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Synopsis Deciphering the biological function of rare or extinct species is key to understanding evolutionary patterns across
the tree of life. While soft tissues are vital determinants of joint function, they are rarely available for study. Therefore, extract-
ing functional signals from skeletons, which are more widely available via museum collections, has become a priority for the
field of comparative biomechanics. While most work has focused on the limb skeleton, the axial skeleton plays a critical role
in body support, respiration, and locomotion, and is therefore of central importance for understanding broad-scale functional
evolution. Here, we describe and experimentally validate AutoBend, an automated approach to estimating intervertebral joint
function from bony vertebral columns. AutoBend calculates osteological range of motion (oROM) by automatically manip-
ulating digitally articulated vertebrae while incorporating multiple constraints on motion, including both bony intersection
and the role of soft tissues by restricting excessive strain in both centrum and zygapophyseal articulations. Using AutoBend
and biomechanical data from cadaveric experiments on cats and tegus, we validate important modeling parameters required
for oROM estimation, including the degree of zygapophyseal disarticulation, and the location of the center of rotation. Based
on our validation, we apply a model with the center of rotation located within the vertebral disk, no joint translation, around
50% strain permitted in both zygapophyses and disks, and a small amount of vertebral intersection permitted. Our approach
successfully reconstructs magnitudes and craniocaudal patterns of motion obtained from ex vivo experiments, supporting its
potential utility. It also performs better than more typical methods that rely solely on bony intersection, emphasizing the im-
portance of accounting for soft tissues. We estimated the sensitivity of the analyses to vertebral model construction by varying
joint spacing, degree of overlap, and the impact of landmark placement. The effect of these factors was small relative to bio-
logical variation craniocaudally and between bending directions. We also present a new approach for estimating joint stiffness
directly from oROM and morphometric measurements that can successfully reconstruct the craniocaudal patterns, but not
magnitudes, derived from experimental data. Together, this work represents a significant step forward for understanding ver-
tebral function in difficult-to-study (e.g., rare or extinct) species, paving the way for a broader understanding of patterns of
functional evolution in the axial skeleton.

Resumo [Portuguese] Decifrar a função biológica de espécies raras ou extintas é fundamental para se compreender os
padrões evolutivos na árvore da vida. Embora os tecidos moles sejam determinantes vitais das funções articulares, estes rara-
mente estão disponíveis para estudo. Portanto, extrair dados funcionais provenientes de esqueletos, que são mais amplamente
disponíveis por meio de coleções de museus, tornou-se uma prioridade para o campo da biomecânica comparada. Embora
a maioria dos trabalhos biomecânicos tenham focado no esqueleto apendicular, o esqueleto axial também desempenha um
papel crítico para o suporte corporal, respiração e locomoção e, portanto, é de importância central para a compreensão da
evolução funcional em escalas amplas. Nesse trabalho, nós descrevemos e validamos experimentalmente o AutoBend, uma
abordagem automatizada para estimar a função da articulação intervertebral de colunas vertebrais ósseas. O AutoBend cal-
cula a amplitude do movimento osteológico (AMO) manipulando automaticamente as vértebras reconstruídas digitalmente
e incorporando várias restrições de movimento, incluindo restrições das interseções ósseas e o papel de restrição dos tecidos
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moles na tensão excessiva sobre as articulações dos centros vertebrais e zigapofisárias. Usando AutoBend e dados biomecânicos
de experimentos cadavéricos em gatos e lagartos tegus, validamos parâmetros de modelagem importantes e necessários para
as estimativa do AMO, incluindo o grau de desarticulação zigapofisária e a localização do centro de rotação. Com base nessa
validação, aplicamos um modelo com o centro de rotação localizado dentro do disco vertebral, sem translação articular, com
cerca de 50% de tensão permitida nas zigapófises e discos vertebrais, além de uma pequena quantidade de intersecção vertebral
permitida. Nossa abordagem reconstrói com sucesso magnitudes e padrões de movimento craniocaudais obtidos a partir de
experimentos ex vivo, corroborando a sua potencial utilidade. Esse modelo também tem um desempenho melhor do que os
métodos mais típicos que dependem apenas das interseções ósseas, enfatizando a importância de se levar em conta o papel
dos tecidos moles. Estimamos a sensibilidade das análises à reconstrução do modelo vertebral, variando o espaçamento entre
articulações, o grau de sobreposição e o impacto da localização dos pontos de referência. O efeito desses fatores foi pequeno
em relação à variação biológica craniocaudal e entre as direções de flexão. Apresentamos aqui também uma nova abordagem
para se estimar a rigidez articular diretamente à partir do AMO emedidas morfométricas que podem reconstruir com sucesso
os padrões craniocaudais (embora não as magnitudes) derivados de dados experimentais. Este trabalho representa um passo
significativo para a melhor compreensão da função vertebral em espécies difíceis de estudar (por exemplo, raras ou extintas),
abrindo caminho para uma compreensão mais ampla dos padrões de evolução funcional no esqueleto axial.

Resumen [Spanish] Descifrar la función biológica de especies raras o extintas es fundamental para comprender los patrones
evolutivos del árbol de la vida. Aunque los tejidos blandos son determinantes vitales de la función articular, raramente están
disponibles para su estudio. Por lo tanto, la extracción de datos funcionales de esqueletos, que estánmás comumente disponibles
a través de colecciones de museos, se ha convertido en una prioridad para el campo de la biomecánica comparada. Aunque la
mayor parte del trabajo biomecánico se ha centrado en el esqueleto apendicular, el esqueleto axial también desempeña un papel
fundamental para el soporte del cuerpo, la respiración y la locomoción y, por lo tanto, es de vital importancia para comprender
la evolución funcional a gran escala. En este trabajo, describimos y validamos experimentalmente AutoBend, una herramienta
automatizada para estimar la función de la articulación intervertebral en las columnas vertebrales óseas. AutoBend calcula
el rango de movimiento osteológico (RMOo) manipulando automáticamente las vértebras reconstruidas digitalmente e in-
corporando varias restricciones de movimiento, incluidas las restricciones de intersección ósea y el papel de la restricción de
tejidos blandos en la tensión excesiva sobre las articulaciones cigapofisarias y centros vertebrales. Utilizando AutoBend y datos
biomecánicos de experimentos cadavéricos en gatos y lagartos tegus, validamos importantes parámetros de modelado necesar-
ios para estimar el RMOo, incluido el grado de desarticulación cigapofisaria y la ubicación del centro de rotación. Con base en
esta validación, aplicamos un modelo con el centro de rotación ubicado dentro del disco vertebral, sin traslación articular, con
50% de tensión permisible en la cigapófisis y los discos vertebrales, además de una pequeña cantidad de intersección vertebral
permitida. Nuestra herramienta reconstruye con éxito magnitudes craneocaudales y patrones de movimiento obtenidos de ex-
perimentos ex vivo, corroborando su potencial utilidad. Este modelo también funciona mejor que los métodos más típicos que
se basan solo en las intersecciones óseas, enfatizando la importancia de tener en cuenta el papel de los tejidos blandos. Esti-
mamos la sensibilidad de los análisis a la reconstrucción del modelo vertebral, variando el espaciamiento entre articulaciones,
el grado de superposición y el impacto de la ubicación de los puntos de referencia. El efecto de estos factores fue pequeño en
relación a la variación biológica craneocaudal y entre las direcciones de flexión. También presentamos aquí un nuevo enfoque
para estimar la rigidez articular directamente de la RMOo y mediciones morfométricas que pueden reconstruir con éxito los
patrones craneocaudales (aunque no las magnitudes) derivados de datos experimentales. Este trabajo representa un paso sig-
nificativo hacia una mejor comprensión de la función vertebral en especies difíciles de estudiar (por ejemplo, raras o extintas),
allanando el camino para una comprensión más amplia de los patrones de evolución funcional en el esqueleto axial.

Introduction
Most of our understanding of organismal function is
based on select model taxa that are easily studied in a
laboratory setting; however, this approach fails to ac-
count for the majority of living and extinct biodiver-
sity (Lauder and Thomason 1995). The vast collections
in natural history museums, combined with recent ad-
vances in scanning and digitization efforts, have placed
an enormous wealth of osteological data at our finger-
tips (Boyer et al. 2016; Nelson and Ellis 2019; Hedrick
et al. 2020). These data represent an untapped resource

for studying organismal function if techniques can be
developed to exploit them (Muñoz and Price 2019).
Therefore, establishing the relationship between bony
morphology and function is of central importance as it
has the potential to provide more rigorous interpreta-
tions of broad-scale functional evolution (Molnar et al.
2021; Jones et al. 2021; Lungmus and Angielczyk 2019;
Dickson et al. 2021).

One approach for estimating function from skele-
tons involves three-dimensional computer modeling,
where biomechanical principals are applied to bones
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to empirically estimate function (Hutchinson and
Garcia 2002; Nyakatura et al. 2019; Sellers et al. 2009).
Modeling is particularly advantageous when the mor-
phology of an organism falls outside that observed in
available study species, making direct correlations im-
possible (Ibrahim et al. 2020; McHenry et al. 2007).
For example, understanding how joint mobility varies
within and between species can shed light on changes in
musculoskeletal function (Pierce, Clack, and Hutchin-
son 2012; Manafzadeh, Kambic, and Gatesy 2021;
Gatesy 1991; Kambic, Roberts, and Gatesy 2017; Lai,
Biewener, and Pierce 2018; Molnar et al. 2021; Hutson
and Hutson 2014, 2015). However, estimating mobil-
ity from skeletons is challenging. Validation of bone-
only range of motion (aka osteological range of motion,
oROM) against cadaveric studies in the appendicular
skeleton reveals that joint mobility tends to be overes-
timated (Tsai et al. 2020; Kambic, Biewener, and Pierce
2017; Arnold, Fischer, andNyakatura 2014; Hutson and
Hutson 2012), highlighting the important role of soft
tissues in determining joint function. Further, the rela-
tionship between ROM in cadavers and in vivo mobil-
ity during specific behaviors is complex, and has rarely
been explored in detail. In lizards, alligators and birds,
total hindlimbROMwas far lower during in vivo behav-
iors such as walking and running than during cadav-
eric manipulation, but the overall patterns of mobility
remained consistent between ex vivo and in vivo con-
texts (Manafzadeh, Kambic, and Gatesy 2021; Arnold,
Fischer, and Nyakatura 2014). Further, while little in
vivo data exist for the vertebral column, ex vivo joint
mobility patterns correlate with locomotor behavior
across multiple clades (Molnar et al. 2015; Jones et al.
2020;Nyakatura et al. 2019; Long et al. 1997). Therefore,
although oROM cannot provide a direct measure of in
vivo function, it provides a useful tool for understand-
ing broad-scale comparative patterns where experi-
mental data are not available (e.g., extinct organisms).

Considerable work has focused on reconstructing
range of motion of the limbs to test locomotor hypothe-
ses in extinct groups (Pierce, Clack, and Hutchinson
2012; Molnar et al. 2021; Reilly and Elias 1998; Gatesy
1991; Willey et al. 2004; Lai, Biewener, and Pierce 2018;
Hutson and Hutson 2014; Nyakatura et al. 2019), but
far fewer studies have considered oROM in the axial
skeleton. The vertebral column is better suited to dig-
ital oROM analysis than the limbs because each verte-
bral motion segment, consisting of two vertebrae and
an intervertebral joint, fits together tightly via a cen-
trum articulation and at least two zygapophyseal syn-
ovial joints (Koob and Long 2000;Wintrich et al. 2020).
This helps to constrain digital reconstruction of verte-
bralmotion segments and limits the totalmobility of the
joint relative to other anatomical regions (Molnar et al.

2015; Oliver et al. 2016; Jones et al. 2020). Further, the
vertebral column plays an important role in diverse be-
haviors such as locomotion, breathing, and thermoreg-
ulation (Buchholtz 1998; Brainerd and Owerkowicz
2006; Cieri et al. 2020; Carrier 1987; Schilling and
Hackert 2006; Schilling 2011). Therefore, understand-
ing the functional implications of vertebral changes
is key to understanding numerous evolutionary tran-
sitions. For example, recent work has shown that
the evolution of mammals from their synapsid fore-
runners is associated with complex changes in axial
function that transcend the simple “lateral-to-sagittal”
bending paradigm often touted for this group (Jones
et al. 2021).

When applied to the vertebral column, digital oROM
has mostly been restricted to the cervical column, with
a particular focus on neck posture and mobility in
a range of dinosaurs (Mallison 2010a, 2010b; Taylor
and Wedel 2013), as well as fossil turtles (Werneburg
et al. 2015) and plesiosaurs (Nagesan, Henderson, and
Anderson 2018). However, cervical oROM has only
been validated on a select few extant species such as
ostriches (Cobley, Rayfield, and Barrett 2013), turkeys
(Kambic, Biewener, and Pierce 2017), and giraffes
(Vidal et al. 2020). Dorsal vertebral column oROM
has been even less studied, though notably Molnar
et al. (2015) used digital modeling to reconstruct thora-
columbar mobility in fossil crocodilians. Regardless of
thiswork, consensus has yet to be reached about the best
approach for determining oROM or the impact of their
underlying assumptions. Generally, oROM estimation
relies on manual manipulation of vertebrae in digital
space, and visual assessment of constraints on motions
(e.g., when two vertebrae intersect) that are highly sub-
jective and are not repeatable. Automation of such ap-
proaches offers the opportunity to increase the speed
and repeatability of vertebral oROM, as well as the po-
tential to parameterize the impact of various sources of
uncertainty on the model.

Several key assumptions underlie the creation of a
vertebral oROMmodel. First, the vertebral motion seg-
ments must be reconstructed as accurately as possible.
For many species, the intervertebral joints themselves
are tightly fitting and so their orientation can be re-
constructed reasonably well, but determining the ex-
act spacing between vertebrae can be more challeng-
ing (Taylor and Wedel 2013). Second, the constraints
on motion during the digital manipulation must be de-
fined. Bony intersection (also known as “bony stops”)
is universally applied as a constraint on motion, but if
and how to account for the crucial role of soft tissue
constraints is controversial. For example, some studies
use 50% disarticulation of the zygapophyseal joint as
a motion constraint (Molnar et al. 2015; Stevens and



4 K. E. Jones et al.

Fig. 1 Flowchart of steps in the automated bending analysis.

Parrish 1999), while others argue greater strain is
possible (Cobley, Rayfield, and Barrett 2013; Kambic,
Biewener, and Pierce 2017). Further, impacts of the cen-
trum soft tissues (e.g., intervertebral disk, annular lig-
aments) in limiting motion have been largely ignored
(although see finite element approach byWintrich et al.
2019). Therefore, amore systematic approach for apply-
ing and quantifying the impact of soft tissues on ver-
tebral oROM is required to fine-tune digital models of
vertebral motion.

Here, we describe AutoBend, a novel, automated ap-
proach to estimating intervertebral joint oROMvia dig-
ital bending experiments. AutoBend is fast, repeatable,
and parameterized, and so can directly measure the
sensitivity of models to various input parameters. We
validate the technique against experimental data col-
lected on two extant species with divergent morpholo-
gies and locomotor modes: a lizard (Argentine black
and white tegu, Salvator merianae) and a mammal (do-
mestic cat, Felis catus) (Jones et al. 2020). While tegus
emphasize lateral bending of the back, cat spines are ca-
pable of considerable mobility in lateral bending, sagit-
tal bending, and axial rotation, ensuring that a wide
range of axial function is represented (Jones et al. 2020).
In addition to bony intersection, AutoBend constrains
motion using 3D landmarks that estimate strain at the
zygapophyseal and centrum joints to account for soft
tissues during bending. By varying the constraints ap-
plied and underlying model parameters, we test the im-
pact of various model assumptions discussed in the
literature, and assess the sensitivity of the model to
noise associated with model construction and param-
eter estimation. We also propose a new method for the
estimation of intervertebral joint stiffness from skeletal

material using oROM and bonymorphology of the ver-
tebrae. Our approach accurately estimates both pattern
and magnitude of intervertebral oROM and patterns of
joint stiffness in these two taxa, demonstrating the im-
portance of going beyond bony stops to account for soft
tissues when reconstructing joint function from bony
morphology alone.

Materials and methods
Overview

We validate AutoBend against cadaveric experimen-
tal bending data from F. catus (domestic cat) and S.
merianae (Argentine black and white tegu) (Jones
et al. 2020) (Fig. 1). Vertebral columns were micro-
computed tomography (CT) scanned and 3D digital
models constructed of all presacral vertebral motion
segments. The neutral pose, center of rotation (COR),
and coordinate system were established, and then 10
anatomical landmarks were placed on each joint to
estimate the impact of soft tissues during bending.
Automated digital bending experiments (AutoBend)
were run in Autodesk Maya software using custom
Python code (freely available on github). AutoBend
allows constraints on motion to be applied based on
bony intersection, but it can also account for soft tissue
displacement at the zygapophyses and intervertebral
disk. First, analyses were conducted to test the validity
of commonly applied oROM modeling parameters,
and second to ascertain the sensitivity of the model
to error associated with model construction and im-
plementation. Validation tests were conducted on the
location of the placement of the COR, the degree of
translation permitted, the degree of zygapophyseal
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displacement permitted (zygapophysis strain), the
degree of centrum displacement permitted (centrum
strain), and the amount of bony intersection permitted.
Once “best estimate” parameter combinations were
selected, sensitivity analyses were run to determine
confidence intervals on the estimation of mobility by
repeating the bending experiments eight times for each
joint, while varying joint spacing, intersection between
vertebrae, and strain parameters to account for errors
in mesh construction and landmark placement. Joint
stiffness was estimated using oROM and vertebral
morphology (as explained further later).

Data collection

Biomechanical data were gathered from a previous
study of 10 domestic cats and 8 Argentine black and
white tegu lizards, in which intervertebral joint range of
motion and compliance (inverse of stiffness) were mea-
sured using static bending experiments on cadaveric
specimens (Jones et al. 2020). These experiments were
conducted ex vivo, and thus represent the maximum
possible intervertebral joint mobility and not mobility
as utilized in vivo during a particular behavior. How-
ever, ex vivo joint mobility patterns have been shown
to reflect large-scale variation in in vivo function across
multiple clades (Molnar et al. 2015; Jones et al. 2020;
Nyakatura et al. 2019; Long et al. 1997). Further, by di-
rectly comparing maximum mobility in cadavers and
bone-only models we explore the impact of soft tissues
on estimating vertebral oROM.

The presacral vertebrae from one domestic cat (SEP
38) and one Argentine black and white tegu lizard (SEP
103) were micro-CT scanned using a SkyScan 1173
micro-CT (Bruker Madison, WI, USA) as part of the
original biomechanical study and segmented inMateri-
alise (Plymouth, MI, USA) Mimics v.19 using the “split
mask” tool (see more details in Jones et al. 2020). Indi-
vidual vertebrae were imported into Materialise 3Matic
v.14 as STL mesh format and the meshes were wrapped
and smoothed to remove any uneven surfaces and fill
any holes (e.g., from screws placed during biomechani-
cal experiments).

3D model construction

Beginning with the first postaxial vertebra (C3), ver-
tebrae were articulated posteriorly by fitting joints to-
gether using the N-points registration tool in 3Matic.
Alignment points were selected in the center of each zy-
gapophyseal facet and in the center of the centrum. The
alignment was then tweaked using the interactive trans-
late/rotate tool until the endplates were parallel and the
zygapophyseal facets maximally overlapped. This was
considered the “neutral pose” for the vertebral motion
segment.

The COR was positioned in 3Matic using the create
analytical sphere tool. Two different locations for the
COR were applied, COR-disk and COR-zyg (see dis-
cussion later). For the COR-zyg, the sphere was created
automatically using the four-point method, with two
points on each post-zygapophyseal facet of the anterior
vertebra at its cranial and caudal extreme. For the COR-
disk in the cat, a sphere was placed at the center of the
endplate of the anterior vertebra, then translated to
the middle of the intervertebral space in lateral view.
In the tegu, a sphere was fit to the surface of the pro-
ceolous ball joint of the anterior vertebra in the motion
segment.

Once aligned, vertebral meshes and COR spheres
were imported into Autodesk Maya 2019 to create the
digital bending model. The coordinate system for each
vertebral motion segment (two vertebrae and one in-
tervertebral joint) was established using an axis object
from the XROMM Maya Tools (https://bitbucket.org/
xromm/xromm_mayatools) that was translated to a lo-
cator at the center of the COR sphere for each joint.
The axes were rotated manually to their coordinate sys-
tem position using the interactive rotate tool. The x-
axis was aligned with the long axis of the vertebral cen-
trum, while the y-axis and z-axis were aligned with
the dorsoventral and mediolateral planes, respectively
(Fig. 2D). This coordinate system translates into the fol-
lowing motions: x-axis is axial rotation, y-axis lateral
bending, and z-axis sagittal bending.

Anatomical landmarks were manually placed on
each joint using the locator tool in Maya to provide
reference points for zygapophyseal and centrum strain,
as detailed later. Two landmarks were placed on the
left zygapophyseal joint at the cranial extreme of the
pre-zygapophysis and the caudal extreme of the post-
zygapophysis (Fig. 2C). A further eight landmarks were
placed on the anterior and posterior centra at the dor-
sal, ventral, left, and right extremes of the endplates
(Fig. 2C).

AutoBend

Prior to running the digital bending experiment, the
posterior vertebra of each motion segment, along with
its Boolean object copy and posterior landmark loca-
tors, was parented to the COR locator, which was in
turn parented to the anterior vertebra, its Boolean copy,
and the anterior landmark locators. This was applied
using the set_up_sub_joint function in AutoBend, in
a craniocaudal fashion along the column so that mo-
tion at the vertebral joints was hierarchically linked.
The experiments were then implemented using the
bending_analysis function in AutoBend from cranial to
caudal. For each motion segment, the posterior verte-
bra was rotated about the COR locator in half degree

https://bitbucket.org/xromm/xromm_mayatools
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Fig. 2 Method for estimating osteological digital range of motion (oROM). Assembled vertebral columns of a cat (A) and tegu (B), showing the
locations of the center of rotations using the zygapophysis (purple) and disk (red) approach. (C) Each motion segment consists of an anterior
and posterior vertebra (cat, L5–L6). Landmarks were placed at the centrum extremes (dorsal, ventral, left, right; blue: anterior landmarks;
pink: posterior landmarks), as well as the anterior and posterior extremes of the left zygapophysis. Limits on motion are determined by bony
intersection between vertebrae, disarticulation of the zygapophyses, and strain at the centra. (D) Coordinate system for vertebral bending,
where the x-axis is axial rotation, y-axis lateral bending, and z-axis sagittal bending.

increments until a constraint on motion was reached
(see later). Vertebrae were rotated in dorsiflexion, ven-
troflexion, left and right lateroflexion, and left and right
axial rotation. When bending stopped, the angular dis-
placement and type of constraint reached was reported.
If no constraint was reached, bending was stopped at 45
degrees. The python code for AutoBend is freely avail-
able through github (https://github.com/katrinajones/
AutoBend).

Constraints on motion

To estimate intervertebral joint range of motion for
each intervertebral joint, three types of motion con-

straints were considered: bony intersection, zygapophy-
seal strain, and centrum strain.

Bony intersection was measured by overlap of the
anterior and posterior meshes of the vertebral motion
segment using a Boolean object. The Boolean object
was created in Maya using the Boolean intersection
tool, which transforms duplicate meshes into a new ob-
ject that captures only their overlap. The area of this
Boolean object reflects the degree of overlap between
the vertebra at a given rotation. For most oROM stud-
ies, any overlap area between the vertebrae is a crite-
rion for stopping motion (i.e., herein referred to as an
intersection threshold of zero). However, intervertebral

https://github.com/katrinajones/AutoBend
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joints often fit together very tightly, and motion occurs
as joints slide across one another, so even slight uneven-
ness in the surface of themeshes could stopmotion pre-
maturely. Therefore, in our model we allow a small in-
tersection threshold before stopping motion to provide
additional leeway (see validation and sensitivity analy-
ses later).

Zygapophyseal strain accounts for soft tissue limita-
tions at the synovial joint and was measured using the
relative positions of the two zygapophyseal landmarks.
In life, the zygapophyseal facet joints have capsular lig-
aments that control the extent of motion at the joint.
These ligaments will prevent overextension of joints
during ventroflexion (disarticulation) and dorsiflexion
(overlap) (Gál 1993). Here, we model this using a zy-
gapophyseal strain factor—the degree of overlap change
permitted between the zygapophyseal facets. Prior to
the digital bending experiment, the distance between
markers on the caudal tip of the cranial facet and the
cranial tip of the caudal facet, along the x-axis (cran-
iocaudal component only) was measured at the neu-
tral pose. This served as the reference length formotion
during bending. Motion ceased when this distance fell
below the lower zygapophyseal strain threshold in ven-
troflexion (disarticulation) or above the upper thresh-
old in dorsiflexion (overlap, see validation and sensitiv-
ity analyses later).

Centrum strain accounts for soft tissue limitations of
the intervertebral disk and was measured using the rel-
ative positions of the eight centrum landmarks. Inter-
vertebral joints vary in their structure across amniotes,
forming an intervertebral disk in mammals and a syn-
ovial ball-and-socket joint in most reptiles (Wintrich
et al. 2020). In all cases, the outer perimeter of the cen-
trum joint consists of annular ligaments that secure the
two vertebrae together. We model the impact of these
ligaments and other intervertebral tissues using the
centrum strain factor—the degree of distance change
permitted between the vertebral centra. Prior to the dig-
ital bending experiment, the distance between each pair
of landmarks (dorsal, ventral, left, and right) was cal-
culated. Motion ceased during the experiment when
this distance exceeded the upper or lower thresholds
for centrum strain, depending on the bending direction
(see validation and sensitivity analyses later).

Validation of model assumptions

TheAutoBendmodel relies upon numerous underlying
assumptions. To assist with setting up our models, we
used the ex vivo experimental data to examine several
vertebral modeling assumptions that have been applied
in the literature and to establish the best modeling con-
ditions for the taxa studied here.

First, we test the impact of the placement of theCOR.
Estimating the COR is challenging because very lit-
tle data exists on its location in quadrupedal animals.
While the COR may be determined experimentally,
for digital oROM approaches to be successfully applied
to bone-only specimens it is necessary to determine
the approximate location of the COR based on bony
anatomy alone. Previous oROM studies have placed the
COR in the center of the intervertebral disk or mid-
dle of the procoelous ball and socket joint (Molnar
et al. 2015; Jurestovsky, Jayne, and Astley 2020), fol-
lowing experimental evidence that suggests it is usu-
ally located within the disk (Haher et al. 1991; White
III and Panjabi 1990; Selbie, Thomson, and Richmond
1993) and the assumption that a centrally placed COR
will minimize deformation of disk soft tissues during
bending (COR-disk). COR-disk minimizes shear in the
intervertebral disk for the cat, and minimizes interac-
tions between the procoelous centrum ball-and-socket
joint for the tegu, by positioning the COR in the cen-
ter of the intervertebral disk and the center of the pro-
coelous ball joint (caudal aspect), respectively (Fig. 2A
and B) (Molnar et al. 2015). However, the zygapophyses
have also been implicated as important in determining
COR (Schmidt et al. 2008; Penning and Badoux 1987;
Kuznetsov and Tereschenko 2010; Belyaev, Kuznetsov,
and Prilepskaya 2021). Therefore, we also test an al-
ternative hypothesis that places the COR based on
the anatomy of the zygapophyses (COR-zyg). COR-zyg
minimizes interactions at the zygapophyseal joints in
both taxa by positioning the COR at the center of a
sphere fit to the zygapophyseal facets (Fig. 2A and B).

Next, we test the impact of the addition of soft tissue
constraints on the estimation of oROM by allowing
varying amounts of translation and displacement at the
zygapophyses and intervertebral disks. Joint tissues per-
mit small translations during in vivo vertebral bending
(Haussler et al. 2001) and they have been incorporated
into some previous oROM analyses (Molnar et al. 2015;
Pierce, Clack, and Hutchinson 2012; Lai, Biewener, and
Pierce 2018). Here, we explore the impact of translation
on oROM by running analyses with and without trans-
lations. For iterations with translation, the posterior
vertebra was translated in the direction of bending
(e.g., to the left for left lateral bending) if a bony inter-
section constraint was reached during bending. Joints
were translated by 0.5%, 1% and 5% of the square-
root vertebral area relative to the neutral position.
0.5% and 1% translation equate to similar magnitudes
of translation to those applied in previous studies
(i.e., 1.5%/3% of centrum length applied in Molnar
et al. 2015) based upon bending in human lumbar
joints (Xia et al. 2010). Vertebral area was measured as
the average surface area of the meshes of the anterior
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and posterior vertebra of the joint. Five percent was
included to observe the impact of larger degrees of
translation on vertebral bending. We calculated the
degree of translation based on area not vertebral length
because vertebral length is highly variable and therefore
area provides a more holistic measure of vertebral size.

Disarticulation of the zygapophyseal joint has been
used as a constraint on motion in some oROM
studies but the degree of motion permitted is de-
bated. Most commonly, 50% disarticulation is permit-
ted during bending (Molnar et al. 2015; Stevens and
Parrish 1999), but experimental data indicate that
greater mobility may be possible (Cobley, Rayfield, and
Barrett 2013; Kambic, Biewener, and Pierce 2017). To
explore this issue further, we ran the AutoBend analysis
with and without zygapophyseal constraints, and var-
ied the degree of displacement permitted by +/−50%,
+/−75%, and +/−100%. Total disarticulation is con-
sidered to be the outer limit of motion because further
bendingwould invoke extreme displacement of the cap-
sular tissues surrounding the joint, while 75%disarticu-
lationmost closelymatches findings frommanipulation
of highly mobile turkey necks (Kambic, Biewener, and
Pierce 2017). Degree of disarticulation in ventroflexion
anddegree of overlap in dorsiflexionweremeasured rel-
ative to the neutral starting position of the joint by cal-
culating the relative change in distance between the cra-
nial tip of the caudal zygapophysis and the caudal tip of
the cranial zygapophysis (see earlier).

While previous studies have included bony stops and
zygapophyseal disarticulation (e.g., Stevens and Parrish
1999), the impact of central tissue in particular has gen-
erally been disregarded. Wintrich and colleagues used
finite element modeling of individual vertebral joints
to assess the degree of bending permitted by the in-
tervertebral disk in plesiosaurs (Wintrich et al. 2019).
However, this approach is time-consuming for multi-
ple joints. Therefore, we test a strain-based approach for
estimating the effects of central tissue by constraining
motion based on the distance between centrum land-
marks. We explore this approach by running AutoBend
with and without centrum constraints and varying the
degree of centrum strain permitted. Experimental data
suggests that physiological strain values for human in-
tervertebral disks can range between 13.5% and 57.8%
(Costi et al. 2007). Therefore, we test +/−25%, and
+/−50% centrum strain, as well as without any cen-
trum constraints.

Finally, we explore the impact of constraints on bony
intersection. Usually, no intersection between vertebral
meshes is permitted in an oROM analysis. However,
some vertebral joints fit together very tightly, which
means that small errors in mesh shape or joint articu-
lation can result in small intersections that would stop

motion. Therefore, we examined the effect of allowing
small amounts of bony intersection versus a strict no-
intersection model by varying the intersection thresh-
old. Given that model overlap has not been considered
in previous oROM studies, we applied thresholds of 0%
(no intersection), 0.25%, 0.5%, and 1% of vertebral area
and compared them with the experimental data to as-
certain a reasonable starting value for this parameter.

Sensitivity analyses

To understand the sensitivity of our oROM models to
noise associated with model construction and to gen-
erate a confidence interval on our estimates of mobil-
ity, the automated digital bending experiment was run
eight times while three parameters were varied: joint
spacing, intersection threshold, and strain. A low and
a high value were specified for each to measure the im-
pact of these parameters on the model results.

Joint spacing reflects the relative separation of the
two vertebrae by soft tissues and can be difficult to as-
certain in bone-only specimens and is thus prone to
error in model reconstruction. It was varied by trans-
lating the posterior vertebra along the x-axis using the
adjust_spacing function in AutoBend. Spacing was ad-
justed by 10% relative to the original spacing in the neu-
tral pose, such that the low value was 10% narrower and
the high value was 10% wider, reflecting a reasonable
degree of error associated with the articulation of the
joint based on visual observation.

The intersection threshold reflects the degree of
overlap between vertebrae permitted during bending
and is included to account for small errors in the re-
construction of the vertebral 3Dmesh, such asmesh in-
flation during wrapping or uneven surfaces. It was cal-
culated as a percentage of the average surface area of
the anterior and posterior vertebrae, with a low value
of 0.25% and a high value of 0.5% total area, allowing a
small degree of intersection during bending.

Finally, placement of the landmarks used to estimate
the soft tissue displacements in the model is another
potential source of error. Landmarking error will result
in inaccuracies in the estimation of zygapophyseal and
centrum strain, so we artificially vary the strain values
by 10% to allow for slightly increased or decreased dis-
placement. We apply strain of −45/−55% (lower) and
+45/+55% (upper), relative to the neutral position,
to both centrum and zygapophyses in the sensitivity
analysis.

oROM data analysis

The bending data for all six bending directions (de-
grees of motion and constraint type) were imported
into R (R Development Core Team 2009) for analysis.
Left- and right-side measures were averaged to account
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for any asymmetry then doubled to estimate total lat-
eral and axial mobility. Ventroflexion and dorsiflexion
were summed to provide a measure of overall sagit-
tal bending. This resulted in three directions of motion
for most analyses: lateral, sagittal, and axial. Dorsiflex-
ion and ventroflexion were analyzed separately when
examining which constraints stopped motion because
they tended to differ. Patterns of oROM in different
bending directions were visually compared with the ex-
perimental ROM obtained from the original biome-
chanical study (Jones et al. 2020). The impact of bio-
logical and sensitivity parameters on oROM for each
species was measured using an analysis of variance
(ANOVA), with degrees of motion as the response vari-
able, and the main effects joint, bending direction, their
interaction, and the sensitivity parameters coded as
high or low.

Estimating intervertebral joint stiffness

Vertebral joint function is determined not only by to-
tal mobility but also by joint stiffness—the moment re-
quired to induce bending (Koob and Long 2000; Long
et al. 1997;Molnar, Pierce, andHutchinson 2014; Oliver
et al. 2016). Previous studies estimating vertebral func-
tion have either modeled the vertebral column as a
beam resisting bending (Slijper 1946; Jones et al. 2021),
or by estimating the lever arms and/or forces that are
generating the bending moment in vivo (Christian and
Preuschoft 1996; Pierce, Clack, and Hutchinson 2011).
However, joint stiffness is the angular displacement
achieved for a given moment applied. Therefore, we
propose a new metric based on the estimated bending
moment and oROM, a proxy formaximum angular dis-
placement (Fig. 2B), using the following equation.

Stiffness = (Force × Moment arm)
oROM

Estimating themoment arm for bending frommuscu-
lar forces applied in vivo is very difficult. Further, during
the passive validation experiments used here the joints
reached their maximum angular displacement (equiva-
lent to oROM) when soft tissues were able to fully re-
sist the load applied, not due to in vivomuscle loadings.
Therefore, to model stiffness in this context, we esti-
mate the moments for resisting bending during passive
loading, rather than the bending moments applied dur-
ing life. Lesion experiments in mammals have shown
that the intervertebral disks, ligamenta flava, and cap-
sular ligaments are most important for passively resist-
ing sagittal bending in the vertebral column (Gál 1993).
Furthermore, in the digital bending experiments, sagit-
tal motion was most frequently halted by tension or
compression in the zygapophyseal joint (see results).

Therefore, we use the distance from the COR-disk to
the top of the vertebral arch (approximate location of
ligamenta flava and joint capsule) to estimate lever arms
in resisting sagittal bending, which was estimated from
published linear measures as half centrum height plus
vertebral arch height (Jones et al. 2020). Lateral bending
was most frequently resisted by tension or compression
in the centrum joint (see results), therefore the lever
arm was taken as half the width of the centrum. Fol-
lowing previous studies, force was approximated using
the cross-sectional area of the centrum (Christian and
Preuschoft 1996), scaled to the power 3/2.
For example, for a joint with averaged posterior and

anterior centrum dimensions of 8 mm height and 10
mmwidth, vertebral arch height of 3mm, and estimated
oROM of 15 degrees in sagittal bending and 12 degrees
in lateral bending, joint stiffness would be estimated as
follows.

Stiffness
(
Sagittal

) = (8 × 10)
3
2 × (( 8

2
) + 3

)

15

= 716 × 7
15

= 334

Stiffness (Lateral) = (8 × 10)
3
2 × ( 10

2
)

12

= 716 × 5
12

= 298

Units are mm4 per degree but the values are not
meaningful because the metric is intended to be used
in a purely comparative context. Estimated stiffness was
then logged and scaled by mean centrum length for
each species to account for their size difference.

Results and discussion
Validation of model assumptions

Constructing a digital oROM model requires numer-
ous assumptions, but the paucity of biomechanical data
from the vertebral column has presented a barrier to
testing their validity. Here, we examined five of the fun-
damental underlying assumptions of oROM modeling
to examine their impact on model outcomes and refine
best practices (Jones et al. 2020) (Figs. 3–5; Figs. S1–
S3). Specifically, we examined location of the COR, the
degree of joint translation allowed, the impacts of zy-
gapophyseal and central soft tissues, and the degree of
mesh intersection.

When digitally articulating a vertebral motion seg-
ment for oROManalysis, the position of the COR about
which bending occurs must be determined. Data on the
location of the vertebral COR in quadrupedal animals
are rare (but see Inoue et al. 2017; Selbie, Thomson,
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Fig. 3 Summary of validation results showing relationships between directions of mobility in mean ROM. Comparison of experimental data
with AutoBend model under various modeling parameters. (A) Final model with optimal parameters, (B) COR location, (C) degree of trans-
lation, (D) amount of zygapophyseal disarticulation, (E) amount of centrum strain, and (F) degree of intersection permitted. Range of motion
is averaged along the column in each bending direction. Lat: lateral bending, Sag: sagittal bending, Ax: axial rotation.

and Richmond 1993; Penning and Badoux 1987), and
estimates in humans vary depending on measurement
technique (Samagh et al. 2011). Experimental work
most commonly finds the COR to be somewhere
within the intervertebral disk (Haher et al. 1991; Selbie,
Thomson, and Richmond 1993), vertebral arch
(Samagh et al. 2011), or at the edge of the poste-
rior vertebral body when the centrum endplates are
curved (Penning and Badoux 1987). Based on this, and
the assumption that a disk-located COR will minimize
strain in disk tissues, some previous oROM studies
have placed the COR at the inferred center of the disk
or procoelous ball and socket joint (Molnar et al. 2015;

Jurestovsky, Jayne, and Astley 2020; Stevens and Parrish
2005). Although the location of the COR is not explic-
itly defined in many studies (e.g., Vidal et al. 2020;
Taylor and Wedel 2013), it is assumed they have also
followed this convention. However, the morphology
of the zygapophyses has also been hypothesized to
guide intervertebral movements (Schmidt et al. 2008;
Penning and Badoux 1987; Kuznetsov and Tereschenko
2010; Belyaev, Kuznetsov, and Prilepskaya 2021), so
we explore the impact of allowing their morphology to
determine the location of the COR.

We test the standard COR-disk location against
COR-zyg, which is located to minimize the interaction
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Fig. 4 Impact of center of rotation (COR) location on along-column patterns of mobility. (A) Experimental data. Shaded region: 95% con-
fidence interval. (B) AutoBend run with the COR located within the disk or procoelous ball and socket joint. (C) AutoBend run with COR
located between the zygapophyseal joints. Results for translation, centrum strain, and intersection threshold are provided in the Supplementary
Material.

between the zygapophyseal facets. We determined the
optimal position for COR-zyg by placing it at the center
of a sphere determined by the arc of the zygapophyseal
facets (Fig. 2), using a similar approach to that applied
by Belyaev et al. (2021) in two dimensions for determin-
ing vertebral mobility from zygapophyseal anatomy in
mammals. Comparing oROMpatterns from bothmod-
els to experimentally derived ROM (Jones et al. 2020)
(Figs. 3B and 4) reveals that the COR-disk produced
much more realistic oROM patterns than COR-zyg.
The COR-disk model successfully recreated the relative
patterns (Fig. 4B) and magnitudes (Fig. 3B) of interver-

tebral joint bending in both the cat and the tegu. By con-
trast, the COR-zygmodel overestimates lateroflexion in
both species and does not recover overall craniocaudal
trends in intervertebral joint mobility (Fig. 4C). This
suggests the true COR is likely located within the disk,
and supports previous studies that have used a centrum
locatedCOR (Molnar et al. 2015; Jurestovsky, Jayne, and
Astley 2020).

Soft tissues surrounding intervertebral joints may
allow small amounts of translation to occur during
bending without destabilizing the joint (Haussler et al.
2001; Xia et al. 2010). While most vertebral oROM
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Fig. 5 Impact of zygapophyseal disarticulation on along-column patterns of mobility. (A) Experimental data. Shaded region: 95% confidence in-
terval. (B)AutoBend with no zygapophyseal constraints. AutoBend with (C) 100%, (D) 50%, and (E) 25% strain permitted at the zygapophyseal
joint. Results for translation, centrum strain, and intersection threshold are provided in the Supplementary Material.
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models have not included translations (e.g., Taylor and
Wedel 2013; Vidal et al. 2020; Stevens and Parrish
2005), Molnar et al. (2015) included translations of
1.5% and 3% centrum length based upon magnitudes
of translation occurring in human lumbar joints (Xia
et al. 2010). To examine the impact of translations
on vertebral bending, we compared models with no
translations to those that permitted 0.5%, 1%, and
5% translation. This was measured as a proportion of
square-root vertebral area, rather than against verte-
bral length, to provide a fairer comparison across taxa
with variable vertebral elongation. Half a % transla-
tion measured in this way produces similar magnitudes
of translation to the 1.5% centrum length used in the
Molnar et al. (2015) study. However, we found that in-
cluding translations had very little effect on the Auto-
Bend model (Fig. 3C; Fig. S1). As degree of translation
was increased there was a slight increase in mobility in
lateroflexion in the posterior dorsal joints of the tegu
(Fig. 3C; Fig. S1). However, once translations became
very high (5%), mobility decreased again (Fig. 3G; Fig.
S1D). This is likely due to joint disarticulation or mis-
alignment caused by the large translations and suggests
this value is too high. The effect of translation is likely
minimized in AutoBend because soft tissue constraints
were applied in addition to bony intersection, thereby
preventing excessive rotations. Given these minimal ef-
fects, we exclude translations from our model going
forward.

The role of zygapophyseal soft tissues in constrain-
ing vertebral motion in digital models has also been
hotly debated. Early work by Stevens and Parrish (1999)
permitted sagittal bending at the intervertebral joint
only to the point at which 50% disarticulation/overlap
of the zygapophyseal facets was achieved, but greater
amounts of mobility have been observed in cadaveric
studies (Kambic, Biewener, and Pierce 2017; Cobley,
Rayfield, and Barrett 2013; Stevens and Parrish 2005;
Taylor, Wedel, and Naish 2009). We explicitly test the
impact of zygapophyseal soft tissues by comparing a
model without any zygapophyseal constraints to those
that permit varying degrees of displacement. The more
broadly applied 50% disarticulation assumption was
compared with two less conservative models that al-
low 75% and 100% disarticulation, respectively. In the
model that excluded zygapophyseal constraints, sagittal
bending was strongly overestimated and the craniocau-
dal patterns from the experimental data were not recov-
ered (Jones et al. 2020) (Figs. 3D and 5B). This suggests
that including the impact of zygapophyseal soft tissues
is very important for estimating oROM. Of the mod-
els that included a zygapophyseal constraint, 50% dis-
articulation most closely replicates the magnitudes of
sagittal bending obtained in the cadaveric experiments

(Fig. 3D), with 75% and 100% disarticulation overesti-
mating bending in the sagittal direction compared with
lateroflexion and axial twisting (Fig. 5). In cadaveric ex-
periments on bird necks, values of disarticulation closer
to 75% were obtained (Kambic, Biewener, and Pierce
2017; Cobley, Rayfield, and Barrett 2013). This discrep-
ancy may relate either to the extreme mobility of bird
necks, or to differences in the way that overlap wasmea-
sured. For example, Kambic and colleagues measure
overlap relative to total facet length (Kambic, Biewener,
and Pierce 2017). However, zygapophyseal facets often
do not totally overlap and may vary in shape, size and
orientation, so we measure overlap changes relative to
the overlap at the neutral starting position, which re-
flects the maximum achieved while the joint is in good
articulation.

While the impact of zygapophyseal tissues has been
explored in previous work (see earlier), only one pre-
vious study has attempted to incorporate intercentrum
soft tissues into vertebral oROM (Wintrich et al. 2019).
They modeled the intervertebral disk using finite ele-
ment analysis (FEA) that limited motion based on the
stress produced in the disk. However, there are several
limitations to this approach. FEA models are time con-
suming to construct and run when examining many
sets of vertebral joints, and given the uniform distribu-
tion of material properties applied, the results are likely
to be similar to those obtained from examining pure
displacement. By contrast, the strain-based approach
here is rapid to implement as it relies on only a few land-
marks, and can be conducted within Maya in concert
with other important constraints such as bony intersec-
tion and zygapophyseal overlap. We tested the impact
of centrum displacement on oROM estimation by com-
paring models without centrum constraints to those
that permitted varying degrees of strain in the disk, es-
timated based on the displacement of centrum land-
marks (Fig. 3E; Fig. S2). Results reveal that excluding
centrum constraints leads to considerable overestima-
tion of lateroflexion relative to the experimental data
(Fig. 3E), which suggests that including the intercentral
soft tissues has the potential to improve oROM mod-
els. Restricting movement at 50% strain most closely
replicated the experimental data in terms of the relative
mobility in each bending direction (Fig. 3E; Fig. S2C),
while 25% strain was overly restrictive, and underesti-
mated lateroflexion in the tegu (Fig. 3E; Fig. S2D).

Finally, we explored the impact of varying the
amount of mesh overlap permitted during bony inter-
section. Traditionally, bending ceases as soon as the
meshes touch, but permitting a small amount of inter-
section allows leeway in the model when estimating
bony stops. This is particularly important in vertebrae
because they are complex and tightly interlocking 3D
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Fig. 6 Comparison of experimental ROM and automated digital bending in AutoBend using optimal parameters. (A) Experimental ROM
data derived from cadaveric bending experiments. (B) oROM from AutoBend estimated with COR-disk and no translation permitted. The
model was run eight times while varying joint spacing (+−10%), intersection threshold (0.25%/0.5%), and zygapophysis/centrum strain
(+−45%/55%) to consider sensitivity to model construction (see Sensitivity Analysis). Shaded regions indicate 95% confidence interval.

joints that are susceptible to overlap due to minor
mesh or alignment errors. Results demonstrate that
when intersection threshold is set to 0%, under a strict
no-intersection model, mobility is underestimated in
lateroflexion and axial rotation (Fig. 3F; Fig. S3B). This
may relate to unevenness in mesh surfaces or to slight
misalignment, and suggests that incorporating a small
amount of intersection into oROM models can be
helpful for reconstructing motion. Conversely, allow-
ing 1% intersection strongly overestimated mobility,
suggesting that this value is excessive (Fig. 3F; Fig. S3E).
Instead, both 0.25% and 0.5% intersection produced
realistic values of vertebral bending (Fig. 3F; Fig. S3C
and D), and so both are explored in the sensitivity
analyses later.

oROM estimation by AutoBend

Based on the parameter validation earlier, we ran the
AutoBend model with the COR location within the in-
tervertebral disk and no translation permitted. Further,
we varied the joint spacing by 10%, the intersection
threshold (0.25/0.5%), and the degree of centrum and

zygapophysis strain (+−45%/55%) to estimate errors
associated with model construction (see Sensitivity
Analysis). Comparing the AutoBend model outputs
with experimental data for the cat and tegu revealed a
strong correspondence in both craniocaudal patterns
and overall magnitudes of motion for both taxa (Jones
et al. 2020) (Fig. 6). Key components of the biological
variation were recovered, including the dramatic peak
in axial rotation in the thoracic region of the cat, and
the highmobility in lateroflexion in the neck of the tegu
(Fig. 6B). Further, the relative proportions of bending
in different directions were recovered, though absolute
values of average motion were overestimated by around
5 degrees in the cat (Fig. 6B). These data suggest that
AutoBend represents an improvement in axial oROM
estimation because previous validations have recovered
only a loose correspondence between experimental
and digital data (Molnar et al. 2015) or no correlation
at all (Cobley, Rayfield, and Barrett 2013). In particular,
the addition of new model parameters to account for
the impact of soft tissues and mesh overlap signifi-
cantly improved the model. Further, by automating
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the data-collection step, this approach offers greater
repeatability, time efficiency, and enhanced potential
for the exploration of parameter spaces associated with
oROMmodeling in the future.

Limits on intervertebral joint mobility

To further investigate the role that different constraints
played in estimating oROM, we determined the type of
constraint that stopped motion for each joint for axial
rotation and lateroflexion, as well as dorsiflexion and
ventroflexion separately (Fig. 7). These data were gath-
ered for each of the vertebral joints and eight repeats of
the AutoBend analysis and are represented as stacked
bar charts (Fig. 7). Bony intersection is the only con-
straint limiting axial rotation in both species because
the zygapophyseal joints sit in close articulation with
one another, rapidly intersecting during twisting for
most joints. This supports lesion experiments in which
removal of the vertebral arches results in the great-
est increase in axial rotation in human lumbar joints
(Heuer et al. 2007). An exception is the anterior dor-
sal joints in the cat (T2–10), where horizontally ori-
ented pre-diaphragmatic joints allow vertebrae to slide
pass one another during axial rotation, only intersect-
ing when reaching the lateral arch (Jones et al. 2020).
Lateroflexion was limited either by bony intersection or
centrum strain (Fig. 7). Centrum compression results
from the centrum landmarks on the inside of the lat-
eral bend approaching each other, while centrum ten-
sion results from the landmarks on the outside of the
lateral bend moving too far apart. Similarly, in human
lumbar joints, lesion of the annulus portion of the in-
tervertebral disk has the most significant impact on
lateroflexion (Heuer et al. 2007). In contrast, zy-
gapophyseal strainwas themost important determinant
of sagittal bending. In ventroflexion, zygapophyseal dis-
articulation primarily constrains motion, while con-
straints weremixed between zygapophyseal overlap and
bony intersection between the zygapophyses in dorsi-
flexion. Thus, morphology of the zygapophyseal joint
appears to be a key determinant of sagittal bending in
the cat and tegu. This supports previous experimental
work on lumbar joints in a range of mammals, in which
sequential lesion of tissues revealed that zygapophyseal
overlap primarily resists dorsiflexion, while the liga-
menta flava that run between the vertebral arches are a
key component of ventroflexion resistance (Gál 1993).

Sensitivity analysis

To account for errors that might arise during model
construction and provide confidence intervals for our
estimates of mobility, we conducted a sensitivity anal-
ysis focused on three potential sources of error: vari-
ations in intersection threshold associated with mesh
generation and alignment errors, joint spacing errors,

and variations in zygapophyseal and centrum strain
associated with errors in landmark placement. An
ANOVA comparing the impact of these parameters
with biological variation in both species revealed that
although all effects are highly significant (Table S1,
P< 0.001), the sensitivity parameters explain only ami-
nor component of the total variation in oROM in both
species (Table S1, effect size: sums of squares; Fig. 8). In-
stead, oROM variation in the cat is primarily explained
by the interaction between joint and bending direc-
tion (Fig. 8), reflecting the high degree of along-column
variation in bending patterns (Fig. 6). In the tegu, most
variation was explained by bending direction only (Fig.
8), reflecting the emphasis on lateroflexion relative to
other bending directions in lizards and their relative
uniformity along the column (Fig. 6). Our data show
that intervertebral joint range of motion can be reason-
ably estimated from bone-only digital models by apply-
ing multiple constraints on motion that are based on
the vertebral anatomy and function. Further, the sensi-
tivity analyses presented demonstrate that small errors
in model construction are likely to have little impact
onmobility estimation, generating variation an order of
magnitude lower than the biological variation (Fig. 8).

Intervertebral joint stiffness

Despite the importance ofmaximumrange ofmotion to
vertebral joint function, joint stiffness also plays a crit-
ical role (Koob and Long 2000; Nowroozi et al. 2012).
Unfortunately, estimating stiffness from morphology
alone requires a bigger theoretical leap than oROM,
which can bemeasured empirically. Joint stiffness is the
bending moment required to produce a given amount
of angular displacement, with stiffer joints requiring
greater input moment to impart motion than compli-
ant ones (Knudson 2007). While the moment applied
to the joint during the static bending experiments can-
not be estimated outside the context of the experiment
(Jones et al. 2020), it is possible to estimate the moment
resisting bending at maximum ROM when the joint is
in static equilibrium. In particular, the lever arm for
resisting bending depends on the location of the soft
tissue structures most critical in generating resistance,
which can be determined through lesion experiments
and by examining the constraints on motion in the
digital bending experiments. Based on these data, we
determined that the intercentral soft tissues (annular
ligaments) are the most important for resisting lat-
eroflexion, while vertebral arch tissues (capsular liga-
ments, ligamenta flava) played a large role in resist-
ing sagittal bending (Gál 1993; Heuer et al. 2007) (see
earlier). Therefore, we estimated the moment resisting
bending at the maximum range of motion using the
lever arm of these structures, which equates to the dis-
tance from the COR-disk (middle of disk) to the lateral
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(A)

(B)

Fig. 7 Constraints on oROM. Prevalence of different constraints in stopping motion for each joint and bending direction in (A) cat and (B)
tegu, calculated across the sensitivity repeats. Latero: lateroflexion; Axial: axial rotation; Dorso: dorsiflexion; Ventro: ventroflexion. Bony
intersection is most important in restricting axial rotation, while zygapophyseal disarticulation restricts ventroflexion. Dorsiflexion is resisted
by both zygapophyseal overlap and bony intersection, while lateroflexion is resisted by bony intersection and centrum constraints.

extreme of the centrum and top of the vertebral arch,
respectively. Centrum area has been used as a proxy for
maximum loading in the vertebral column (Christian
and Preuschoft 1996; Slijper 1946) andwas used a proxy
for force when estimating moment.

Our stiffness model can successfully recover cran-
iocaudal and between-species patterns in joint stiffness
(but not magnitudes) in both the cat and tegu (Fig.
9). Four major trends are evident. First, the stiffness
model accurately recovers the increase in stiffness
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Fig. 8 Sensitivity of approach to model parameters. Effect sizes (sums of squares) of model parameters from an ANOVA to determine the
sensitivity of oROM estimates to errors associated with: joint spacing, intersection threshold, and joint strain (centrum and zygapophyses).
Effect sizes of these parameters (black) are very small compared with main effects of direction of motion and joint, suggesting that the analysis
is robust to these assumptions. See Table S1 in the Supplementary Material for detailed ANOVA results.
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Fig. 9 Estimation of along-column stiffness fromoROM. (A) Stiffnessmeasured from cadaveric bending experiments in cat and tegu. (B) Stiffness
estimated from oROM and vertebral morphology. Bar charts indicate whole column mean stiffness. Shaded areas indicate 95% confidence
intervals.

in the posterior dorsal column in the cat that is not
present in the tegu (Fig. 9A). Second, the stiffness
model reconstructs successfully a more compliant neck
in the tegu (Fig. 9B). Third, the model recovers the ob-
served pattern of greater stiffness in sagittal than lateral
bending in both taxa. Finally, it correctly reconstructs
higher overall mean stiffness in the cat than in the tegu

(Fig. 9, bar charts). Therefore, despite differing mag-
nitudes, the stiffness model proposed here seems
to provide a reasonable estimate of stiffness pat-
terns in the vertebral column for both taxa and
thus has great potential for inferring axial function
from bone-only models, including those from extinct
taxa.
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Recommendations and limitations

The combination of starting parameters applied here
(centrum-located COR, no translation, ∼0.5 centrum
and zygapophysis strain, 0.25–0.5% intersection thresh-
old) seems to be a reasonable estimate for real con-
straints on the vertebral column in mammals and rep-
tiles because the magnitudes of mobility estimated here
are close to those obtained from cadaveric experiments
(Fig. 6). Considering the extreme morphological and
functional differences, as well as the phylogenetic dis-
tance between our study taxa, we suggest that these pa-
rameters may be a good starting point for applying the
automated bending method in the future. Nonetheless,
model parameters in AutoBend are fully controlled by
the user, offering the potential to fine-tune themodel to
other taxonomic groupswhere validation data are avail-
able (Molnar, Pierce, and Hutchinson 2014; Kambic,
Biewener, and Pierce 2017). We therefore recommend
that the parameters are validated against experimental
data, where possible, when AutoBend is applied to a
new study system, especially if the vertebral morphol-
ogy and function are considerably distinct than pre-
sented here or to better constrain fossils that fall within
a different phylogenetic bracket.

As with all models, AutoBend has its limitations.
First, the current implementation examines each bend-
ing direction separately and does not account for cou-
pled motions. Coupled motions are thought to occur
in the spine (Legaspi and Edmond 2007; Liebsch and
Wilke 2018; Kingma et al. 2018), although their preva-
lence during in vivo behavior is poorly understood. Au-
toBend could be easily modified to incorporate coupled
motions in future work, but its application is limited
by the large number of axis combinations that would
be required to fully explore mobility space. Further,
experimental data incorporating coupled motions are
currently unavailable, so it would be difficult to val-
idate the results of a coupled AutoBend model. Sec-
ond, the strain-based soft tissue modeling applied here
assumes uniform material properties of tissues across
vertebral joints, bending directions, and species. Fu-
ture studies could vary the strain factors applied to ac-
count for known variations in material properties if
those data were available. Despite these simplifications
of a very complex system, AutoBend reflects a signifi-
cant step forward in estimating intervertebral joint mo-
bility, andmay provide useful insights into broad, cross-
taxonomic patterns when applied in a comparative
context.

Conclusion
The axial skeleton is a critical component of the ver-
tebrate locomotor apparatus, but limited data on ver-
tebral form–function relationships have hindered our

understanding of axial evolution. In vivo vertebral mo-
tions are difficult to measure because the vertebral col-
umn consists of multiple small elements that must be
visualized through the tissues of the trunk, presenting
a significant challenge for X-ray imaging during move-
ment. Therefore, data on axial function have been lim-
ited to select model taxa that can be easily manipu-
lated in the lab (Schilling and Hackert 2006; Wachs,
Fischer, and Schilling 2016; Kambic, Biewener, and
Pierce 2017). Here, we have presented an automated
method called AutoBend for digitally estimating in-
tervertebral oROM and stiffness in bone-only models,
which can be derived from museum specimens or the
increasingly widely available CT data in online repos-
itories (e.g., MorphoSource). This automated and pa-
rameterized oROM approach offers greater repeatabil-
ity and is far more time efficient than previous methods
that relied uponmanual manipulation of digital models
(e.g., Molnar et al. 2015; Stevens and Parrish 1999). We
have validated this approach using experimental data
and demonstrated that it can reasonably reconstruct
mechanical function in two extant amniotes, a domestic
cat and an Argentine black and white tegu. This vali-
dation in a mammal and a lizard offers enormous po-
tential for application of these methods to other am-
niotes (or vertebrates broadly), including both extant
and fossil taxa. Further validation of the approach on
other extant taxa in the future has the potential to ex-
pand its applicability, and to hone themodel parameters
to individual groups. Therefore, AutoBend provides a
very promising avenue for future research reconstruct-
ing vertebral function in difficult-to-study organisms
(e.g., non-model extant species or fossils) and can thus
contribute to a broader understanding of the evolution
of vertebral function.
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