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Replication of Coupled Movements of the
Wrist: A Cadaveric Study of Total Wrist
Arthroplasty
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Purpose The purpose of this study was to determine how well the active range of motion and
the forces required to achieve motions are maintained following cadaveric implantation of the
ball-and-socket style total wrist arthroplasty (TWA).

Methods An active wrist motion simulator was used to produce flexion, extension, radioulnar
deviation, dart-thrower’s motion, and circumduction in 14 fresh-frozen cadaveric wrists
before and after TWA. Identical tendon displacements were applied to five major wrist flexors
and extensors to control motion presurgery and postsurgery. Motion trials were recorded
using biplanar video fluoroscopy and digitally reconstructed with 6 degrees of freedom using
x-ray reconstruction of moving morphology. Wrist angles were subsequently measured with
respect to an anatomically based radial coordinate system. Forces applied to the five actuated
tendons were recorded by the simulator throughout all motion trials. Maximum wrist angles,
dart-thrower’s motion plane orientation, circumduction ellipse parameters, and peak tendon
forces in pre-TWA and post-TWA conditions were compared.

Results There were no significant differences in maximal flexion, extension, radial, or ulnar
deviation angles when comparing preoperative anatomic wrists with the same wrist following
implantation of the TWA. Orientation of dart-thrower’s motion planes and circumduction
ellipses with respect to the sagittal plane increased after cadaveric surgery, whereas the area of
the circumduction ellipses remained similar. Tendon forces were similar in anatomic and
TWA wrists apart from flexor forces, which decreased in flexion in TWA wrists.

Conclusions In our cadaveric setup, the TWA was able to recreate functional motion patterns
without significantly increased tendon forces.

Clinical relevance The results of this study support the assertion that a ball-and-socket style
TWA can provide a postoperative range of motion adequate to perform activities of daily
living. (J Hand Surg Am. 2024; (1l ):B—M. Copyright © 2024 by the American Society for
Surgery of the Hand. Published by Elsevier Inc. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).)
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2 COUPLED MOTIONS IN REPLACED WRISTS

OTAL WRIST ARTHROPLASTY (TWA) is a motion-

preserving option for the treatment of end-

stage arthritis of the wrist. In addition to
relieving pain, it aims to maintain a functional range
of motion (ROM), normally defined as a minimum of
5° flexion to 30° extension, with 10° of radial and 15°
of ulna deviation,' " and ideally 40° of both flexion
and extension and 20° of both radial and ulnar de-
viation (RD and UD)." The study by Brumfield and
Champoux” of normal and functional ROM of the
wrist looked only at flexion and extension, whereas
Ryu et al’ also examined the second degree of
freedom of radioulnar deviation; these sagittal and
coronal plane movements are being described as “in-
plane.” Palmer et al’ recognized a third degree of
freedom consisting of carpal rotation, and Brigstocke
et al' identified that many functional movements are
combinations of in-plane movements, which they
termed “coupled” movements. One specific coupled
movement, from radial extension (RE) to ulna flexion
(UF), the so-called dart-thrower’s motion (DTM), has
been thoroughly investigated and is now considered
to be the primary functional movement of the wrist.”*

Recent systematic reviews of TWA show that many
reports of the outcomes do not detail post-operative
ROM and those that do, predominantly report flexion-
extension and radioulnar deviation arcs: DTM and
circumduction have not been widely reported in the
outcomes of TWA.”® Furthermore, there is a sugges-
tion that following TWA, movement is not as efficient
as it is in the normal wrist with larger tendon forces
needed to generate the same ROM.” This is presum-
ably due to muscle moment arms around the wrist
being altered after surgery, as has been seen in ball-
and-socket-based replacements of other joints.'""!
To date, research into tendon forces in TWA has
only considered in-plane movements.'”

The primary aim of the study was to analyze the
active ROM of the wrist in all directions, in-plane,
coupled, and out-of-plane (ie, occurring in an unin-
tended plane), in the normal wrist and assess how well
these movements are replicated following implantation
of a Motec TWA (Swemac Innovations).'” This
research used an active wrist motion simulator to move
cadaveric wrists, with biplanar videofluoroscopy to
accurately measure the movement. The secondary aim
was to determine how efficiently the TWA replicates
the movement by analyzing the tendon forces that
were required to generate the movement.

MATERIALS AND METHODS

Ethical approval for this study was granted by the
University of Liverpool Central University Research

Ethics Committee. Informed consent was obtained
from all individuals prior to the donation of their
body for scientific research.

Our hypothesis was that the TWA could accu-
rately reproduce the ROM of the anatomic wrist.
Normal flexion and extension of the wrist are stated
as 60°." We assumed a 10° decrease in flexion or
extension to be the minimum change to be clini-
cally significant (equating to a 16.67% decrease).
The flexion-extension arc data from our validation
study demonstrated a mean arc of 107.7° with an
SD of 12.6."7 With an o of 0.05 and powered at
95%, we estimated an appropriate sample size of 13
limbs.

To ensure the study was properly powered, we
therefore studied 16 cadaveric wrists (distal humerus
to fingertips), pre-TWA and post-TWA implantation,
allowing for exclusions for technical issues if
required. This included the raw data from six wrists
that were analyzed as part of a pilot study that eval-
uated our cadaveric motion simulator.”” Specimens
originated from 10 donors aged 67—93 years (six
men and four women); all were screened to confirm
no radiographic premortem arthritis. Data from two
wrists were excluded from the analysis, one due to
the presence of midcarpal instability and the other
due to incorrect implant placement and resultant
breakage of a tendon suture. Fourteen wrists, pre-
TWA and post-TWA, were included in the final
analysis.

A programmable active wrist motion simulator
that facilitates wrist kinematics to be studied using
biplanar video fluoroscopy was designed and con-
structed and controls cadaveric wrist motion by dis-
placing agonist tendons identically before and after a
simulated surgery. A full description of its design and
validation, for this and similar experiments, has been
previously published.'” The approach is summarized
below, and the experimental setup is shown in
Figure 1."

Cadaveric limbs were mounted to the simulator
such that fingertips pointed downward. Using a
multilocked cruciate technique at the muscu-
lotendinous junction, 1.3 mm braided polyethylene
sutures were attached to flexor carpi radialis, flexor
carpi ulnaris, extensor carpi ulnaris, extensor carpi
radialis brevis, and extensor carpi radialis longus.
Sutures were passed through silicon tubes to exit the
limb at the common flexor or extensor origin, as
appropriate, to replicate their anatomical direction of
action. The sutures were then attached to one of five
individual units on the simulator, comprising a linear
motor and encoder that control tendon displacement,
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FIGURE 1: The experimental set up. A cadaveric forelimb is
mounted on the active motion simulator. The wrist is positioned
within the field of view of both x-ray cameras. This figure has
been modified from Glanville et al.'?

and a load cell that measures the force applied to the
tendon. Prescribed displacement patterns, for each
motion, were applied to each tendon to produce
functional ranges of motion."”

To allow three-dimensional measurement of bone
motion, three 1 mm diameter tantalum beads were
inserted into the radius, ulna, capitate, second
metacarpal (MCII) base, and third metacarpal
(MCIII) head prior to data collection. A proximally-
based capsulotomy was performed to insert the
beads and then repaired. Biplanar video fluoroscopy,
tendon force, and computed tomography data were
then collected before and after the insertion of a
TWA. In all cases, the previous capsular flap was
reopened and repaired after insertion of the pros-
thesis. The insertion of the prosthesis was performed
using the standard manufacturer’s technique by, or
under the supervision of, the senior clinical surgeon

(Tang and Giddins'* level 5). Biplanar fluoroscopy
videos were captured for flexion, extension, RD,
UD, and the components of DTM (RE and UF) at 50
fps and circumduction at 30 fps. Tendon force was
sampled at 50 Hz. Three to five trials per motion
were recorded after two warmup trials, and the
initial wrist position was recorded in a static trial.
Loads on all tendons were set to 2 N prior to a new
motion.

ROM calculation

To reconstruct motion trials, bones and tantalum
beads were segmented from the computed tomogra-
phy scans using Mimics (version 25.0, Materialise).
Subsequently, x-ray reconstruction of moving
morphology techniques were used to create three-
dimensional animations of radius, MCII and MCIII
motion during every trial.'>'® Radial coordinate
systems were placed according to Akhbari et al,'’
with x axis being the long axis of the radius, y axis
being the coronal interaction of the x axis and the
distal radius articular surface, and the z axis being the
sagittal cross-product of the x and y axes. The third
metacarpal coordinate systems were also placed ac-
cording to Akhbari et al” with the x-axis aligned with
the MCIII diaphysis, the y-axis a best-fit line between
the centroids of MCII, MCIII, and the fourth meta-
carpal, and the z-axis the cross-product of x- and y-
axes.’

Wrist angles were defined as the position of the
metacarpal coordinate systems with respect to the
radial coordinate system and the zero position as the
alignment of the two coordinate systems. For each
motion in each specimen, mean angle was calculated
in every frame to create angle profiles about each axis
of the radial coordinate system. For all planar mo-
tions, angle profiles were truncated to finish at the
point of maximum wrist excursion about the in-plane
axis/axes or at the point before component impinge-
ment. The precise frame of impingement was taken as
the point of a sudden increase in the tendon force
curve gradient that corresponded to x-ray identifica-
tion of impingement. Wrist ROM equaled the angles
about the x, y, and z axes at the profile end point.
Initial wrist position was determined for each motion
by its respective static trial.

To visualize wrist motion paths graphically, x and
y angle profiles were plotted against each other.
Regression lines were fitted to the plotted RE and
UF motion paths, and as the orientation of the DTM
plane is functionally important, it was calculated as
the angles between the RE and UF regression lines
and the y-axis (sagittal plane).'®'” Root mean
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ANATOMICAL WRIST
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FIGURE 2: Wrist angle trajectories in individual specimens before and after TWA. Angles are reported about the flexion (4-)/extension (—)
and radial (—)/ulnar (+) deviation axes of the radial coordinate system and are corrected for individual start position (corrected ROM).
Each trajectory represents an average of three to five trials. A—D Flexion-extension, radioulnar deviation, DTM, and circumduction in the
anatomical wrist. E—H Flexion-extension, radioulnar deviation, DTM, and circumduction in the Motec wrist.

squared error between motion paths and regression
lines determined the model’s fit. An ellipse was
fitted to the plotted circumduction envelope and the
ellipse area, and orientation was calculated as an
approximation of circumduction area and orienta-
tion. Ellipse fit was determined by root mean
squared error calculated between the magnitudes of
100 vectors from the origin to the ellipse and the
corresponding vectors on the circumduction enve-
lope. To visualize mean wrist motion paths, trun-
cated angle profiles of individual wrists were
interpolated to 100 points. Mean wrist angles about
the x- and y-axis at each of these points were plotted
against each other.

Our workflow required us to set the starting posi-
tions of individual arms manually, which meant that
anatomical starting angles were not standardized
across individuals. As actuator displacements, and
motion paths, are applied relative to these starting
positions, it is useful for inter-specimen comparisons
to additionally visualize motion paths after correction
to account for differences in initial wrist position.
This corrected ROM, calculated by subtracting the
initial position from every sampling point in a wrist
angle profile, allows the graphical representations of
the ROM paths to have the same origin. Corrected
ROM was only used graphically; all other results and
statistics were generated using unmodified (“true”)
wrist angle profiles.

Tendon forces

Tendon forces were studied in four motion combi-
nations, flexion/extension, radioulnar deviation,
DTM, and circumduction. For each motion combi-
nation in each specimen, peak tendon forces across
all trials were identified. Overall mean peak tendon
forces were calculated for each motion.

Statistics

Statistical comparisons between anatomical and
TWA wrists were performed. Shapiro-Wilk tests
determined whether data were normally distributed.
Then, either a paired-sample ¢ test or Wilcoxon test
determined whether initial/maximum wrist angles,
DTM orientation, circumduction ellipse area/orien-
tation, or tendon force differed significantly between
the anatomic and TWA conditions. Significance was
determined by a P-value below .05.

RESULTS
Initial wrist positions

Mean initial positions of pre- and post-TWA wrists
are displayed in Table S1, available online on the
Journal’s website at www.jhandsurg.org. All motions
commenced from a position of slight extension, and
initial position did not vary significantly between pre-
and post-TWA wrists (P > .05) (Table S1, available
online on the Journal’s website at www.jhandsurg.
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FIGURE 3: Average ROM, corrected for initial wrist position, in preoperative and postoperative wrists about the flexion (+)/extension (—)
and radial (—)/ulnar (+) deviation axes of the radial coordinate system. A Flexion and extension (n = 14), B radioulnar deviation (n = 14),
C dart-thrower’s motion (n = 14), and D circumduction (n = 8). In C and D, regression lines fitted to the mean RE and UF profiles, and

ellipses fitted to the mean circumduction profiles are plotted over the average wrist angle trajectories as dotted lines. Regression lines and

ellipses fitted to individual specimen trajectories were used to calculate DTM and circumduction orientation with respect to the sagittal

plane (y axis) and the circumduction area.

org). However, marked inter-specimen differences
can be seen in the starting point of each motion
(Figure S1, available online on the Journal’s website
at www.jhandsurg.org).

Range of motion

Figure 2 shows ROM corrected for the initial wrist
position in each specimen pre- and post-TWA. Pro-
grammed motion patterns produced the required
movement; however, there was marked inter-spec-
imen variation, and out-of-plane movements were
present in flexion, extension, RD, and UD (Fig. 2A,
B, E, F). There were additional inter-specimen vari-
ations in the length and angle of the RE and UF
trajectories and in the size of the circumduction en-
velope (Fig. 2C, D, G, H). Figure 3 shows the mean
corrected ROM across all pre- and post-TWA wrists.

Differences in pre- and post-TWA wrist ROM in
planar motions highlight potential ROM alterations
after TWA implantation (Table 1). Maximum in-
plane wrist angles did not significantly vary be-
tween conditions (P > .05). Out-of-plane angles
about the y and z axes varied significantly in exten-
sion and UD, whereas angles about the x-axis varied
significantly in flexion and extension (P < .05)
(Table 1).

Orientations of RE and UF motion paths with
respect to the sagittal plane (Fig. 3C) were 29.4° +
10.1° and 30.9° £ 9.0° in the pre-TWA condition.
Post-TWA, these angles increased to 30.6° + 8.7°
and 38.5° £ 9.4°, respectively. The increase was
statistically significant in UF (P < .05), but not in RE
(P =.59). The mean area of the circumduction ellipse
(Fig. 3D) was 2533.1° & 743.1° in anatomic wrists.
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TABLE 1.

Presurgical and Postsurgical Wrist ROM (°) in Each Planar Motion

Axis of Radial

Wrist Angles (°)

Coordinate Radial Ulnar Radial Ulnar

System Flexion Extension Deviation Deviation Extension Flexion
x-axis  Anatomical —15+5.1 —1.4 £+ 39 —33+4.7 56 £43 —10.8 £ 6.5 —0.8 £ 43
Motec —47 £ 6.2 3974 0.0 £79 4.0£7.0 —-9.8 £ 12.0 —47 £ 7.4

P value <.05% <.05% .08 .34 .63 .07

y-axis  Anatomical 58.6 £ 11.9% —57.7 &+ 8.6F —6.6 £ 6.1 —0.8 £ 7.2 —39.8 + 10.67 30.5 £ 9.3
Motec 55.7 £ 11.5t+ —56.8 &+ 8.4F —4.6 +£ 133 —6.2 +£ 11.1 —42.4 + 13.27 26.1 £ 8.6

P value 237 .69 49 <.05% 32 <.05%
z-axis  Anatomical 8.7 £ 4.6 —14 + 6.9 —18.8 £ 7.7+ 30.2 £+ 447 —14.3 £ 7.5% 22.2 + 6.87
Motec 6.4 +£7.0 —6.5 £ 9.1 —21.0 + 10.97 27.8 £ 6.17 —18.1 + 10.67 27.7 £+ 6.37

P value 22 <.05% 29F .07+ <.05% <.05%

The x-axis corresponds to pronation (4) and supination (—), the y-axis to flexion (4) and extension (—), and the z-axis to ulnar (+) and radial (—)

deviation. Angles are reported as the mean + SD.

*Indicates statistically significant differences between anatomical and Motec wrists (P value <.05). N = 14.

tIndicates in-plane movement (ie, the movement being replicated).

After TWA implantation, the area increased slightly
to 2982.1° 4+ 1084.7°, although the increase was not
statistically significant (P = .11). The orientation of
the circumduction ellipse with respect to the sagittal
plane was 4.9° + 3.2° in the anatomic wrist,
increasing to 12.1° 4+ 4.8° (P < .05) with the TWA.
Root mean squared errors, indicating goodness of fit
of the regression lines to the RE and UF paths as well
as the ellipses to the circumduction envelopes, were
1.2° £+ 0.7°, 2.5° £ 1.2° and 29° £ 14°
respectively.

Peak tendon forces

Mean peak tendon forces during flexion-extension,
radioulnar deviation, DTM, and circumduction are
shown in Table 2. Tendon forces were either un-
changed or decreased after TWA implantation. There
were no statistically significant changes in peak
tendon forces other than a post-implantation decrease
in forces in extensor carpi ulnaris during extension,
flexor carpi radialis during flexion/extension and
circumduction, and flexor carpi ulnaris in all motions
(Table 2).

DISCUSSION

This study suggests that the studied ball-and-socket
TWA has the potential to replicate both in-plane
and coupled movements of the wrist. Moreover,
with a slight alteration to motion paths, it can do this
efficiently with no increase in force required to
replicate the movements.

Cadaveric motion was simulated in anatomic and
TWA wrists by applying prescribed displacements to
the five major wrist flexors and extensors, with high
intra-specimen repeatability of wrist angles and
tendon forces but low inter-specimen repeatability
(Figure S1, available online on the Journal’s website
at www.jhandsurg.org)."* We therefore limited our
statistical analyses to presurgical and postsurgical
comparisons in the same specimen.

In addition, the extent to which our cadaveric
simulation represented the mechanical and physio-
logical condition of the in vivo wrist was limited, as
only five tendon actuators were included and neither
antagonistic muscle forces nor external loading were
simulated. Our cadaveric data does, however, provide
a useful inference into the potential performance of
this prosthesis.

In-plane wrist ROM was conserved following
TWA implantation (Table 1) with our post-implan-
tation arcs being similar to clinical results with this
prosthesis, reported as 112°—120° of flexion and
extension and 30°—40° of radioulnar deviation.”-**
Also, our postimplantation plane and range of
DTM, and circumduction ellipse areas were equal to
those required to perform 70% to 90% of activities of
daily living measured by Gracia-Ibafiez et al.”' There
are, to date, no published clinical reports of post-
operative ranges of coupled movements with this
implant.

Given the importance of DTM to activities of daily
living, it is desirable that TWAs can replicate this
movement.”'® In a study comparing healthy wrists
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TABLE 2.

Peak Tendon Forces (N) in Preoperative and Postoperative Wrists

Tendon Forces (N)

Tendon Flexion/Extension Radioulnar Deviation DTM Circumduction

ECU Anatomical 43.4 + 104 27.1 £ 10.0 14.0 £ 7.0 309 £ 11.7
Motec 341 £ 123 26.8 £ 14.2 9.7+£17.0 30.0 £ 11.2
P value <.05% .92 .05 .85

ECRB Anatomical 219 £9.2 7.2 £ 838 154 £ 11.1 16.2 +£ 7.7
Motec 21.6 £9.3 6.2 +59 14.8 + 10.2 16.7 £ 11.3
P value 46 .95 46 .90

ECRL Anatomical 319 £ 6.5 459 £+ 13.2 453 £ 124 33.0 £ 9.7
Motec 30.3 £ 132 46.9 £+ 19.7 424 £ 17.2 41.5 £ 18.2
P value .61 .80 57 13

FCR Anatomical 39.8 £ 12.7 36.2 £ 13.8 17.7 £ 16.5 31.2 £ 103
Motec 21.0 £ 6.2 31.3 £ 18.0 11.9 £ 9.9 15.3 +£ 4.0
P value <.05% .07 .14 <.05%

FCU Anatomical 30.5 £ 9.1 10.9 £ 4.0 347 £94 30.0 £ 10.5
Motec 13.5 £ 5.9 5.8 £3.0 18.6 + 6.4 18.1 £+ 8.8
P value <.05% <.05* <.05% <.05%

Mean peak tendon force = SD during flexion/extension (n = 14), radioulnar deviation (n = 14), dart-thrower’s motion (n = 14), and circumduction
(n = 8). ECRB, extensor carpi radialis brevis; ECRL, extensor carpi radialis longus; ECU, extensor carpi ulnaris; FCR, flexor carpi radialis; FCU,

flexor carpi ulnaris.

*Indicates statistically significant differences between anatomical and Motec wrists (P value <.05).

and wrists following implantation of a Freedom
prosthesis, Akhbari et al’ showed axes of rotation
during DTM to be consistent in healthy wrists but
follow a complicated pattern in replaced wrists. These
results imply a deficiency of the implant in replicating
dart throwing planes, hypothesized as being because
the Freedom, and most other current TWA implants,
is designed to replicate radiocarpal rather than mid-
carpal kinematics.” Dart-thrower’s motion is instead
thought to arise primarily through motion at the
midcarpal joint.”* The ball-and-socket design of
the device studied in this investigation is intended to
replicate function rather than the anatomy of the
wrist, and our ROM analysis indicates that this
prosthesis can replicate motion in a dart throwing
plane (Figs. 2, 3).

Out-of-plane motion varied between anatomical
and TWA wrists in most motions (Table 1). There
was also a shift in DTM and circumduction orienta-
tion. One explanation could be that the ball-and-
socket is less constrained than the anatomical wrist,
meaning that the “path of least resistance” is altered.
Some bony constraints are eliminated by the TWA
surgery, for example, the hook of the hamate is
known to limit UF through impingement against the
triquetrum.”**” It is also hypothesized that the distal
carpal row is guided by the scaphoid during DTM.*

The anatomical wrist is also stabilized by multiple
carpal ligaments that support midranges and limit end
ranges of motion.”™”’ Wrist motion has been
demonstrated to increase following ligament
sectioning in cadaveric simulation.”® Implantation of
this TWA involves a proximal row carpectomy and
thus removal of many of these stabilizing anatomical
structures, which may influence measured wrist mo-
tion paths. Finally, it is possible that soft tissue ten-
sion was altered between anatomic and TWA
conditions. Overtensioning of soft tissues caused by
the insertion of too large an implant (“over-stuffing”)
is thought to cause pain, stiffness, and reduced ROM
in vivo and could have influenced wrist angle tra-
jectories in the present study.””

It is unlikely that any prosthetic TWA can fully
replicate the complex anatomy and mechanics of the
wrist. All designs involve some compromise. In the
case of ball-and-socket arthroplasties, ultimate ROM
in any direction is limited by physical impingement
of the neck of the head against the rim of the cup,
following which levering of one against the other
takes over from rotation of the head within the cup.’
Impingement was observed during some trials in this
series, but did not affect the maintenance of anatomic
ROM (Table 1). Reigstad and Rgkkum'” estimated
that this implant should have an impingement-free
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ROM of around 70° in all directions; however, in
practice, the exact range may be altered by the
alignment of the screws with long axes of the radius
and MCIIL

Tendon forces recorded by our simulator provide
an insight into the efficiency of cadaveric wrist mo-
tion pre- and post-TWA. We found that the
maximum tendon forces required to perform similar
ranges of wrist motion were the same or less after
TWA (Table 2), suggesting that TWA does not
reduce the efficiency of the wrist. The preoperative
and postoperative force comparison is a useful indi-
cator, but these tendon forces cannot be applied
directly to in vivo biomechanics. Antagonistic muscle
forces and external loads, including gravity, which
were not simulated, could result in markedly different
tendon force distributions. In addition, it is possible
that different stabilizing muscle forces are required
after a TWA because many existing anatomical
constraints have been removed.

This in vitro study compared the movement pat-
terns and efficiency of the anatomic wrist with those
following the insertion of a TWA. The results would
suggest that this arthroplasty can accurately recreate
all normal movements of the wrist, both in-plane and
coupled, with good efficiency. Further studies should
aim to ensure that these findings are replicated in vivo.
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