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Figure 1.22: Central Column Theory as Described by Sandow et al. The central column
is composed of the distal carpal row acting an articulating with the lunate (white). There is
a separate ulnar restraint articulating with the triquetrum (brown), and an independent
scaphoid on the radial side (green), and independent 1% ray (orange). (Reused with
permission from Sandow MJ, Fisher TJ, Howard CQ, Papas S. Unifying model of carpal
mechanics based on computationally derived isometric constraints and rules-based motion
- the stable central column theory. J Hand Surg Eur Vol. May 2014;39(4):353-63.
doi:10.1177/1753193413505407).
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1.2.2 Challenges and Controversies in the Study and
Characterization of Carpal Kinematics

There are several factors that contribute to the difficulties encountered in the study of carpal
kinematics. Firstly, unlike the hip or the knee which comprise of one to three articulations, the
wrist is comprised of eight bones divided into a proximal carpal row (scaphoid, lunate, triquetrum
and pisiform) and a distal carpal row (trapezium, trapezoid, capitate and hamate). Each bone
articulates with multiple adjacent bones, as well as the distal radius and ulna of the forearm
proximally, and the metacarpals of the hand distally 7!2. The sheer number of articulations is a hint
towards the complexity in degree and direction of movement that can be generated by the wrist.
Additionally, intercarpal and extracarpal ligaments as well as numerous volar and dorsal tendons
and muscles play a role in the functional capabilities of the carpus !”. This complex anatomic
design, and involvement of multiple bony, soft tissue and muscular structures makes it challenging
to parse out the contributions to cumulative motion of each bone and its individual articulations

from the surrounding soft tissue and musculature '8,

Next, the wrist joint has the ability to move, unconstrained in 6 degrees-of-freedom. This ranges
from wide circumduction maneuvers to smaller intricate movements of the carpus. Although the
wrist can generate movements along the traditional 6 planes (abduction and adduction, flexion and
extension, pronation and supination), many functional tasks, including hammering, writing and
swinging are composite motions, that are performed out-of-plane 7'7:!%2°, This makes easily
accessible 2-dimensional techniques such as x-ray, cineradiography and fluoroscopy prone to error
in the study of carpal kinematics, as they cannot accurately capture the 3-dimensional motion and
non-planar motion patterns of the wrist that frequently comprise functional carpal motion. The
advent and increased accessibility of 3-dimensional modalities such stereotactic trackers and 3-
dimensional imaging including computed tomography (CT), and magnetic resonance imaging
(MRI) have allowed more detailed and accurate studies of carpal kinematics through multiple

motion planes 2122,

Additionally, the small size of the carpal bones, and relatively small movements between bones
imposes a technical challenge regarding accurate measurement and kinematic study !%23. External
sensors run the risk of increased error, as skin and soft tissue between the sensors and the bones

introduce inaccuracies in measurements. There is difficulty assuring motion is attributed to a
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specific bone, without contribution from the numerous other articulations in close proximity.
Tracking methods involving implantation into the bone of interest, as well as CT technology have
helped to mitigate that challenge, and allowed study of motion with high degrees of accuracy in

multiple planes 1722,

A large degree of controversy exists when describing the true motion of the scaphoid.
Cragen and Stanley show that the scaphoid has differential motion in different positions, with
women more likely displaying column-type kinematics, and conversely, men having more
tendency towards a row-type configuration 24, At the time, the idea of a variably-moving scaphoid
was also supported by findings that overall ligamentous laxity correlates to the degree of out-of-
plane scaphoid motion 3. Although the idea of an over-arching model of carpal kinematics is
attractive, more detailed study of the carpal bones shows that these theories likely represent an
over-simplified model to describe true kinematic motion at the wrist. Wolfe further elucidated the
variability of the scaphoid using 3DCT in-vivo analysis 2. Although there is a general consensus
that the distal carpal row moves as a single unit, bound tightly by intercarpal ligaments '®!7, the
true motion of the proximal carpal row is not agreed upon and may include a high-degree of
variability between individuals. Further advances in technology now allow better examination of

carpal kinematics stereographically and in-vivo and can help to confirm these observations.

Regardless of these challenges, perseverance in truly understanding the normal kinematic motion
of the wrist remains critical in our ability to understand normal anatomic function. By
understanding normal, we can define targets for the treatment of injury, with the aim of restoring

anatomic function and optimizing outcomes.
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1.3 Thesis Rationale

Kinematic study has provided ample knowledge of motion and function of the various joints
throughout the body. Although our understanding of wrist kinematics continues to grow, there
remains no consensus understanding of normal kinematic behaviour of the carpal bones. There are
several popular theories of carpal kinematics, including the Row, Column, Oval Ring, Balanced
Forces Applied to the Lunate, and Central Column Theory that have been proposed, none of which
has been fully confirmed or disproven. It is likely that the original column and row theories are
oversimplifications, given the limited technology available at their inception to truly understand

the complex 3-dimensional motions of the carpus.

The main criticism of studies to date is the lack of extreme fidelity required to characterize motion
in this region without doubt or error. Four-dimensional computed tomography technology allows
the most high-fidelity examination of in-vivo carpal kinematics without the limitations associated
with cadaveric or 3-dimensional scanning protocols regarding lack of true joint reactive forces and
contribution of muscle tone and soft tissue. Currently, there remains no 4DCT kinematic analysis
of the entire carpus throughout flexion-extension motion (FEM) within the literature. Dart-
thrower’s, an enticing movement for post-operative rehabilitation protocols, has been studied by
multiple authors at this time. Additionally, the wide variability and minimal movement, noted in
proximal carpal row mechanics during RUD make it more challenging to draw definitive

conclusions on.

Our study is the first study to analyze in-vivo carpal kinematics of the entire wrist using dynamic,
non-invasive 4DCT technology, during unconstrained FEM. Previous in-vivo studies have largely
focused on the scapho-lunate and capitate articulations without much attention to the remainder of
the carpus. A better understanding of normal baseline wrist kinematics is required. Although
numerous studies have been performed, a consensus has yet to be reached due to the challenges
involved in the study of carpal kinematics, and the varying accuracy and fidelity of the techniques
used to date. These are further discussed in Chapter 2. This knowledge has significant clinical
implications. Knowing the range of normal kinematics of the entire carpus may provide a clearer
picture of anatomic targets in order to refine specific repair and reconstruction techniques and

allow clinicians to optimize their management techniques. This can include things such as

34



determining sites for partial wrist fusions, or reconstructing ligaments in order to restore normal
function. Ultimately, the hope is that restoring normal will lead to increased satisfaction,
functional outcomes, and longevity of implants following operative intervention. Additionally, a
complete understanding of wrist kinematics would allow the optimization of rehabilitation
strategies to maximize recovery. Without a true consensus and understanding of normal, these

goals remain a moving target.

1.3.1 Objective and Hypothesis

The main objective of this study is to quantify in-vivo carpal kinematics during flexion-extension

motion using 4DCT technology.
This is accomplished by:

a) Quantify the degree and direction of sagittal rotation of each carpal bone during Flexion-
Extension Motion (FEM) by using helical axes data.

b) Identifying bones which move together and can be grouped into a single kinematic body
and defined as “blocks”

¢) Quantifying degree of motion between blocks during FEM by using helical axes data.

The secondary objective is to use our findings to support or contradict the currently accepted
theories of carpal kinematics by comparing the consistency of those theories with our kinematic

findings.

We hypothesize that the currently accepted row, column and oval ring theories will be shown to
be oversimplifications and will have features not consistent with our findings. We postulate that

our results will largely support one of the remaining theories more strongly.
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