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Introduction

The carpus is a complex,multi-compartmental joint inwhich
most of the uniaxial mobility of flexion and extension occurs
at the larger,more proximal, antebrachiocarpal joint which is
comprised of the distal end of the radius and ulna, and the
radial carpal bone (RCB), ulnar carpal bone (UCB) and
accessory carpal bone (ACB). The middle carpal and carpo-
metacarpal joints aremore rigid and constrained by the short
inter-carpal and carpometacarpal ligaments.1

It is supposition that the carpus of quadrupedal mammals,
such as the dog, functions as a ginglymus, primarily allowing
uniaxial motions of flexion and extension.2 Further, there are
limited reports of normal carpal joint motion in cats.3,4 It is
known that the antebrachium of the cat has a greater range of
motion frompronationthroughtosupination(115degrees) than
the dog (50 degrees), and this seems to be important for normal
activities of cats, such as jumping, climbing and grooming.5

Cats commonly sustain injuries to the antebrachiocarpal
joint in association with falling from a height or motor
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Abstract Objective Cats rely on their forelimb mobility for everyday activities including
climbing and grooming. Supination and pronation of the forelimb in cats are consid-
ered to primarily involve the antebrachium, rather than the carpus. Therefore, our null
hypothesis was that there would be no movement of the carpal bones (radial carpal
bone, ulnar carpal bone and accessory carpal bone) relative to the ulna during
supination and pronation.
Study Design Eight feline cadaveric forelimbs were rotated from supination to pronation
in a jig and computed tomography was performed in the neutral, supinated and pronated
positions. The individual carpal bones were segmented from computed tomography
images of the supinated and pronated scans in each of the eight specimens. A feline
ulna coordinate systemwas established and used to quantify the translations and rotations
between bones of the proximal carpal row and antebrachium.
Results After the carpus was rotated from the initial supinated position into prona-
tion, there was significant translation (x, y and z axes) and rotation (x and y axes) of the
proximal row of carpal bones based on absolute magnitude values. Given the differ-
ences in translations and rotations of the proximal row of carpal bones, our null
hypothesis was rejected.
Conclusion The proximal row of carpal bones translate and rotate independently
from the ulna in the cat during pronation of the antebrachium. This may have future
implications in the diagnosis and management of feline carpal injuries involving the
antebrachiocarpal joint.
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vehicle accidents. Due to the traumatic nature of these
injuries, ligamentous tearing is often associated with carpal
bone fracture or luxation.6 Pancarpal arthrodesis therefore
appears to be the most commonly employed surgical tech-
nique to treat these injuries. However, one study of the long-
term outcome of pancarpal arthrodesis found approximately
half of the cats had reduced ability to jump and climb.4 This
was speculated to be due to restricted supination and
pronation, which would suggest that mobility of the carpus
is important in these joint movements.4

The kinematics of the individual carpal bones in the
human wrist have been quantified using rigid body motion
mathematics and analyses, which describe the motion of
objects in space.7 The advantage of this methodology is that
this allows the study of the motion of complex joints
comprised of small bones and rigid bodymotion calculations
in a non-invasive manner. In the present study, three-
dimensional imaging techniques were used to directly quan-
tify the degree of movement of the proximal carpal bones
and radius relative to the ulna in cadaveric feline specimens.

The aim of this study was therefore to describe normal
kinematics of the feline antebrachiocarpal joint fromsupination
to pronation and to determine whether the proximal row of
carpal bones (RCB, UCB and ACB) translate and rotate indepen-
dentlyof theulnaduring thesemovements. Our null hypothesis
was that there would be no movement of the carpal bones
relative to the ulna from supination to pronation, which would
indicate that the carpus translates and rotates as a single unit
with the radius and ulna during rotation of the antebrachium.

Materials and Methods

Description of Experimental Equipment
A custom-made jig was used for testing each limb in supina-
tion and pronation (►Fig. 1). The construct was made from
wooden blocks (dimension 4� 30� 15 cm) arranged to
create a platform that allowed for a carbon rod to suspend
each antebrachium at the top of the jig.

The top of the jig consisted of two parallel blocks on either
side separated by a 40mm gap, which served as a platform
for placement of the limb. The parallel blockswere separated
by a 3.2mmgap that allowed for sliding insertion of a carbon
rod that suspended and fixed the proximal aspect of the
antebrachium.

The base of the jig contained a 13mm diameter hole that
allowed for insertion of a 125mm extension 12.7mm diam-
eter drive that was attached to a 6.4mm female� 9.5mm
male socket adaptor with a universal joint (SidChrome,
Sydney, Australia). This allowed for the attachment of a
32mm 12-point stainless steel socket. The base of the socket
was covered in 5mm high creative modelling compound
(Kmart, Sydney, Australia) that prevented leakage of acrylic
through the base of the socket. The limb was potted at the
level of the mid-shaft of the metacarpals, as described below
under ‘Specimen preparation and mounting’. A 9.5mm
female� 12.7mm male adaptor (Irwin, Sydney, Australia)
was inserted at the lower end of the extension drive,
which allowed attachment of a torque-measuring screw-

driver (Torque Leader TT250 FH) during computed tomogra-
phy (CT) scans. All components of the jig except for the socket
were radiolucent to eliminate artifact during CT.

Two transverse wooden dowels were inserted through
4mm diameter holes oriented perpendicular to the base of
the jig (►Fig. 1). The limb was secured in supinated and
pronated positions after applying a 250 Newton millimetre
(N.mm)moment in eachdirectionduring image acquisitionby
using a quick grip clamp (Irwin, Sydney, Australia) at the base
of the jig that was used to prevent movement of the extension
drive by forcing the dowels centrally within the hole.

Specimens
Eighteen thoracic limbs were obtained from nine domestic
short-haired cats weighing 2.9 to 4.9 kg that were euthana-
tized for reasons unrelated to the study and acquired in
accordance with guideline GL001 from the University of
Sydney animal ethics committee. The limbs were amputated
at the level of the mid humerus and each limb was radio-
graphed with orthogonal views of the carpus and elbow to
ensure that they were free of skeletal disease. Cats were
excluded from the study if they were less than 266 days old,
as determined by the olecranon physis of the ulna being
open.8 This was the case in one set of limbs, which was
excluded from the study. There is currently no data to suggest
that movement between left and right limbs of cats is
different; therefore, we used a random number generator
to determine which sided limb was used from each speci-
men, with one limb being selected from each cat. The
remaining eight contralateral limbs were stored for another
study. Each thoracic limb was wrapped in surgical gauze
soaked with saline solution stored at –20°C.

Specimen Preparation and Mounting
Each limbwas kept at room temperature for 12 hours prior to
testing and soft tissues distal to the elbowwere left intact. The
digitswere amputated at the level of themetacarpophalangeal
joints. A 3.1mm drill bit was used to create a transverse hole
�5mm proximal to the medial and lateral humeral epicon-
dyles and a 3.2mm carbon rod was inserted in a medial to
lateral direction. A drill guide was used to ensure that there
was a consistent trajectory between specimens. The limbwas
suspended in the testing jig and themanus (at the level of the
distal metacarpals III and IV) was potted in acrylic within the
previously described socket. The acrylic was allowed to poly-
merize and harden for 30minutes prior to CT. Alignment
between limbs in the jig was standardized by ensuring that
the olecranon tuber was orientated perpendicular to the base
of the jig, and the angle of the carpuswas 180degrees. The soft
tissues of the elbow were left intact and there was uncon-
strained movement of the elbow.

Specimen Testing and CT Acquisition
The jig containing the cadaveric limb was positioned in a CT
scanner (16 slice Philips Brilliance helical CT, Amsterdam,
Netherlands) and imaged using the following parameters:
120 KV, 200 mAs, slice thickness 0.8mm and ultra-high
resolution. Each limb was imaged from the distal humerus
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to the metacarpals in a neutral position and then with a
250 N.mm supinating moment, and then with a 250 N.mm
pronatingmoment (►Video 1). Therewere three sets of scans
for each antebrachium tested (a total of 24 scans). Moment
(N.mm) was applied using the torque-measuring screwdriv-
er attached to a universal joint. Computed tomography data
were stored in a digital imaging and communication in
medicine (DICOM) format for later processing.

Video 1

Movie demonstrating all components of the testing jig.
The forelimb is suspended by a carbon rod inserted
transversely proximal to the humeral epicondyles, and
the distal manus is potted in acrylic. The limb is
pronated and supinated using a torque screwdriver
attached to a universal joint and extension drive.
Online content including video sequences viewable at:
https://www.thieme-connect.com/products/
ejournals/html/10.1055/s-0040-1719063.

Image Segmentation
TheDICOM imageswere imported into a DICOM image process-
ing software (Materialise Mimics version 19.0, Leuven Belgium)
that produces three-dimensional (3D) models, and thresholded
as previously described.9 The following bones were segmented:
radius, ulna, RCB, UCB and ACB and 3D iso-surface models were
created (►Fig. 2). The individual 3D bonemodels were saved as
surface tessellation language/stereolithography file types.

Alignment of Specimens within the Global Coordinate
System
This definition of the feline carpus coordinate system was a
modified version of a human wrist definition.10 A right ulna,
3D reconstructed from the CT of a supinated specimen from
the present study, was used to define the feline ulna global
coordinate system (GCS) (►Fig. 3; ►Appendix Fig. 1, avail-
able in the online version).

The feline ulna coordinate system definitionwas the same
as the human ulna coordinate system in that the x-axis was
defined as the long axis of the ulna (defined as the principal
axis via a singular value decomposition of the vertices
making up the ulna model surface) and the coordinate
system origin (x, y, z 0, 0, 0) was placed at the centre point

Fig. 1 Part A shows side on view of testing jig, B shows frontal view of testing jig without a mounted specimen and C shows frontal view of
testing jig with a mounted specimen. The jig was constructed from wooden blocks. The specimen was suspended from a carbon rod with sliding
insertion between parallel blocks to allow for adjustment of the limb position according to limb length. The wooden dowels in the base of the jig
were secured centrally to fix the extension drive in a pronated or supinated position using a clamp. The green arrow points to the gap between
parallel blocks that allowed for sliding insertion of a carbon rod, with the height adjusted to limb length. The red arrow highlights wooden dowels
that are secured centrally within holes to fix the extension drive in a pronated or supinated position between computed tomography scans.
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of the distal ulna articular surface.10 The centre point of the
ulna distal articular surface was defined by projecting (using
the x-axis vector) the centroid (mean) point of the distal
articular surface vertices until this centroid point intersected
the distal ulna articular surface. The ulnawas then translated
so that this intersection point was at 0,0,0.

The feline carpal coordinate system differed from the hu-
mancoordinate systemin that in thepresentdefinitionapre-z-
axis was defined as the dorsal–palmar depth of the ulna at the
level of the proximal ulnar joint (►Fig. 3).10 The y-axis in the
present study was defined as the cross-product of the x- and
pre-z-axes, with the z-axis being defined as the cross-product
of the x- and y-axes. Taking the cross-products of the axes in
this way ensures that all three axes are orthogonal (►Fig. 3).

The aligned ulna was named the ‘reference’ bone (a right
ulna from a supinated scan). In the ulna coordinate system as
defined in the present study, rotation around the x-axis

corresponded to pronation/supination, rotation around the
y-axis refers to flexion/extension and rotation around the z-
axis refers to varus/ valgus (►Fig. 3).

Relative Bone Position and Calculation of Kinematics
Software (Materialise 3Matic, version 11.0, Leuven, Belgium)
was used to orient the bones from each specimen in both
supinated and pronated configurations within the GCS. This
was achieved by iterative closest point superimposition of
the specimen bones to the scaled reference ulna.11 In the case
where the specimen was a left limb, the specimen ulna was
mirrored in the xz plane (normal¼ {0, 1, 0}) so that all ulnas
were right sided.

During this process, the specimens were not scaled, but
instead a copy of the reference bone was made and scaled to
the length of the ulna of each of the eight specimens. The
reference ulna remained static and was not moved within

Fig. 2 Steps in the segmentation process. (A) Segmentation of the individual bones (right hand side bones, ulna in yellow; radius in green, radial
carpal bone [RCB] in blue, ulnar carpal bone [UCB] in red and accessory carpal bone [ACB] in purple) from a dorsal slice of the computed
tomography (CT) Digital Imaging and Communication in Medicine (DICOM) image stack. The radius is to the right of the ulna, the ACB is distal to
the ulna and the RCB is distal to the radius in this image. (B) Close up of a single transverse slice from the CT DICOM image stack with ACB, UCB,
RCB segmented. (C) Three-dimensional iso-surface models of carpal bones (colour scheme as in A and B).
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studies to ensure that relative bone position was accurate.
The specimen bones were then aligned within the GCS by
superimposition of the specimen ulna with the scaled
reference ulna. Length measurements were taken from
the centre of the distal articular facet surface at the posi-
tion, where {0, 0, 0} is located in the reference ulna, to the

proximal most point of the olecranon process. During the
alignment process of the specimen ulna to the reference
ulna, the other bones (radius, RCB, UCB and ACB) of the
specimen were moved (translated and rotated) with the
specimen ulna.9 This resulted in the specimen bones main-
taining their relative configuration (supinated or pronated

Fig. 3 Ulna coordinate system (right ulna shown). The antebrachium is viewed in all three planes as defined by the right ulna coordinate system. The
bones are viewed in pronation in parts A, B, C. Panel A corresponds to a dorsopalmar view; B is medial to lateral, while C and D are both distal to
proximal and show how the ulna is aligned with the z-axis using the proximal ulna anatomy. The bones are coloured in supination and grey in pronation.
Pronation/supination rotations predominantly occur around the x-axis (red cylinder) with pronation being positive rotation as shown by the red arrow in
C and the grey arrow in D. The y-axis (green cylinder) represents flexion/extension with flexion being positive (B) and the z-axis (blue cylinder)
represents radial/ulnar deviation (varus/valgus) with ulnar deviation (valgus) being positive (A). Note that a consequence of using the ulna coordinate
system is that when the limb is moved from supinated to pronated positions, the alignment of the carpal bones with the y and z axes effectively
changes meaning that flexion–extension will occur around the y-axis in pronation, but more around the z-axis in supination. We have defined the
movements based on a pronated antebrachium. Stars, triangles and circles in D indicate centroids of the bone models (translucent points indicate
centroids of grey bone models, opaque points indicate centroids of coloured bones). In this rotation (coloured grey), the radial carpal bone has
undergone a negative translation along the y-axis, while the accessory carpal bone has undergone a positive translation along the y-axis.
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configuration), while being meaningfully oriented within
the GCS. A set of axes was not defined for each specimen
because this method has been shown to be less accurate
than aligning specimens with a reference bone using itera-
tive closest point superimposition.12

Calculation of Translations and Rotations
The new position of the 3D surface models of the bones of
interest was saved and this allowed a translation vector
(millimetres moved in x, y and z) and rotation matrix (a
3� 3 matrix) for each bone movement from supination to
pronation position to be calculated. The translation vector
was calculated as the difference between the centroids
(mean of all 3D vertices in the mesh) of two 3D surface
model positions (in millimetres) (►Fig. 3). The rotation
matrix was calculated using a singular value decomposition
algorithm implemented in a software programme used in
mathematical applications (Mathematica, version 10.1,Wol-
fram, Illinois, United States). The rotation matrix rotated the
3D surface model from supinated to pronated orientation.
The rotationmatrixwas then decomposed into the rotational
components occurring around the x, y and z axes, and this
was expressed as degrees of movement.9

Values were calculated for the radius, RCB, UCB and ACB
relative to the ulna by determining the x, y and z values in
translations (millimetres) and rotations (degrees) for the eight
specimens used in the study. Rotations were calculated with
respect to the ulna coordinate system (►Fig. 2). The means of
the results of the eight limbs were calculated for the trans-
lations and rotations of each bone (radius, RCB, UCB, ACB)
aligned to the ulna. Total range of motion values for bone
rotations of each specimen from supination to pronationwere
also defined by calculating the degree of rotation around a
single helical axis using previously described methods.13,14

Statistical Analysis
Statistical analyses were performed using commercially
available statistical packages ([Genstat] VSNi Hemel Hemp-
stead UK; and Mathematica, version 10, Champaign, Illinois,
United States).

A linearmixedmodelwas utilized to investigate the associ-
ation between bone type and absolute magnitude of transla-
tionandrotation,witha randomtermofAnimal.Directionality
of both translation and rotation of the bones (positive or
negative) was removed from the raw values prior to perform-
ing these calculations to indicate absolute size of change
relative to zero. Absolute rather than raw values were used
to test the null hypothesis that there was nomovement of the
proximal carpal bones and radius relative to the ulna. Ander-
son-Darling tests were conducted to ensure the underlying
assumptions of normality were met. Post-hoc least significant
difference analyses were performed to determine pairwise
differences. For all statistical analyses, a p-value of <0.05 was
considered significant.

A general linear regression was then used to determine
the degree of coupling between individual bones based on the
results forbonerotations.Theulnawasexcludedbecausethiswas
the static reference bone towhich themotion of the other bones
was related. Resultswere presented for combinations of all bones
(RCB, UCB, radius, ACB), in the following pairs: the RCB and UCB;
RCB and radius; UCB and ACB; RCB and ACB; radius and ACB; the
radius andUCB. Values approachingone indicatehigh correlation
in the total range of motion of the two bones.

Results

Translations
The mean translation for each of the bones varied depending
on their distance from the distal ulna articular surface, which

Table 1 Magnitude and direction of translation and rotation of each bone (mean� standard deviation, maximum and minimum)
from supination to pronation (n¼ 8)

Bone Axisa Mean distance
� SD (mm)

Max distance
(mm)

Min distance
(mm)

Mean angle
� SD (degrees)

Max angle
(degrees)

Min angle
(degrees)

Accessory
carpal bone

x �0.17� 1.34 1.51 �2.10 41.94� 9.33 55.33 25.76

y 2.02� 0.60 3.39 1.59 0.13� 9.96 13.68 �10.56

z �0.78� 2.06 2.10 �3.50 �6.47� 7.62 6.51 �16.04

Radius x 0.13� 0.57 0.72 �0.80 30.27� 10.78 49.59 9.99

y �2.46� 0.81 �1.04 �3.95 0.14� 1.75 2.87 �1.53

z �0.30� 1.10 1.05 �1.90 �2.60� 1.08 �0.94 �4.67

Radial
carpal bone

x 0.10� 0.80 1.22 �1.21 45.11� 12.02 61.05 19.41

y �3.93� 1.40 �1.53 �6.55 �0.25� 4.10 5.30 �6.91

z �1.02� 3.26 3.43 �4.49 �6.36� 6.76 2.02 �17.29

Ulnar
carpal bone

x 0.05� 0.48 0.73 �0.73 44.97� 14.21 60.30 17.81

y �0.63� 0.53 0.31 �1.51 0.99� 6.14 10.37 �7.29

z 0.03� 0.82 1.07 �1.08 �8.60� 6.16 �2.25 �21.12

Abbreviation: SD, standard deviation.
aRotation occurs around the axis (degrees), translation occurs along the axis (millimetres). Positive and negative values denote the direction of
rotation and translation; positive in the y-axis refers to pronation, positive in the y-axis is flexion and in the positive in the z-axis is valgus. The
negative values refer to the inverse direction. Values for each specimen are based on scaling to a reference ulna.
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is the origin of the ulna coordinate system (GCS x, y, z 0, 0, 0,
from which all motion was measured) (►Appendix Table 1,
► Appendix Graph 1, available in the online version).

Based on the absolute magnitude values, the ACB had
a significantly greater absolute magnitude of translation
along the x-axis compared with all other bones (p< 0.001;
►Table 2). The RCB had significantly higher absolute magni-
tudeof translationvalues forbothy-andz-axes comparedwith
all other bones (p< 0.001, ►Table 2).

Rotations

Direction of Rotation
The rotationswere greatest around thex-axis (in the yz plane),
followed by the z- and y-axes (►Table 1; ►Appendix Table 2,
available in the online version;►Appendix Graph 1, available
in the online version). The values for movements around the
x-axis were positive as the bones moved from a supinated
configuration to a pronated configuration (►Table 1;
►Fig. 3). Rotations around the y-axis were varied (positive
and negative), indicating that flexion and/or extension
rotations did not form part of the supination to pronation
movement as simulated here. The standard deviation for
rotation of each of the carpal bones was largest in the x-axis.

Magnitude of Rotation
There was minimal movement of all bones around the y-axis
(flexion–extension), compared with rotations around the x-axis
(supination–pronation),withslight rotationcontributionsaround
thez-axis(varus/valgus). Inspecimen3,therewashalf theamount
of rotation compared with the other specimens in the study.

The absolutemagnitude rotations in the z-axis for the RCB
(6.868degrees), UCB (8.599degrees) andACB (8.099degrees)
were not significantly different to the radius (2.599 degrees)
(p¼ 0.093). The rotation between the radius and ulna (mean
30.3 degrees) was significantly less than between the ulna
and all other bones (p< 0.001, ►Table 2).

Linear Regression Analysis
Pairwise comparisons were made to determine the degree of
coupling between total ranges of motion of individual bones
based on rotation results from a supinated to pronated position
(►Appendix Table 3, available in the online version;►Table 3).

Discussion

Our null hypothesis, that therewould be nomovement of the
carpal bones relative to the ulna during supination and
pronation, was rejected on the basis of both absolute trans-
lation and rotation results (►Table 2). With the exception of
rotation in the z-axis, rotations and translations of all bones
in the three axes were significantly greater than zero
(►Table 2). Rejection of the null hypothesis therefore indi-
cates that the feline carpal joint is not purely a ginglymus
because movements other than flexion and extension at the
level of the antebrachiocarpal joint may occur during fore-
limb motion. Although beyond the scope of the present
study, this may have implications in the future management
of feline carpal injuries, particularly when there is involve-
ment of the antebrachiocarpal joint.

The results for supination and pronation were relatively
low (greatest value 61 degrees) compared with the afore-
mentioned normal ranges of supination and pronation in
cats because moment, rather than total range of motion, was
used to standardize measurements between limbs. This
indicates that natural movements of the feline forelimb
between supination and pronation require amoment greater
than 250 N.mm (whether this moment is active or passive)

Table 2 Absolute magnitude of translation and rotation of each bone (mean� standard error) from supination to pronation
(n¼ 8). Translations are in millimetres, and rotations are degrees

Axis ACB Radius RCB UCB Standard error p-Value

Translation (mm) x 1.1887a 0.5063b 0.68b 0.3788b 0.1204 <0.001

y 2.023a 2.461a 3.926b 0.709c 0.0313 <0.001

z 1.945a 0.936b 3.038c 0.654b 0.271 <0.001

Rotation (degrees) x 41.94a 30.27b 45.11a 44.97a 4.14 <0.001

y 8.451a 1.449b 3.315b,c 5.08c 1.001 <0.001

z 8.099 2.599 6.868 8.599 1.838 0.093

Abbreviations: ACB, accessory carpal bone; RCB, radial carpal bone; UCB, ulnar carpal bone.
a,b,cMean values with different superscript letters within a row are significantly different from each other.

Table 3 Rank of carpal bone kinematic coupling based on R2

value from regression analyses of total range of rotation of
paired bones after change in position from supination to
pronation (►Appendix Table 3, available in the online version)

Rank Bone on x-axis Bone on y-axis R2

1 RCB UCB 0.9203

2 RCB Radius 0.9023

3 UCB ACB 0.8363

4 RCB ACB 0.8319

5 Radius ACB 0.7772

6 Radius UCB 0.7488

Abbreviations: ACB, accessory carpal bone; RCB, radial carpal bone;
UCB, ulnar carpal bone.
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(►Appendix Table 3, available in the online version, for total
range of motion). This may also account for the variation in
standard deviation for each of the carpal bones in the x-axis.

The present study demonstrates that similar to humans,
the kinematics of the feline carpal bones are complex and do
not occur in a single plane alone. Flexion and extension are
the primary plane of movement that is usually reported,
although varus/valgus and supination/pronation have been
alluded to in a previous study of cats.15 The ACB rotated to a
lesser degree than the remaining proximal carpal row. This
finding is, perhaps, unsurprising because the articulation of
the ACB with the carpus is small.16,17 The ACB also consis-
tently had positive values (flexion) in the y-axis, with the
remaining bones translating in the opposite direction, which
is possibly because of the resistance to rotation from the
insertion for the flexor carpi ulnaris muscle.

Computed tomography was selected for initial data cap-
ture over more invasive methods for tracking moment
because it is a non-invasive technique that does not require
dissection of the carpus and potential damage to important
soft tissue anatomical structures such as the dorsal joint
capsule.7 As the largest bone in the proximal carpal row
(RCB) is �6 mm diameter, it would also be technically
difficult to insert a marker without causing iatrogenic frac-
ture or displacement.18 This has been shown to be an
accurate method for measuring changes in position of small
bones with variations in resolution, segmentation threshold
and reconstruction smoothing algorithms having minimal
effect on the accuracy (precision and trueness) of kinematic
measurements (e.g. translation imprecision was 0.5 mm,
which is less than the slice thickness of the CT scanner
used in the present study [0.8 mm]).9

Inconsistency in the direction of rotation for the same
bone between specimens may be due to natural variation
between specimens and individual bone movements.2,19

This is similar to the in vivo findings of the tarsal bones in
humans.19 Due to this being a cadaveric study, the effect of
weight bearing and active stabilizers such as the pronator
and supinator muscles on this supination/pronation was not
present. This potentially could have affected the interaction
and position of individual carpal bones.

Apparent inconsistency inmovements, particularly trans-
lations, between bones in the joint complex of an individual
specimen may further be a consequence of the coordinate
system definition. For example, if the coordinate system is
defined as passing between the ACB and RCB as in our study
(►Fig. 3), then rotation from supination to pronation will
result in a larger positive displacement of the RCB, and large
negative displacement of the UCB. Note that this does not
mean that the carpal bones are moving separately or dis-
associating but is a consequence of the standard coordinate
system definition.

The RCB rotated in an opposite direction to the other
bones around the y-axis. This y-axis rotation was also
relatively minor as the predominant rotation was around
the x-axis for all bones. The reason for the RCB rotation being
in the opposite direction around the y-axis to the other bones
(radius, UCB, ACB) is that the axis of rotation of the RCB was

aligned differently from the other bones. Whereas the axes
about which the radius, UCB and ACB rotated were similarly
aligned (somewhat close to the ulna x-axis), the axis about
which the RCB rotated differed. The axis about which the RCB
rotated differed by having a mediolateral component, rather
than being predominantly proximal–distal in orientation
(close to the ulna x-axis) aswith the other bone rotation axes.

There was some variation in the magnitude of results
reported in this study. In particular, specimen 3 had half the
amount of rotation compared with other specimens, which
may have been due to slipping of the digits within the potted
acrylic after application of the rotational moment. In speci-
men 8, there was the greatest translation of the RCB in the y-
axis (6.55mm). These values are greater than expected but
may be explained by rotational force being applied to the
distal limb, thereby opening the joint spaces and causing
greater stretching of the ligaments.

In cats, it has been demonstrated that there is ulnar
deviation (valgus) of the carpus and supination of the
forelimb with ulnar deviation (valgus) of the manus during
the swing phase.3 Although the present study is cadaveric
with load control used to apply torque to the limbs, we
similarly showed that supination of the forelimbwas coupled
with ulnar deviation (valgus) of the carpus and thereby
manus (►Table 1; ►Fig. 3).

As all of the bones tested are part of an anatomical unit
(the carpus) and none of the bones disassociated or dislo-
cated during the movements between supination and pro-
nation, relatively high correlation in the bone total range of
motion during rotation was to be expected (►Appendix

Table 3, available in the online version; ►Table 3). Transla-
tion results were considered to be less important because
they vary depending on proximity of the individual bones to
the ulnar coordinate system origin.

Cats and dogs have an inter-carpal ligament that connects
theRCBandUCB.1,20Basedonthelinear regressionanalysis, the
results of the present study showedahighdegree ofcoupling in
the total range of motion for the RCB and UCB (R2¼ 0.920),
suggesting that the RCB and UCB rotate as a functional unit
(►Table 3). This close relationship between the RCB and UCB
has not previously been described in the cat, but presumably
the inter-carpal ligament between this pair of bones must be
disrupted when traumatic RCB luxation occurs.20

There are limitations of our study. It may have been prefer-
able to supinate/pronate the carpus by fixing the elbow and
rotating the distal limb from the level of the elbow; however,
this is difficult to standardize in an ex vivo study. The carpus
was also only tested with 180 degrees of extension, and the
results may have varied if the carpus was tested in different
positions (such as flexion, extension and under load).21 Only
metacarpals III and IV were potted in acrylic, which also may
have produced different results to fixing the entire manus.

Due to the raw data having positive and negative values,
the mean values were close to zero, although our statistical
analysis did not take into account the direction ofmovement.

The intent of our study was to provide a foundation on
which our knowledge of feline carpal kinematics can be
based for future studies on feline pancarpal arthrodesis,
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because it is important to understand the extent to which
this surgical procedure may compromise supination and
pronation. As stated in the introduction, the assumption
that pancarpal arthrodesis restricts supination and prona-
tion has only been reported anecdotally.4,22

Conclusion

In thismodel inwhich therewas unconstrainedmovement of
the elbow and carpus, it was concluded that the feline carpus
(and specifically, the bones of the proximal carpal row)
rotates and translates independently of the ulna during
supination to pronation movement of the antebrachium.
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