shape of the intervertebral joints encompasses a geometric principle shared by all species. As the joint surfaces are restricted to the zygapophysis articular surfaces and the centrum articular surfaces, modeling these surfaces only should make it possible to determine the geometric characteristics of the joint. The aim of the study was to design a joint model and test its usefulness for identifying the parameters involved in neck mobility.

Material and Method

Material

The 3D models of the mean vertebrae of Terray et al. (2020) were used. Module 1 is shared by all the species but one and was chosen for designing the geometric model. The swallow (Hirundo rustica, MNHN-ZO-AC-2000-733) and vulture (Gyps fulvus MNHN-ZO-AC-1996-43) MO.1993.3218) was segmented by the authors.

Geometric principle (Figure 2)

In the cervical vertebrae of birds, the centrum articulations are modeled as a saddle-shaped joint (Kardong 2012). A saddle-shaped joint reduces the motion in allowing mainly two rotations, around Z and Y axis. These articulations could theoretically also permit some translations, allowing more than one center of rotation, which has never been described in birds neck intervertebral mobility. We used a ball and socket joint model for centrum articulation, which is more distant in terms of shape but fits well mechanically and helps to clearly identify a center of rotation and helps to clearly identify a center of rotation. Among the mechanical links, the rotule à doigt (RAD) (Aublin et al. 2005), a ball and a socket joint plus pin, allows rotations but no translation, as in the bird neck joints. The rotule à doigt (RAD) joint has no specific name in English so that we have kept the French one. We thus consider that the cervical spine can be assimilated to a series of modules linked by the RAD joint (Fig 2 A). One module comprises one cranial socket, one long axis and one caudal ball plus the pin (Fig 2 B). Each joint is modeled as a RAD (Fig 2 C). The ball with the pin corresponds to the caudal part of a module and is the cranial part of the RAD joint. The socket is the cranial part of the next module and the caudal part of the RAD joint (Fig 2 C). This RAD joint blocks translations (Tx=0, Ty=0, Tz=0) and controls the rotations around one center of rotation depending on the shape of the socket and of the pin (Fig 2D ,E,F).

Modeling of the Intervertebral Joints

We looked for the rotule à doigt structure in the shape of the intervertebral joint. We used a 3D mean vertebra from a module of Terray et al. (2020) to design the geometric model. A true bird vertebra fits only with its neighboring vertebrae, and thus, its cranial articulation does not fit with its caudal articulation. In contrast, the mean module vertebrae are repeated in the module, and their two articulations fit together. It was thus easier to find a geometric principle for the intervertebral joint. Then, we tested the validity of the geometric principle on the mean vertebrae of all the modules. To verify the usefulness of the model, we applied it to the cervical vertebrae of two very different bird species, in size, ecology and phylogeny: the griffon vulture Gyps fulvus and the swallow Hirundo rustica. To verify the validity of the model, we looked for it in the C6-C7 vertebral joint in three mammalian species with different phylogeny, sizes and behaviors: the wolf (Canis lupus), mole (Talpa europaea) and human (Homo sapiens). Modeling of the intervertebral joints with the Module 1 mean vertebrae ( Figure 3) One module corresponds to the association of at least two identical mean vertebrae. A joint corresponds to the articulation between the caudal and cranial parts of the same mean vertebrae. A: The articular surfaces are isolated on the 3D model, the cranial surfaces are in red, and the caudal surfaces are in green. B: The intervertebral movements take place around one center of rotation (CoR) of the joint. We placed them in the center of the centrum cranial and caudal articular surfaces (blue points). We built a virtual sphere centered on the CoR on the cranial and caudal joints. The sphere perimeters pass through the middle of the articular surfaces of the zygapophysis. C: An arc was cut out of the sphere, corresponding to the virtual material perpendicular to the articular surface of the zygapophysis. Cranially, the arc is ventral and below the prezygapohysis, and its cut surface corresponds to the prezygapophysis surface. Caudally, the arc is dorsal and over the postzygapophysis, and its cut surface corresponds to the postzygapophysis surface. Geometric Parameters (Figure 4)

The position and orientation of the cuts play a role in the joint mobility when the two arcs are superimposed (Fig. 4). Around the X-axis (longitudinal), a distance between the dorsal and ventral surfaces may allow some rotation. Around the Z-axis (transverse), the length of the surface contributes to mobility. Around the Y-axis (dorsoventral), the obliquity of the surfaces may also block rotation.

The orientation of the zygapophysis surfaces, corresponding to the cut in the model, may have basic function in terms of the mobility of the cervical axis. transversal plane (Fig. 5 E).

Application of the model on biological material (Figures 6 and 7)

We imported the digital models of the vertebra in landmarks (IDAV) V3.0.0.6 , the software of landmark editing. We digitized the Cartesian coordinates of 13 points (Fig 6, SM Table 1). To be able to align all the vertebrae in the same anatomical space (Krings et al. 2014) a rotation matrix was calculated (Fig 7). We used three points to define the anatomical sagittal plane : the cranial and caudal centers of the centrum surfaces (points 0 and 1) and the sagittal point on the neural spine (point 2). The X axis passes through the points 0 and 1, the Y-axis passes through the point 2 and is perpendicular to the X-axis in the dorso-ventral direction. The Z-axis is perpendicular to the X and Y axes, in the latero-medial direction. The sagittal plane is defined by the X and Y axes.

The frontal plane is defined by the X and Z axes. The transversal plane is defined by the Y and Z axes (Fig 7 A).

We fixed the origin of each vertebral anatomical space in the center of the caudal centrum surface (point 0). Using trigonometric formulae, we calculated the Euler angles between the center of the zygapophyses (points 7 and 12) and the CoRs (points 0 and 1) in the 3 directions of the anatomical plane and a line perpendicular to the vertebral body axis in the sagittal plane. In the sagittal plane, the sign of the angle indicates its position toward the CoR. The angle was positive when the vertebral body center was cranial to the zygapophysis center, and negative when it was caudal to the zygapophysis center. (Fig 7 B).

To study the joints, we fixed the Vi vertebrae anatomical space and superimposed its caudal CoR and the Vi+1 cranial CoR. We rotated the Vi+1 centrum axis around the CoRs so that the surfaces of the zygapophyses faced each other. We were then able to calculate the coordinates of the Vi+1 prezygapohysis points in the anatomical space of the Vi vertebrae. It was then possible to look at the position of joints with the vertebrae in their neutral position (SM Fig 1).

We also calculated the orientation of the zygapophysis surfaces toward the sagittal and transverse planes. As the surfaces are not planar, we approximate a plane by using only three points on the surface, respectively on the postzygapophysis and the prezygapophysis : the most medio-caudal point (points 3 and 8), the most latero-cranial (points 5 and 10) and the most latero-caudal (point 6 and 11). We calculated the coordinates of the normal vectors, in the sagittal plane (OXY) and in the transverse plane (OYZ), then we calculated the angles between the normal vectors and the transversal and sagittal planes. In the sagittal plane the sign of the angle indicates its orientation toward the CoR. The angle was positive when the vertebral body center was cranial to the zygapophysis center, and negative when it was caudal to the zygapophysis center. (Fig 7 C). In all the module mean vertebrae, on the projections on the transverse plane YZ (Fig 8 II B) the position angle of the prezygapophysis is slightly larger than the position angle of the postzygapophysis. This corresponds to the dorsal position of the postzygapophyses in regard to the prezygapophyses. In module 1, differences between the pre-and postzygapophysis were larger than in the other modules. The position angle in the transverse plane corresponds to the more or less dorsal position of the zygapophysis. The more lateral the zygapophysis (i.e. the larger the angle), the more ventral its position is toward the centrum, as in module 1.

Results

Module mean vertebrae (

In the frontal plane (Fig8 II C), the position is very similar to those in the sagittal plane and will not be detailed further.

The sagittal flexion of the joint (Fig 8 II D) is not a function of the direction of the position of the zygapophysis. With both zygapophyses positioned cranially, the M1 articulation corresponds to ventral flexion of the joint. M6, with the postzygapophysis positioned cranially and the prezygapophysis positioned caudally, also articulates as ventral flexion. The articulation of the vertebrae may result in a rather straight joint regardless of the position of the zygapophysis, cranial or caudal, similarly for M9 and M3. The flexion of the joint depends on the position of the two zygapophyses toward each other. A postzygapophysis more cranially positioned than the prezygapophysis, as in M2 or M5, induces dorsal flexion when overlapping. A postzygapophysis more caudally positioned than the prezygapophysis induces ventral flexion when overlapping, as in M1 or M6.

The articular surfaces are not planar, and the normal vector represents an estimation of a mean orientation. It gives an idea of the general pattern. As the normal vector is perpendicular to the surface, the more parallel it is to a plane, the more perpendicular to this plane is the surface. Laterally (Fig 9 II A), in module 1, 9 and 3 the orientation angle is smaller in the prezygapophysis than in the postzygapophysis, indicating a more transversal orientation of the prezygapophysis surface.

In modules 2 and 6, the postzygapophysis surfaces are more transversal than the prezygapophysis surfaces (i.e. there is a larger orientation angle), and in modules 5, 7 and 8 the orientation of the two surfaces is parallel. For the vulture and the swallow, the measurements of the pre-and postzygapophyses of the same vertebra are shifted to the graphs so that the postzygapophysis of the vertebra Vi (green graduation at the bottom) is associated with the prezygapophysis of the vertebra Vi+1 (red graduation at the top) as in the joints. On the sagittal views, the negative values correspond to a caudal position of the vertebra centra toward the zygopophysis, thus a cranial position of the zygapophysis and conversely, positive values correspond to the caudal position of the zygapophysis.

In the sagittal plane (Fig 9 II a), globally, the orientation angles change in the same way as the position angles (Fig 8 II A). As this position of the zygapophysis is linked to the sagittal flexion of the joints, it appears that the sagittal orientation of the surfaces globally participates in the sagittal flexion. However, in module 9, the prezygapophysis surface is less oblique than its position.

In the transverse plane, the orientation angle (Fig 9 II B ) follows the position angle depending on the modules (Fig 8 II B). However, whereas the position of the two zygapophyses of a module are very close, the differences between the orientation may be large. These differences are larger when the surfaces are more parallel in the sagittal plane (Fig 9 II A). For instance, in modules 1 and 2, the differences are larger in the sagittal plane than in the transverse plane. In modules 9, 3, 6, 7, and 8, the difference in the sagittal plane is smaller than that in the transverse plane. Nevertheless, in module 5, the orientation of the surface is close in all directions.

The difference between the surface orientations in the sagittal plane (Fig 9 The orientation in the transverse plane corresponds to the mobility. The more frontal the surfaces are, the more perpendicular to the Y-axis they will be and more rotation around Y will be possible, as in module 1. In module 2, the surfaces are both very close and rather parasagittal and block rotation around Y. The zygapophysis positions may be more parallel than the surface orientations (module 9,3,6,7,8) and may guide the lateral mobility differently depending on the sagittal flexion of the joint.

The difference in the positions in the transverse plane leads to mobility around the X-axis (Fig 4).

The surface orientation corresponds to the limitations of mobility. Differences in the post-and prezygapophysis surface orientations may lead to a limitation in mobility depending on the sagittal flexion of the joint. Moreover, in the vertebrae, the articular surfaces are not planar, and their shapes must be adjusted in such a way that they permit more or less mobility depending on the flexion of the joint.

Tests on the necks of two avian species Gyps fulvus and Hirundo rustica (Figure 8 III, IV and Figure 9 III and IV, SM Figure 1)

In the bird vertebral column, the pre-and postzygapophyses of a vertebra do not articulate together but with the neighboring vertebra. The results are presented to highlight this feature: the measurements on the postzygapophysis (in green) of the N vertebrae face the measurements on the prezygapophysis (in red) of the N+1 vertebrae.

Sagittal plane (Fig 8 A)

In the vulture G. fulvus, as in the swallow H. rustica, the same overall pattern exists, and it is the same as that in the module mean vertebrae: The post-and prezygapophyses may be positioned both in the same direction, cranially (G. fulvus 3,4, 10, 11,12,13,14,15; H. rustica: 3,10,11,12,13), caudally (G. fulvus 6,7,8; 339 H. rustica 6,7), or differently (G. fulvus 5, 9; H. rustica 4, 8,9). As for the module, the sagittal (Fig 8 D), ventral or dorsal flexion of the joint depends on the difference between the two zygapophysis position angles. In both species, the sagittal flexion is ventral near the head, dorsal in the middle of the neck and slightly ventral in the prethoracic region.

In the transverse plane (Fig 8 B), the overall pattern was the same in both species, with more tilting near the head (larger angle toward the sagittal plane) and more holding up near the thorax (smaller angle toward the sagittal plane). For the modules, the pattern in the frontal plane (Fig 8 C) was almost the same as in the sagittal plane. However, in the middle part, in joints 6-7 and 7-8 of the vulture and joint 5-6 of the swallow, the positions of the zygapophysis were almost the same, whereas they did not in the sagittal plane.

The sagittal orientation of the zygapophysis surface exactly followed the pattern of the zygapophysis position in the vulture (Fig 8 III A and Fig 9 III A) but not in the swallow. In the 4-5 and 5-6 joints, the prezygapophysis (in red) orientation roughly changed with their position but the postzygapophysis maintained the same orientation, forming a large difference between the surface orientations in the joints.

In both species, the positions of the zygapophysis corresponded to the overall flexion pattern of the neck (Fig 8 D), with a more ventrally flexed part near the head, a dorsoflexed part in the middle of the neck and a more or less straight part near the thorax. However, the different parts involve more or less joints. For instance, three joints are ventro-flexed in the cranial part of the vulture, and two joints are ventro-flexed in the swallow. In the middle part of the neck, two joints (6-7 and 7-8) are dorso-flexed in the vulture, but four in the swallow (from 5-6 to 8-9). The overall pattern was found in the cases of the modules, the vulture and the swallow, validating the usefulness of the RAD model for understanding the avian intervertebral geometry.

1. Interpretation (Figure 10, 11)

In the joints, the surfaces of the zygapophysis facing each other imposes a configuration with a specific sagittal flexion of the joint in the neutral position. With that configuration, a rotation around the Z-axis (i.e. dorso-ventral flexion) as well as around the Y-axis (i.e. latero-medial flexion) is allowed as long as the two pairs of zygapophysis surfaces slide over each other. For instance, in module 1, which corresponds to the vertebrae following the atlas and axis in the sagittal plane, the difference in the position of the pre-and postzygapophysis is 28° ( surfaces are almost parallel and thus laterally oriented (Fig10 A IV). The surfaces can slide over each other, allowing lateral flexion. The two surfaces are almost parallel, and it appears that this slight difference could permit an adjustment depending on the sagittal flexion of the joint. The 10° difference in the positions induces a gap between the two surfaces, which could also give some play to the joint and permits some axial rotation.

In module 2, corresponding to vertebrae in the middle part of the neck, the difference in the position of the zygapophyses induces dorsal flexion of the joint in the neutral position. The zygapophyses are positioned more medially than in module 1 (50, 44°), the surfaces are more sagittal. The small gap between the surface may allow some lateral flexion depending on the sagittal flexion of the joint.

In module 5, which is also found in the middle part of the neck, in the sagittal plane, both zygapophyses share a similar cranial position (27°, 22°), and the neutral position of the joint is straight. The zygapophysis are laterally positioned (63°, 56°). The surfaces of the zygapophysis also share similar orientations in the sagittal and transverse planes ((13°, 7°) and (27°, 30°), respectively). This shape suggests rather constrained mobility of the joint In module 6, found before the thoracic column, the difference in the sagittal position of the zygapophyses (11°, 3°) induces a small ventral flexion in the neutral position, and the position in the transversal plane (39°, 32°) constrains lateral flexion of the joint. The surface orientations in the sagittal plane are close (15°, 9°), and in the transverse plane, they are more different (44°, 31°). The transverse surface difference (13°) is almost the same as the difference between the positions in the sagittal plane (14°). This shape suggests, as in module 5, rather constrained mobility of the joint.

In the vulture and swallow, the most cranial vertebrae are clustered within module 1 In the middle part of the neck, the vulture vertebrae were clustered within module 2, and the swallow vertebrae of the middle part were clustered within module 5 (Terray et al, 2020). The 5 th and 6 th vertebrae of Validity on mammal cervical joints (Figure 11)

We used the bird cervical column as a case study to propose a mechanical joint for the intervertebral joint. In order to test its validity in other taxa, we looked for it on the C6-C7 joints of three very different mammal species: wolf (Canis lupus), mole (Talpa europaea) , and human (Homo sapiens) (Fig 11).It was possible to find the RAD model in the C6-C7 intervertebral joints in mammals despite their differences with the birds. The main differences in the centrum shape are: 1/ The centrum articular surfaces which have a saddle shape in birds are concave cranially and convexe caudally in the wolf, and rather flat in the human and the mole. 2/ The presence of an intervertebral disc in mammals inserts a space between the centra. In human, the studied horizontal position of the vertebrae is different from the position when standing (Fig 11 a) but allows an easier comparison with the other species. Despite the differences in the centrum articular surface shape the RAD mechanical joint is also found in these mammal's cervical joints (Fig 11)

Discussion

The RAD mechanical joint is convenient for a bird intervertebral joint model because it integrates all the articular surfaces involved in the mobility of the articulation in a single joint. Once the RAD joint was identified as a mechanical candidate, we were able to find them on Terray's modules' mean vertebrae, which are simpler than real vertebrae because they articulate with themselves. The measurements of the vulture and swallow cervical column showed that the joint model is also suitable for studying the complexity of real avian vertebrae. The comparison of the joint between the 5 th and the 6 th vertebrae of these birds and of the three mammals showed that it is also suitable for different mammal species.

The aim of the study was to design a joint model and test its usefulness for identifying the parameters involved in neck mobility. The joint model consists of two arcs, a dorsal arc and a ventral arc that share 426 the same radius. The dorsal arc is linked to a central ball, and the ventral arc is linked to a central socket. The ball and socket fit together in a joint sharing the same CoR. The ball is associated with an anterior bar and the socket with a posterior bar. The geometric parameters are the position of the arcs toward the bars, and the relative place and orientation of the arc-cut surfaces toward each other (Fig 3 E and Fig 4). With the assumption that the neutral position of the joint is found when the two arcs face together, the geometric parameters define the mobility of the joint. One vertebra comprises two half joints: the cranial ventral arc system and the caudal dorsal arc system, linked by their bar. On the vertebrae, the 3D measurement of the positions of the centrum articular surface geometric centers and the position and orientation of the zygapophysis surfaces allow us to set the joint mobility parameters.

The test of the modules and real vertebrae showed that the model can explain the overall features The comparison of the measurements of the vulture and the swallow shows differences in the most cranial part of the neck, with the two joints (3/4 and 4/5) in the vulture and one joint (3/4) in the swallow sharing the module mean vertebra features: differences in the position leading to ventral flexion and differences in the surface orientations allowing lateral flexion and some degree of longitudinal mobility. A functional explanation could be that for the vultures, these two joints allow great mobility of the head, which is useful for pulling meat from the inside of a carcass, a mobility that would not be necessary in the behavior of swallows. The RAD is also found in the wolf, the mole and the human. As they are very distant phylogenetically and quite different in size and behavior, it looks like the RAD mechanical joint is a shared model for mammals as well as birds.

The model provides a theoretical framework for studying cervical joints. It allows the extraction of parameters for shape and mobility. It will be very useful to analyze neck mobility in different species.

It allows comparison and can thus be used for functional interspecific analysis. Because we looked for a joint model in this study, we did not look at the vertebrae length, which is the basic part of the bird neck (Böhmer et al. 2019). This is measured as the distance between the two centrum surfaces of the vertebrae. It must be considered in further studies.

In the model, the articular surface shapes are not studied. The vertebral body surfaces are simplified and treated like a ball and socket, with one center of rotation. It is clear they are much more complex and diversified. In birds, the saddle shape constrains the joint mobility (Kardong 2012), differently than a ball and socket does. However, the zygapophysis position and orientation are determinants and seems sufficient to explain the mobility. A more accurate study including the measurement of the mobility on articulated necks are needed to validate this point.

In mammals, the intervertebral discs induce a space between the articular surfaces and their mechanical properties also constrain the mobility. In dogs, the intervertebral disc and the ligaments influence the range of motion but the structure of the motion is determined by the orientation of the zygapophyses and the transverse distance between them (Breit and Künzel 2002). Amevo et al. 1991 measured that in the human cervical joints the instantaneous axes of rotation are not positioned on the centra articular surface, that their places are different from joint to joint and that their positions change depending on the cervical movement. These differences are determinant in a medical context because the very fine adjustment of intervertebral motion is fundamental in orthopaedics. It is clear that the RAD model is not relevant in this context. However, Wang et al.

(2020) used the orientations of the six articular surfaces involved in the vertebrate joint, as does the RAD model, in measuring the range of motion of the human cervical spine. Using X-ray and tomographic images, they were able to consider the space between the articular surfaces. This method allowed them to measure the vertebrae range of motion in the human cervical spine. Thus, the RAD, modified to include the intervertebral disc could be useful for comparison between humans and other species. We are confident that the RAD intervertebral joint model makes it possible to extract from the complex shape of the vertebrae the parameters that guide and limit mobility. It becomes possible to quantify these parameters in comparative series. It will allow interspecific studies and thus permit a better understanding of the morpho-functional adaptations during evolution. The next steps will be to validate the RAD in large interspecific samples and to compare the results with measurements on articulated cervical spines. 

Figure 1 :

 1 Figure 1 : Bird cervical vertebrae: 4th vertebrae of a vulture (Gyps fulvus)

Figure 2 :

 2 Figure 2 : Geometric principle : the rotule à doigt (RAD) mechanical joint.

  A smaller part of the spheres is kept around the CoR cranially and caudally, adjusted to the centrum size. D: The joint between two vertebrae corresponds to the superimposition of the caudal and cranial spheres and therefore to the centers of rotation of the articular surfaces of the centrum of the two vertebrae. When two vertebrae are associated with the centra aligned, the caudal arc of the first vertebrae (green) is not above the cranial arc of the next vertebrae (red). The alignment of the arcs corresponds to the concordance of the articular surfaces of the zygaposphyses. It is achieved by rotating around the CoR of the joint and leads to a sagittal flexion of the joint. E : The model behaves like a RAD joint, with the caudal ball fitted in the cranial socket, and the cranial arc below the caudal arc which plays like the pin of the RAD on the cranial arc below. zygapophysis articular surfaces Fig 3 B). Two arcs are "cut out" from the spheres, corresponding to slices of the sphere passing through the articular surfaces of the zygapophyses and centered on the CoR (Fig 3 C). The prezygapophysis arc is ventral, and the postzygapophysis arc is dorsal. The arcs are virtual and don't correspond to an anatomical structure. Their cut was superimposed on the articular surface of the zygapophysis (Fig 3 C). The intervertebral joint corresponds to the interlocking of the centrum joints by the superimposition of the CoR (Fig 3 D). When the two centra are aligned, the arcs may not face each other (Fig 3 D). The face-to-face positioning of the two arcs, the postzygapophyses of a vertebra and the prezygapophyses of the next vertebra may lead to sagittal flexion of the joint (Fig 3 D). In the schematic model (Fig 3 D), the centrum axis corresponds to the system to be moved, i.e. the vertebrae. The CoR of the joint (Fig 2), corresponds to the geometric center of the centrum surfaces. The dorsal arc, which represents the pin linked to the ball of the RAD (Fig 2), corresponds to the postzygapophyses. The ventral arc, the socket (Fig 2), corresponds to the prezygapophyses.In this schematic joint, the CoR is constrained at the geometric center of the centra. This simplification allows to understand the relationship between the combined motion of the six articular surfaces. The mobility is constrained by the position of the two arc cuts related to the CoR and to each other. No translation is allowed, and the rotation around the longitudinal axis is restrained by the two arcs. The rotations around the transverse axis and the lateral axis are allowed but can be restrained by the orientation of the arc cuts. The mobility of the model is the same as that in a RAD joint.

Mobility (Figure 5 )

 5 Therefore, the variables that guide mobility in the model are the position of the arcs toward the centra. This position parameter is measured using the line passing through the center of the arc cuts and the CoR. The position angles are the angle between the position line and the transversal plane in lateral view(Fig 5A), and between the position line and the sagittal plane in transversal view (Fig B). The position angles allow us to calculate the neutral position of the joint, which is determined by the angle between the two vertebra centrum axes when both the dorsal and ventral arcs are aligned in the joint (Fig 5C), i.e. when the position lines of the zygapophysis are superposed in lateral view The orientation of the cut surfaces of the arcs also guides the mobility. This orientation parameter is measured by the angles between the normal vector of the cut plane in the sagittal plane (Fig 5 D F) and the

Figure 4 .

 4 Figure 4. Rotation parameters

Figure 5

 5 Figure 5 Geometric variables on the model

Figure 6

 6 Figure 6 Digitized landmarks. Module 1 mean vertebrae,

Figure 7 :

 7 Figure 7: Measurements of the vertebraeA: Three reference axes of the anatomical space that define the three planes. X-Y sagittal plane, X-Z frontal plane, Y-Z transversal plane. B, Position of the zygapophysis: Angles between the lines passing through the center of the zygapophysis surfaces (points7 and 12) and the center of the centrum articular surfaces ( points 0 and 1) in 3 directions of the anatomical plane. C, Orientation of the zygapophysis surfaces : angles between the normal vector of the zygapophysis articular surfaces and the transversal and sagittal planes. The orientation is calculated as perpendicular to the plane defined by 3 points : 3,5,6 on the postzygapophysis and 8,10,11 on the prezygapophysis. In the sagittal plane, a caudal position of the zygapophysis toward the CoR is positive and a cranial position, as in the figure, is negative.

  Fig 8 II, Fig 9 II, SM Fig 1)The mean vertebrae are presented depending on the module position along the neck, from the cranial position (M1 and M9) to the middle position (M2 and M5) to the prethoracic position (M3, M6, M7, and M8). Depending on the module, the position of the zygapophysis toward the vertebral body is different. In the sagittal plane XY (Fig 8, II A, SM Fig1) the post-and prezygapophyses may be positioned both in the same direction, cranially (M1; 9; 3; 7; 8) or caudally (M5). They may be positioned differently: caudally and cranially (M2) or cranially and caudally (M6).

Figure 8 Figure 9

 89 Figure 8 Measurements of the zygapophysis axes : position parameters

  II A) corresponds to the neutral flexion of the module joint (Fig 8 II D) as does the zygapophysis position (Fig 8 IIA).

  Fig 10 A II), imposes an angle between the centra is -28° and thus in ventral flexion (Fig 10 A III). In the same plane, the differences in orientation of the surface are nearly the same (26°), and one can consider them to be parallel. The zygapophysis is rather medially positioned (62° and 376 51°), and the

Figure 10 .

 10 Figure 10. Vertebrae and models of 4 modules

  both birds look similar to the sagittal plane (Fig10 BC II and III)), even if the dorsal flexion is slightly higher in the swallow. In the transverse plane (Fig 10 B, C IV), the frontal view shows that the zygapophyses are more lateral in the swallow, as they are on the module 5, than in the vulture and the module 2 . In both cases, both the pre-and postzygapophyses were very close, suggesting very little lateral mobility.

  Figure11C6-C7 Vertebrae and joint models in three mammal species: the wolf, the mole and the human.

Table 1 .

 1 Points on the digital model 0 caudal articular surface of the vertebral body, geometrical center 1 cranial articular surface of the vertebral body, geometrical center 2 neural spine sagittal dorsal-most point 3 right postzygapophysis, medial caudal-most point 4 right postzygapophysis, medial cranial-most point 5 right postzygapophysis, lateral cranial-most point 6 right postzygapophysis, lateral caudal-most point 7 right postzygapophysis, geometrical center 8 right prezygapophysis, medial caudal-most point 9 right prezygapophysis, medial cranial-most point 10 right prezygapophysis, lateral cranial-most point 11 right prezygapophysis, lateral caudal-most point 12 right prezygapophysis, geometrical center 13 mediodorsal point of the caudal aspect of the medullar canal

  vertebrae are the 3D models used by Terray et al. 2020. (see Terray et al. 2020 for the acquisition method.) Human The wolf Canis lupus ( MNHN-ZO-AC 20161665) was digitalized by the MNHN Surfacus service, and the mole Talpa europaea (MNHNZM.

	Homo	sapiens	C6	and	C7	vertebrae	were	downloaded	from
	https://www.embodi3d.com/files/file/31822149 neck-ct/, and segmented using the CR2P 3D
	imagery service.							

Table 2 :

 2 Results

				Zygapophysis positions			Zygapophysis orientations		
		sagittal		frontal		transversal	sagittal		transversal		sagittal flexion
	Modules	prezygaP postzygaP prezygaP postzygaP prezygaP postzygaP prezygaP postzygaP prezygaP	postzygaP	joint	
	1	-40	-12	-23	-10	62	51	46	19	-18	-11	1	-28
	9	-14	-13	-17	-18	40	37	22	13	-55	-35	9	-1
	2	22	-3	19	-3	50	44	-3	9	-46	-43	2	26
	5	27	22	15	15	63	56	-13	-7	-25	-30	5	6
	6	-11	3	-14	4	39	32	15	9	-44	-31	6	-14
	3	-7	-4	-7	-5	44	39	9	13	-48	-30	3	-3
	7	-18	-23	-21	-28	40	38	22	24	-36	-21	7	5
	8	-14	-13	-17	-18	40	37	16	18	-53	-30	8	-1
	Gyps fulvus												
	3	-34	-12	-25	-12	55	47	48	23	-16	1	3/4	-25
	4	-38	-5	-26	-6	57	43	51	20	-13	-4	4/5	-26
	5	-31	15	-25	13	52	49	40	5	-20	-43	5/6	-7
	6	8	29	6	23	53	53	-2	-3	-53	-57	6/7	12
	7	42	20	26	21	62	42	-19	-3	-54	-42	7/8	12
	8	32	32	21	25	59	53	-17	-7	-58	-53	8/9	-8
	9	24	-7	22	-11	48	31	-8	14	-57	-15	9/10	-2
	10	-8	-13	-11	-19	36	34	6	11	-44	-22	10/11	5
	11	-8	-13	-11	-19	36	34	15	11	-41	-23	11/12	-5
	12	-18	-9	-25	-14	35	32	24	8	-39	-19	12/13	-11
	13	-20	-7	-27	-11	35	33	21	11	-43	-23	13/14	-15
	14	-22	-5	-30	-8	35	32	24	8	-40	-20	14/15	-17
	15	-22	-7	-30	-12	34	30	22	11	-37	-21		
	Hirundo rustica												
	3	-32	-19	-17	-11	64	61	38	17	-27	1	3/4	-31
	4	-50	-1	-23	0	70	58	37	13	-20	-8	4/5	-6
	5	-7	36	-4	18	60	66	-15	11	-9	-51	5/6	13
	6	49	47	22	22	71	69	-30	-21	-52	-39	6/7	5
	7	52	15	22	9	73	59	-30	-3	-40	-38	7/8	19
	8	34	-7	20	-6	62	49	-12	14	-60	-31	8/9	17
	9	10	-8	8	-8	50	46	0	17	-48	-32	9/10	3
	10	-5	-11	-5	-12	48	42	10	22	-43	-26	10/11	6
	11	-5	-11	-5	-12	48	42	15	23	-40	-40	11/12	-1
	12	-12	-12	-14	-14	41	39	15	15	-49	-48	12/13	-4
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