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Abstract 

When ligaments within the wrist are damaged, the resulting loss in range of motion and grip 

strength can lead to reduced earning potential and restricted ability to perform important activities of daily 

living. Left untreated, ligament injuries ultimately lead to arthritis and chronic pain. Surgical repair can 

mitigate these issues but current procedures are often non-anatomic and unable to completely restore the 

wrist’s complex network of ligaments.  An inability to quantitatively assess wrist function clinically, both 

before and after surgery, limits the ability to assess the response to clinical intervention.  Previous work 

has shown that bones within the wrist move in a similar pattern across people, but these patterns remain 

challenging to predict and model. 

In an effort to quantify and further develop the understanding of normal carpal mechanics, we 

performed two studies using 3D in vivo carpal bone motion analysis techniques.  For the first study, we 

measured wrist laxity and performed CT scans of the wrist to evaluate 3D carpal bone positions.   We 

found that through mid-range radial-ulnar deviation range of motion the scaphoid and lunate primarily 

flexed and extended; however, there was a significant relationship between wrist laxity and row-column 

behaviour.  We also found that there was a significant relationship between scaphoid flexion and active 

radial deviation range of motion.  For the second study, an analysis was performed on a publicly available 

database.  We evaluated scapholunate relative motion over a full range of wrist positions, and found that 

there was a significant amount of variation in the location and orientation of the rotation axis between the 

two bones.  Together the findings from the two studies illustrate the complexity and subject specificity of 

normal carpal mechanics, and should provide insights that can guide the development of anatomical wrist 

ligament repair surgeries that restore normal function. 
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Chapter 1 

Introduction 

1.1 The Wrist 

The wrist is a joint complex that consists of eight carpal bones (the scaphoid, lunate, 

triquetrium, pisiform, trapezoid, trapezium, capitate, and hamate), the distal ends of the radius 

and ulna, and the proximal ends of the five metacarpals (Figure 1). Among the different bones 

there are 27 unique joint articulations.    

Figure 1: The carpus consists of eight small carpal bones including the scaphoid (sca), 

lunate (lun), triquetrum (trq), pisiform (pis), trapezoid (tpd), trapezium (tpm), capitate 

(cap), and hamate (ham). These bones are situated between the radius and ulna, and the 

metacarpals. Volar (palmer or front) and dorsal (back) views are shown. 
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Figure 2: Dorsal and volar views of the extrinsic (top) and intrinsic (bottom) ligaments of 

the wrist.  In a real wrist, the ligamentous web consists of thickenings in a sheath of fascia 

rather than discrete elements. 

 

With minimal muscle insertions, movement of the carpal bones is facilitated by the 

shapes of the bones and a network of ligaments (Figure 2). These ligaments have been 

categorized into extrinsic and intrinsic ligaments, with extrinsic ligaments connecting the radius 

and ulna to the carpal bones, and intrinsic ligaments connecting carpal bones together [1].  All of 

these ligaments play a crucial role in stabilizing and guiding the motion of the carpal bones in a 

healthy wrist. 

 

 

Volar Dorsal 
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1.2 Wrist Pathology and Surgical Treatment 

Pain-free wrist motion is essential for activities of daily living, and is a prerequisite for 

optimal performance across most professions. The cost of impairment to the patient and society 

includes lost wages, healthcare and compensation-related costs, and a significant decline in 

quality of life [2], [3].  

Wrist ligament injuries are a common form of wrist impairment and when left untreated 

can cause carpal instability and osteoarthritis [4] (Figure 3).  These injuries can occur from 

simply falling onto an outstretched hand and commonly accompany distal radius fractures [5]–

[8].  One of the most common injuries, is a scapholunate interosseous ligament (SLIL) tear which 

can cause pathological extension of the lunate or dorsal intercalated segment instability (DISI).  

This instability can cause further uncoupling of carpal motion and posture such as increased 

scaphoid flexion [9].  Left untreated, SLIL tears lead to a repeatable pattern of osteoarthritis 

starting at the radial styloid, then advancing to the proximal scaphoid, and lastly, moving to the 

capitolunate joint [10].   

 

 

 

 

 

 

Figure 3: Radiographs illustrating widening of the scapholunate gap (left) after a SLIL tear.  

This leads to carpal instability and osteoarthritis beginning in the radio-scaphoid joint 

(right)1 [4]. Arrows are used to illustrate the widening of the gap and the osteoarthritis 

forming on the radius. 

                                                      

1 Canadian Journal of Surgery, 2004, by permission. 

Osteoarthritis Widening 

Copyright © Access Copyright Copyright © Access Copyright 
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Currently, there are multiple reconstruction methods used to repair the SLIL.  Four 

common procedures for SLIL reconstruction are Capsulodesis, the Scapholunate Axis Method 

(SLAM), the Reduction and Association of the Scaphoid and Lunate Method (RASL), and the 

Modified Brunelli Technique (MBT) (Figure 4). Capsulodesis, originally described by Blatt in 

1987, aims to reinforce the extrinsic ligaments and restore the dorsal component of the SLIL [11].  

For the SLAM and RASL procedures, either a graft or screw is placed at the centre of the 

articulating surfaces of the SL joint, securing the two bones together [12], [13].  Both of these 

procedures are based, in part, on the assumption that rotation of the scaphoid relative to the lunate 

occurs about an axis through the central axis of the scaphoid and lunate (SL-axis).  This axis is 

approximately perpendicular to the articular surfaces between the scaphoid and lunate.  Finally, 

the Modified Brunelli Technique uses a slip of the flexor carpi radialis tendon to replicate the 

dorsal component of the SLIL [14]. None of the methods restore all three components (dorsal, 

volar, and proximal) and the complex C-shaped structure of the ligament; however, a new 

surgical technique proposed by Henry reconstructs both the volar and dorsal limbs of the SLIL 

[15].  Across all procedures, the results remain unpredictable and there is no consensus on the 

best treatment option for patients with SLIL tears [16].    
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Figure 4: Three different SLIL repair procedures: the Reduction and Association of the 

Scaphoid and Lunate Method (left), the Scapholunate Axis Method (centre)2 [13], and the 

Modified Brunelli Technique (right)3 [14].  

Although surgical repair can mitigate issues caused by wrist ligament tears, current 

procedures are often non-anatomic and unable to completely restore the wrist’s complex network 

of ligaments.  As a result, this can cause carpal instabilities because the carpal bones are forced 

into motion patterns they are not equipped to tolerate.  One of the limitations with providing 

anatomic surgeries is that there is still a lack in understanding of the spectrum of healthy carpal 

mechanics.  This uncertainty is due to the small size of the carpal bones, their functionally 

complex interactions, and an inability to measure directly the kinematics and kinetics during 

dynamic activities.  By understanding how subject-specific variations impact carpal mechanics, 

surgeons will be able to tailor their treatments and surgeries to be patient specific.  This will 

ultimately help optimize patient outcomes and provide a target for physicians when they are 

trying to restore normal mechanics. 

                                                      

2 Reprinted from J. Hand Surgery, vol. 39, no. 4, S. K. Lee, D. A. Zlotolow, A. Sapienza, R. Karia, and J. 

Yao. Biomechanical Comparison of 3 Methods of Scapholunate Ligament Reconstruction. Pp. 643-650, 

Copyright 2014, with permission from Elsevier. 
3 Reprinted from J. Hand Surgery European Volume, vol. 31, no. 1, S. C. Talwalkar, A. T. J. Edwards, M. 

J. Hayton, J. H. Stilwell, I. A. Trail, and J. K. Stanley. Results of Tri-Ligament Tenodesis: A Modified 

Brunelli Procedure in the Management of Scapholunate Instability. Pp. 110-117, Copyright 2006, with 

permission from Elsevier. 

Copyright © Elsevier Copyright © Elsevier 
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1.3 Wrist Motion and Carpal Kinematics 

Wrist motion is defined as movement of the metacarpals relative to the radius.  The 

primary two motions that are used to describe wrist motion are Flexion-Extension (FE) and 

Radial Ulnar Deviation (RUD) (Figure 5).  Coupled motions such as the dart throwers motion – 

from radial-extension to ulnar flexion, can be described by a combination of these two primary 

motions.  The two degree of freedom motion of the wrist is facilitated by the individual six degree 

of freedom articulations of the carpal bones and it is thought the carpal bones rotate and translate 

such that both mobility and stability are maintained throughout the range of motion (Figure 6) 

[17].  Predicting and tracking the carpal bone motion patterns remains challenging, and there is a 

substantial gap in understanding the kinematics of healthy carpal mechanics. 

 

 

 

 

 

 

 

 

 

Figure 5: The wrist has two primary functional motions: flexion-extension and radial-ulnar 

deviation4 [9]. 

                                                      

4 Journal of Hand Surgery (European Volume), 2015, by permission. 

Copyright © 2015, © SAGE Publications 
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Figure 6: Wrist motion can be defined by two degrees of freedom of motion : flexion-

extension (top), and radial-ulnar deviation (bottom).  Both of these functional motions are 

facilitated by complex six degree of freedom carpal bone motions. 

 

There are several components to the current understanding of the carpal bone motion 

patterns of the wrist.  First, the distal row which consists of the hamate, capitate, trapezium, and 

trapezoid, is tightly bound together by intercarpal ligaments and motion between them is small – 

typically on the order of 1-2o [1], [18].  Through both flexion-extension and radial ulnar deviation 

motions, the distal row moves as a unit in response to the musculotendinous forces of the forearm 

[1].  Second, in the proximal row, and specifically the lunate and scaphoid, recent studies have 

found that through wrist flexion-extension the scaphoid and lunate primarily flex and extend [19].   

For wrist radial-ulnar deviation motions, there is a discrepancy in the literature around the 

behaviour of the scaphoid and lunate (the proximal row).  Craigen and Stanley found that there 

was a normally distributed spectrum of scaphoid and lunate kinematics, where some subjects had 

more “row” type wrists and other subjects had more “column” type wrists through radial-ulnar 
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deviation motions [20].  During wrist radial-ulnar deviation, for a “row” type wrist the scaphoid 

and lunate primarily radially and ulnarly deviate relative to the radius and for a more “column” 

type wrist, the scaphoid and lunate flex and extend relative to the radius (Figure 7).  Garcia-Elias 

found a similar spectrum and that subjects with higher wrist laxity tended to have “column” 

wrists [21].   However, both studies evaluated carpal kinematics using 2D radiographs, which 

have been shown to be susceptible to errors in slight rotations about the axis of the wrist [9].   

Ligament laxity is often referred to as the “looseness” of ligaments, but it does not have 

one clear definition. It has been described as a property which allows a person’s joints to have a 

greater range of motion [22].  Garcia-Elias determined that wrist mobility was the result of 

increased laxity, and used four tests to determine the level of laxity of a subject’s wrist [21].   

In a more recent study using in vivo 3D carpal bone analysis techniques, Crisco et al. 

found that the scaphoid and lunate primarily flexed and extended through all motions (including 

radial and ulnar deviation), which would lend support to the “column” type theory of scaphoid 

and lunate kinematics [23].  This supported the findings of some cadaveric studies [24], [25], but 

contradicted another in vivo 3D study done by Moojen et al. which found both row and column 

type kinematics [26].  None of the recent studies using in vivo 3D carpal bone motion analysis 

techniques have collected laxity data, and therefore comparisons to the early work of Garcia-Elias 

have not be made.  Understanding how ligament laxity affects carpal bone motion may give 

insight into what dictates the carpal kinematics and what gives a wrist more row or column type 

behaviour. 
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Figure 7: The volar and radial views of two different wrists with different kinematic 

behaviour. For a row-type wrist (left) through wrist radial and ulnar deviation, the 

scaphoid and lunate radially and ulnarly deviate relative to the radius, and the motion is 

primarily in the coronal (frontal) plane of the wrist.  For a column-type wrist (right), 

through wrist radial and ulnar deviation the scaphoid and lunate flex and extend relative to 

the radius, and the motion is primarily in the sagittal plane of the wrist.   

 

Although there have been numerous studies on scaphoid-radius and lunate-radius 

kinematics, the relative motion of the scaphoid and lunate has not been well defined.  Morimoto 

et al. found that as wrist motion changed from RUD to FE, the range of lunate motion relative to 

the scaphoid also increased [27].  Similar results were also found in a cadaveric study by Ruby et 

al. which demonstrated that there was increased rotation between the scaphoid and lunate during 

FE as opposed to RUD motions [28].  Their study also demonstrated that the axis of SL rotation 

RUD 

RUD 
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during FE motions was primarily aligned with the FE axis of the wrist.  During RUD motions, 

they found that there was SL rotation about both the FE and RUD axes of the wrist.  While these 

studies provided insight into the motions of the scaphoid and lunate, the location and orientation 

of the relative rotation axis between the bones has not been well defined.   

In summary, there remains a substantial gap in understanding and quantifying the healthy 

spectrum of carpal kinematics.  Specifically, further research is required to understand how the 

lunate and scaphoid move relative to one another in a healthy asymptomatic wrist.  Quantifying 

normal relative scapholunate carpal kinematics is important as scapholunate ligament injury 

repairs are sometimes performed using an assumption of normal carpal kinematics.  Additionally, 

it remains unclear how the carpal bones move through RUD motions and how laxity influences 

this motion.  Evaluating the relationship between ligament laxity and carpal bone motion is 

important as some patients progress to chronic wrist pathology despite surgical intervention and 

laxity likely plays a key role in stability of the normal wrist [21].  Evaluating both of these areas 

is an important step towards quantifying the spectrum of healthy carpal kinematics and will 

provide a framework for understanding the pathomechanics of the wrist. 
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1.4 Summary and Objectives 

The wrist is a complex joint and is important for many activities of daily living.  

Although some patterns in wrist function and behaviour have been described, there exists a broad 

spectrum of biomechanics across a healthy population.  Variation in the spectrum of healthy 

function is the result of different bone shapes, different ligament properties (origin, insertion, 

laxity, thickness, etc.), and wrist motion paths.  The effects of these variations on carpal 

mechanics remain challenging to predict and evaluate, and as such there is a lack of 

understanding of normal carpal kinematics and what factors are related to the observed variance 

in carpal kinematics across people. 

A better understanding of normal carpal kinematics is important from a biomedical 

engineering perspective for improving biomechanical models, joint arthroplasties, and prosthetic 

design.  Specifically, developing a better understanding of the influence of ligament laxity on 

carpal kinematics will advance the field of biomechanical modeling within the human wrist.  

Many musculoskeletal models of the upper and lower extremities constrain joints such that the 

function of the ligaments is neglected. In models where the joints are not constrained, mean 

values of mechanical properties from the literature are assigned. However, it is well known that 

there is large variation in ligament properties across people.  This research will lay the foundation 

for studying subject specific ligament properties and their influence on carpal mechanics.  In turn 

this information will help orthopedic surgeons develop improved anatomical subject specific 

surgeries, better surgical tools, and restore and track wrist function.   

To contribute to a long term goal of quantifying normal carpal kinematics and 

determining what subject specific factors influence carpal kinematics, we performed two different 

studies focused on scaphoid and lunate carpal mechanics over the spectrum of healthy function.  

The first study’s primary objective was to determine whether there is a relationship between mid-

range 3D carpal bone motion and wrist laxity.  To evaluate this, we looked at whether there was a 
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relationship between wrist laxity and the row-column behaviour of the scaphoid and lunate 

through mid-range radial-ulnar deviation motions.  The secondary objective of this study was to 

determine if 3D carpal bone motion posture has an effect on functional wrist range of motion.    

The second study’s primary objective was to evaluate the variation in the rotation axes of the 

scapholunate joint during flexion-extension and radial ulnar deviation motions.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

13 

 

Chapter 2 

Does Wrist Laxity Dictate Midrange 3D Carpal Bone Motion? 

2.1 Introduction 

Two of the most persistent theories of carpal bone kinematics describe the motion of the 

bones either as a set of rows, a set of columns, or a combination of the two [17], [29]–[31].   

What classifies a wrist as row or column is how the proximal row of carpal bones (i.e. the 

scaphoid and the lunate) behaves during wrist radial-ulnar deviation (RUD) motions. For a “row” 

type wrist, the scaphoid and lunate deviate radially and ulnarly, and their motion is primarily 

within the coronal (frontal) plane of the wrist. For a more “column” type wrist, the scaphoid and 

lunate flex and extend during wrist RUD, and their motion is primarily within the sagittal plane of 

the wrist.  

Craigen and Stanley measured scaphoid motion during wrist radial and ulnar deviation 

using two-dimensional radiographs and proposed that there was a spectrum between the row and 

column patterns, with some subjects having more “row”-like wrists, and others having more 

“column”-like wrists [20]; however, they did not determine the cause of the observed variation.  

Using two-dimensional radiographs, Garcia-Elias et al. suggested that scaphoid rotation in the 

sagittal plane during RUD wrist positions was predicted by wrist laxity – subjects with increased 

wrist laxity had more “column” like wrists, and subjects with decreased laxity had more “row” 

like wrists [21].    

Using more robust three-dimensional techniques, Moojen et al. examined the carpal bone 

motion of 11 healthy volunteers during wrist radial-ulnar deviation and a subset of 5 subjects 

through wrist flexion-extension [26]. Their findings supported the “spectrum” theory of scaphoid 

and lunate kinematics; however, in a comprehensive study of carpal kinematics Crisco et al. 

examined 28 wrists across the full range of motion – including more functional oblique motions – 
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and found that the scaphoid and lunate primarily flexed and extended through all motions other 

than the dart thrower’s path where their motion was minimal. These findings supported the 

“column” theory of carpal kinematics [23].  

The purpose of this study was to reconcile the findings of Crisco et al. which support the 

column theory of carpal kinematics with the findings of Craigen and Stanley and Garcia Elias 

which support a row-to-column spectrum theory of carpal kinematics. Here we utilize three-

dimensional techniques to determine whether wrist laxity predicts mid-range 3D carpal bone 

motion patterns. We hypothesized that subjects with decreased wrist laxity would have more 

“row” type motion through mid-range wrist radial and ulnar deviation positions compared to 

subjects with higher laxity. Secondarily, we investigated other factors that may affect wrist range 

of motion (ROM) such as scaphoid posture in neutral [32].  

 

2.2 Methods 

2.2.1 Subjects and Laxity Measurements 

After institutional review board approval and informed consent, 17 right-handed 

volunteers were screened for wrist laxity.   All volunteers were examined by an orthopedic 

surgeon, and their range of motion, grip strength, and palpated carpal postures were evaluated.  

Any subjects with a history of wrist injury or signs of wrist pathology were excluded from the 

study. From the screening pool, ten right-handed subjects (6 females, 4 males; average age 32 

years; range, 19-52 years) that represented a population with a wide spectrum of wrist laxity were 

recruited as participants.  Wrist laxity was measured using a goniometer to measure the different 

positions based on palpated bony landmarks (Appendix C, Table A1).  We measured wrist 

flexion, extension, radial deviation, and ulnar deviation both actively and passively, and passive 

thumb flexion and extension (Figure 8).  For the passive measurements subjects were instructed 

to apply force increasing the angle of the hand relative to the forearm until they felt slight 
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discomfort.  For the radial and ulnar deviation measurements, subjects placed their hand and 

forearm flat on a surface to ensure no flexion-extension, and for the flexion-extension 

measurements the goniometer was used to ensure that there was no radial or ulnar deviation.  

Three measurements were taken for each position and the average was used as the representative 

measurement for the subject (Table 1). Recent work has suggested that the carpal ligaments are 

maximally strained in extreme wrist flexion and extension [19], [33]; therefore, wrist laxity was 

defined by the passive FE range of motion from the goniometer measurements.  In addition to 

measuring wrist laxity, global laxity was measured using the nine point Beighton score 

(Appendix C, Table A2).  The Beighton score uses 5 tests to assess general hypermobility and 

joint laxity [34].  

Figure 8: Illustrations of the different wrist and thumb positions used to measure wrist 

laxity. For wrist flexion (a), extension (b), radial deviation (c) and ulnar deviation (d), both 

active (no applied external force) and passive (applied external force) measurements were 

taken in degrees.  For thumb flexion (f) and extension (e), only passive measurements were 

taken and the distance from the mid line of the distal thumb phalange was measured to the 

forearm in millimetres. 
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Table 1: Average (1 SD) laxity measurements for individual subjects  

Subject Sex Age Beighton 

Score 

Active  

Flexion 

Active  

Extension 

Active Radial 

Deviation 

Active Ulnar 

Deviation 

1 F 23 5 94.0 (2.6) 70.3 (2.5) 26.7 (2.1) 43.7 (3.1) 

2 M 22 2 79.0 (2.0) 66.0 (2.6) 26.0 (0.0) 35.0 (1.7) 

3 F 19 1 77.3 (5.9) 63.3 (1.2) 15.0 (1.7) 34.7 (1.2) 

4 M 21 0 75.3 (1.5) 63.7 (2.5) 28.0 (5.3) 34.7 (0.6) 

5 F 39 0 85.3 (1.5) 72.7 (0.6) 23.3 (3.1) 47.0 (2.6) 

6 F 35 0 72.3 (3.8) 59.3 (0.6) 16.0 (2.0) 39.0 (0.0) 

7 M 36 0 62.3 (2.9) 58.0 (1.0) 25.3 (2.3) 29.7 (1.2) 

8 M 50 0 70.7 (0.6) 47.7 (1.5) 6.7 (1.2) 44.0 (1.0) 

9 F 52 1 85.0 (1.7) 56.0 (3.0) 14.7 (0.6) 43.3 (0.6) 

10 F 23 5 96.7 (2.3) 84.7 (1.5) 25.0 (5.0) 54.7 (1.5) 

*All wrist measurements are in degrees and thumb measurements are in mm. 
 

 

Table 1 (cont.): Average (1 SD) laxity measurements for individual subjects  

Subject Passive  

Flexion 

Passive 

Extension 

Passive  

Radial 

Deviation 

Passive  

Ulnar 

Deviation 

Passive 

Thumb 

Flexion 

Passive  

Thumb 

Extension 

1 116.0 (1.7) 75.0 (4.4) 38.3 (2.1) 47.7 (5.0) 45.0 (1.0) -13.3 (1.5) 

2 110.3 (3.8) 89.3 (1.5) 30.7 (0.6) 42.7 (1.2) 94.7 (1.5) 17.0 (3.6) 

3 91.3 (5.0) 76.3 (1.2) 23.7 (1.5) 39.0 (3.6) 82.3 (2.5) 71.0 (3.6) 

4 97.0 (1.0) 85.0 (2.0) 31.0 (4.0) 44.3 (2.1) 93.0 (4.4) 84.7 (3.1) 

5 104.0 (5.2) 88.3 (1.5) 38.7 (3.5) 53.3 (2.3) 78.0 (3.0) 46.3 (1.5) 

6 94.0 (5.0) 69.3 (5.5) 23.7 (0.6) 43.0 (2.6) 81.3 (5.7) 69.7 (2.5) 

7 76.3 (5.5) 78.3 (1.2) 34.3 (2.1) 30.0 (0.0) 96.7 (2.9) 89.7 (2.9) 

8 82.3 (2.1) 71.7 (1.5) 11.0 (1.0) 46.3 (0.6) 101.0 (1.0) 72.0 (1.0) 

9 91.0 (1.0) 60.0 (1.0) 20.0 (1.0) 50.7 (1.5) 87.7 (1.2) 72.0 (3.0) 

10 122.0 (2.6) 107.0 (2.0) 34.7 (1.2) 68.7 (3.1) 8.3 (7.1) -18.3 (5.1) 
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2.2.2 Scanning Protocol 

To evaluate 3D carpal bone positions, we obtained computed tomography (CT) volume 

images of the subjects’ right wrist in three different targeted positions: neutral, 20o of ulnar 

deviation, and 20o of radial deviation.  Mid-range RUD positions were chosen so that all subjects 

could reach the targeted positions and so that the carpal kinematics at similar targeted positions 

could be compared. During the scans, subjects lay prone with their forearm pronated and right 

arm extended, in neutral shoulder abduction, and parallel with the long axis of the CT table. A 

custom-built plexiglass/polycarbonate wrist-positioning jig, and goniometer were used to position 

the wrists for the different scans (Appendix C, Table A3). 

 The right wrist of each subject was imaged using a GE Brightspeed CT Scanner (GE 

Medical, Milwaukee, WI).  Each scan included the distal radius, carpus and full metacarpals. 

Images were taken at 80 kV, with a slice thickness of 0.625mm, and a field of view that yielded 

an in plane resolution between 0.2 x 0.2 and 0.3 x 0.3 mm2.  A current of 80 mA was used to 

produce higher quality scans for the neutral position scan, and for all subsequent scans the current 

was decreased to 60 mA. For the three different scans, the subject’s wrist was positioned flat on a 

surface with no flexion or extension.  

2.2.3 Image Processing and Kinematics 

The images from the CT scans were segmented using Mimics 17.0 (Materialize, Leuven, 

Belgium) and the 3D bone volumes of the radius, ulna, eight carpal bones and metacarpals were 

obtained.  All 3D bone volumes were converted to Virtual Reality Modelling Language (VMRL) 

format, which consists of the 3D coordinates of each vertex and the connections of triangular 

patches which make up the surface of the 3D volume.  Using Matlab (R2014b, Mathworks), the 

volume (mm3), surface area (mm2), centroid location (mm), and the principal inertial axes were 

calculated for each bone in each position [35]. The principal inertial axes can be described as the 
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three orthogonal lines passing through the centroid of each carpal bone and are ordered based on 

their magnitude [36].   

Kinematic transforms describing the motion of each bone from the neutral position to 

each subsequent position were calculated using inertial registration for closed, genus-0 bones, and 

a robust surface matching algorithm with Geomagic software (Raindrop Geomagic, Research 

Triangle Park, NC) for cropped bones such as the radius and ulna [37], [38]. Briefly, the 

kinematic transforms were created by multiplying the inverse of principal inertial axes and 

centroid of the high resolution neutral position bone surface model by the principal inertial axes 

and centroids of the corresponding bone surface model in the non-neutral wrist positions (i.e. 

wrist radial and ulnar deviation). The accuracy of these methods has been previously reported to 

be less than 1 mm of translational error for all bones, less than 0.5o of rotation error for the 

scaphoid and capitate, and less than 2o of rotation error for all other bones [39].   

To compare the 3D carpal bone postures between the different positions relative to the 

radius, the radius was mathematically fixed and a radius based anatomical coordinate system 

(ACS) was established based on previous methods (Figure 9) [36].  The first axis (Xr) of the ACS 

was determined using a line fit through the centroid of the diaphysis of the radius.  The second 

axis (Yr) was established based on the point of intersection of Xr with the distal radius surface and 

the radial styloid.  The third axis (Zr) is the cross product of Xr and Yr.  Rotation about Xr 

describes wrist pronation (+) – supination (-), rotation about Yr describes wrist flexion (+) – 

extension (-), and rotation about Zr describes wrist ulnar (+) – radial (-) deviation. 
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Figure 9: An anatomic coordinate system in the distal head of the radius was used to 

describe the motion of the carpal bones in the wrist.  Rotation about Xr (red) describes wrist 

pronation (+) – supination (-), rotation about Yr (green) describes wrist flexion (+) – 

extension (-), and rotation about Zr (blue) describes wrist ulnar (+) – radial (-) deviation. 

 

To assess carpal kinematics, the helical axis of motion (HAM) was calculated from pose 

to pose for the different carpal bones for 20o radial to 20o ulnar deviation.  The HAM consists of 

the following components: the rotation axis about which the bone rotates, the angle of rotation 

about this axis, the translation of the object along the rotation axis, and the location of the rotation 

axis in 3D space [40]–[42].  In the carpal based coordinate systems, the location of the rotation 

axis was defined as the closest point on the rotation axis to the centroid of the carpal bone.  A 

quaternion averaging technique was used to calculate the resultant HAM across subjects for the 

different combinations of positions [43].  The location and angle between each individual axis 

and the quaternion average axis was used to quantify variation in SL rotation axis orientation.  

The orientation of the scaphoid-radius (SR) and lunate-radius (LR) helical axis was used to 

establish whether a wrist demonstrated more “column” or “row” behaviour (Figure 10).  Subjects 

with more “row” like wrists would be expected to have a greater angle between the orientation of 

Flex - Ext 

RUD 

Right Wrist Volar View 
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their scaphoid-radius helical axis and the FE (Yr) axis of their wrist and a greater angle between 

the orientation of their lunate-radius helical axis and the FE (Yr) axis of their wrist.  Subjects with 

more “column” like wrists would be expected to have a helical axis that is nearly aligned with the 

FE (Yr) axis of their wrist.  

 

Figure 10: A top (coronal) view of the radius (grey), scaphoid (green), and lunate (blue) and 

the radius based anatomical coordinate system. If the scaphoid-radius or lunate-radius 

HAM is more closely aligned with the RUD axis of the wrist (blue) then the carpal motion 

can be described as “row” like behaviour.  If the scaphoid-radius or lunate-radius HAM is 

more closely aligned with the FE axis of the wrist (green) then the carpal motion can be 

described as “column” like behaviour.  
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To evaluate whether the scaphoid’s posture in neutral predicted radial deviation range of 

motion, we measured scaphoid flexion angle in the neutral posture.  Using a XYZ Euler angle 

sequence, we measured the angle between the first principal axis of scaphoid based coordinate 

system (SCS) and the anatomical coordinate system (ACS) of the wrist (Figure 11).  The first 

principal inertial axis happens to fall along the midline of the scaphoid piercing both poles [36]. 

 

Figure 11: Scaphoid flexion angle was approximately the angle between the first principal 

inertial axis of the scaphoid and the first principal axis of the ACS. 
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2.2.4 Statistical Analysis  

To evaluate the relationship between laxity and 3D carpal bone motion, we used k-means 

clustering and grouped subjects into two different groups based on their passive wrist FE range of 

motion.  This method uses a two-phase iterative algorithm to minimize the sum of point-to-

centroid distances summed over the different clusters [44].  A two-tailed Student’s t-test 

determined whether there was a significant difference between the orientations of the scaphoid-

radius and lunate-radius HAM of the two different groups.   As a secondary analysis, we 

performed linear regression to determine whether there was a continuous relationship between the 

orientation of the scaphoid-radius HAM and passive FE.  Linear regression was used to determine 

the effect of neutral scaphoid posture on active wrist radial deviation and ulnar deviation range of 

motion.  Descriptive statistics were used to describe the orientation and location of the scaphoid-

radius and lunate-radius helical axes.  All laxity measurements are reported in degrees or 

millimetres as an average of the measurements ± 1 SD.  Linear regression was performed 

between the following laxity measurements to establish relationships between the different ranges 

of motions: active flexion-extension (FE) and active radial-ulnar deviation (RUD), active flexion 

(F) and active extension (E), active radial deviation (RD) and active ulnar deviation (UD), active 

FE and active RD, and active FE and active UD. For this pilot study, p < 0.05 denoted 

significance and p < 0.1 denoted a trend in the data for the Student’s t-test.  For the linear 

regressions, an F-test was used to determine whether the slope was significantly different than 

zero.   
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2.3 Results 

We found that through the mid-range RUD range of motion, the scaphoid and lunate 

primarily flexed and extended relative to the radius (Figure 12).  For targeted wrist RD of 20o to 

UD of 20o the average scaphoid-radius and lunate-radius rotation were 27.4 ± 6.5o and 28.9 ± 

8.8o, respectively.  The variation in the orientation of the scaphoid-radius and lunate-radius 

rotation axes was 10.7o and 10.4o.  In the scaphoid based coordinate system, the mean distance 

from the centroid to the rotation axis was 5.8 ± 1.3 mm and the rotation axes tended to pierce the 

scaphoid dorsal and proximal to its centroid (Figure 13a).  In the lunate based coordinate system, 

the mean distance from the centroid to the rotation axis was 3.2 ± 0.9 mm and the rotation axes 

tended to pierce the lunate distal to its centroid (Figure 13b).   

Figure 12: Three views of the scaphoid (green), lunate (blue), and distal parts of the radius  

(grey) in 20o of radial deviation (dark colour) and 20o of ulnar deviation (light colour).  The 

quaternion averaged helical axes are shown with the variation of the orientation of helical 

axis illustrated with the cones. 
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Figure 13: Location of the rotation axes for the scaphoid (A) and lunate (B) relative to the 

radius for the radial deviation of 20o to ulnar deviation of 20o motion in the respective 

carpal inertia coordinate systems. The average location is shown with the standard 

deviation in both directions.  The location of the centroid of the carpal bones is indicated by 

the green dot.  Contours of each individual scaphoid and lunate are also plotted. 
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The k-means clustering based on passive wrist FE resulted in two equal groupings of 5 

subjects each.  The average range of motion for the high passive FE and low passive FE groups 

were 198.8 ± 18.0o and 158.1 ± 7.0o (P < 0.01), respectively. We observed a trend in the 

difference between the orientation of the scaphoid-radius rotation axes between the two groups (P 

= 0.07) (Figure 14a).  No trend was observed between the orientation of the lunate-radius rotation 

axes between the two groups (P = 0.43) (Figure 14b).  The orientation of the scaphoid-radius and 

lunate-radius HAM relative to the FE axis (YR) of the wrist across 9 out of 10 subjects was less 

than 45 degrees, indicating a column-type wrist.   However, for the scaphoid-radius HAM, 

subjects with lower passive FE range of motion tended toward “row” like wrists and subjects with 

higher passive FE range of motion had more column type wrists (Figure 15a).  As a secondary 

analysis, regression of the angle of the scaphoid-radius HAM relative to the FE axis (YR) of the 

wrist with passive FE range of motion demonstrated a continuous relationship (R2 = 0.48, P < 

0.05), with one outlier (subject 10) excluded due to low carpal bone rotations. For the lunate-

radius HAM, no relationship (R2 = 0.09, P = 0.43) was found between passive FE range of 

motion and orientation of the rotation axis (Figure 15b).  The outlier was only removed for the 

secondary regression analysis, and was included in all other parts of the analysis.  This subject 

was hyper flexible, but had limited carpal bone motions.  This suggests that there may be a 

different relationship with laxity and carpal mechanics that is perhaps non-linear. 
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Figure 14: Using k-means clustering, passive FE was used to group subjects into two 

distinct groups of low (N = 5) and high (N = 5) wrist laxity (P < 0.01) (A). Using a Student’s 

t-test we found that there was a trend in the difference in direction of the scaphoid-radius 

rotation axis between the two laxity groups the (P = 0.07) (B).  For the lunate-radius 

rotation axis, there was no trend in the difference in direction (P = 0.43).  Rotation axis 

orientation less than 45 degrees indicates a column-type wrist. 
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Figure 15: A trend can be seen that shows a negative relationship between wrist passive 

flexion extension range and the orientation of the scaphoid-radius helical axis (A) relative to 

the flexion extension axis of the wrist; as passive flexion extension range increases, the 

scaphoid-radius rotation axis approaches that of the flexion extension axis of the wrist 

behaving more like a column wrist.   This same relationship does not exist with the lunate-

radius helical axis (B). Specific scaphoid-radius and lunate-radius helical axes are shown on 

the right illustrating the difference in angle orientations.  For both regressions, one outlier 

(circled on the graphs) was excluded due to low carpal bone rotations. 
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Regression analysis revealed that there was a relationship (R2 = 0.46, P < 0.05) between 

neutral position scaphoid flexion angle and the active radial deviation range of motion (Figure 

16a). There was no relationship (R2 = 0.18, P = 0.22) between neutral position scaphoid flexion 

angle and active ulnar deviation range of motion (Figure 16b).  Furthermore, scaphoid flexion 

angle in a neutral wrist position was not dependent on the absolute wrist flexion-extension 

position (R2 = 0.07, P = 0.45) or absolute wrist radial-ulnar deviation position (R2 = 0.04, P = 

0.59) (Figure 16c and Figure 16d).  

Figure 16: The scaphoid flexion angle in the neutral posture is related to the range of radial 

deviation as determined by a regression analysis (R2 = 0.46) (A).  This same relationship did 

not exist with ulnar deviation range of motion (R2= 0.18) (B).  The scaphoid flexion angle 

was found to be independent of absolute wrist posture (C and D). This suggests that initial 

bone postures play a role in dictating certain ranges of motion of the wrist.   
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From the goniometer measurements we found the average active wrist flexion range was 

79.8 ± 10.6o and the average active wrist extension range was 64.2 ± 10.2o for a total average 

active FE range of motion of 144.0 ± 20.8o.  We found that the average wrist radial deviation 

range was 20.7 ± 7.1o and the average wrist ulnar deviation range was 40.6 ± 7.4o for a total 

average active RUD range of motion of 61.2 ± 14.5o.  Regression analysis of the goniometer 

measurements revealed that there was a strong relationship (R2 = 0.82, P < 0.001) between the 

active wrist FE range of motion and the active wrist RUD range of motion (Figure 17a).  This 

relationship was mostly driven by the relationship between the active FE and active UD (Figure 

17d) as there was no relationship between active FE and active RD (Figure 17e).  A similar 

relationship and trend was also observed with the passive measurements.  For the Beighton 

method, the mean score was 1.4 ± 2.0, the median score was 0.5 and the range was 0 to 5 points.  

The Beighton scores were not normally distributed, and 2 subjects scored 5 which would be 

considered lax using the scoring system. 
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Figure 17: Graphs of the different wrist laxity measurement relationships. (a) We found 

that there was a relationship between a subject’s active wrist FE range of motion and their 

active wrist RUD range of motion.  We found that there is a relationship between active 

wrist flexion and active wrist extension (b), but no relationship between active radial 

deviation and ulnar deviation (c).  Therefore, the FE relationship is driven mostly by the 

relationship between ulnar deviation and active FE (d), and less by the relationship between 

active radial deviation and active FE (e). 
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2.4 Discussion 

This study was performed to investigate the effect of wrist laxity on mid-range 3D carpal 

bone motions.  We found that through mid-range RUD motions, the scaphoid primarily flexed 

and extended, but subjects with decreased laxity tended toward more row-like scaphoid-radius 

rotations (radial and ulnar deviation).  These findings are consistent with the strong evidence for 

the column theory of carpal kinematics provided by Crisco et al. as well as the row-column 

spectrum theory proposed by Craigen and Stanley and further elucidated by Moojen et al. [20], 

[23].  When considering wrist laxity, our findings are also consistent with those of Garcia Elias et 

al. who found that subjects with increased laxity had more “column” like wrists [21].   In other 

words, we found that through wrist RUD most wrists in our population were column wrists and 

the scaphoid and lunate primarily flex and extend during wrist radial-ulnar deviation; however, 

wrists that possess less laxity tend toward a row type wrist because a small component of 

scaphoid radial-ulnar deviation is introduced during wrist radial-ulnar deviation. 

We also determined that while laxity is predictive of scaphoid kinematics during mid-

range wrist motions, initial scaphoid posture predicts wrist radial-ulnar deviation range of motion. 

Interestingly, scaphoid flexion posture in neutral only affected radial deviation range of motion 

and not ulnar deviation range of motion. These findings were consistent with a previous study by 

Minamikawa et al. who found that radial deviation range increased with a lower scaphoid flexion 

angle in the neutral wrist position [32].  This suggests that in addition to the role that ligaments 

play in dictating carpal bone motion, the absolute postures of carpal bones have an impact on 

specific range of motion limitations of the wrist. This finding has implications in wrist 

reconstructive surgery.  For example, recreating the “normal” resting scaphoid flexion angle in 

scapholunate ligament reconstruction may better approximate normal kinematics and kinetics and 

improve clinical outcomes.  
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 From our subject laxity measurements, we found that there was a strong relationship 

between active FE and active RUD ranges of motion – subjects with a large range of motion in 

one direction, also had a large range of motion in other directions.  This relationship was driven 

primarily by the relationship between active FE and active UD range of motion.  Our reported 

active FE range of motion was higher than previous reported values: Aizawa et al. (128 ± 23o), 

Wigderowitz et al. (125o), Ryu et al. (138.4o); however these values fell within one standard 

deviation of our results [45]–[47].  Our reported active RUD range of motion was higher than 

values reported by Ryu et al. (58.7o) and Aizawa et al. (46 ± 20o), but lower than values reported 

by Wigderowitz et al. (125o) [45]–[47].  Therefore, our subjects had normal active FE range of 

motion, and normal active RUD range of motion.  We also found that our Beighton scores were 

slightly lower than those reported by van Andel et al. (2.2 ± 2.3) in a previous study; however, 

the scores followed a similar distribution [48]. 

The primary limitation of this study is that simulated carpal bone motion was inferred 

from three static wrist positions.  Therefore, for our analysis it was assumed that the rotation axis 

had a consistent location and orientation for positions between the neutral, radial and ulnar 

deviation positions. Although we could not evaluate the kinematics between these positions, a 

previous cadaveric study has shown that there is a small hysteresis effect on the dynamic 

scaphoid and lunate motions [49].  This effect was shown to be small (0o to 2.5o) and therefore 

would not have a significant effect on our results.  Another limitation of this study was that two 

subjects could not reach the targeted 20o radial deviation position.   Subjects 8 and 9 could only 

reach 9o and 15o of radial deviation, respectively. However, the scaphoid-radius rotation axes for 

these subjects fell within the range of the remaining subjects and both subjects could ulnar 

deviate to 20o.    

 For our study we chose to quantify wrist laxity based on passive FE range of motion.  

This measure of laxity is slightly different than the measured used by Garcia-Elias, as it does not 
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consider thumb passive flexion and extension. Previous studies have shown that in passive wrist 

flexion and extension, carpal motion increases through the mid carpal joint and ligaments 

approach their maximum lengths [19], [33].  Based on these findings, we assumed that the range 

of motion between these two positions would be an adequate indication of laxity in the wrist. 

When considering the row-column behaviour for the analysis, the most hypermobile 

subject was excluded from the regression analysis due to limited carpal bone rotations. This 

subject scored a 5 on the Beighton scale compared to a range of 0 and 5 and average score of 1.4 

± 2.0 for all other subjects. It is interesting to note that this subject had the highest laxity and 

largest range of motion in every direction.  Through wrist radial and ulnar deviation, this subject 

had the lowest scaphoid-radius (ɸ = 17.5o) and lunate-radius (ɸ = 12.6o) rotations.  It was also 

observed that the subject’s scaphoid had the second highest flexion angle (θ = 75.1o) in the 

neutral position.  This did not seem to limit the range of radial deviation (25o) like it did with the 

other subjects with higher scaphoid flexion.  We observed that for radial deviation, the trapezium 

and trapezoid seemed to glide over the already flexed scaphoid only slightly increasing its flexion 

angle. 

In summary, we have confirmed that while the scaphoid and lunate primarily flex and 

extend through mid-range radial ulnar deviation wrist motion, there is a subtle row-column 

spectrum that is related to wrist laxity.  Although our subjects had primarily “column” type 

wrists, subjects with decreased laxity had more “row” type wrists. Whether the spectrum behavior 

of the wrist should be considered during carpal ligament reconstructions, and whether a given 

subject’s wrist can change its location on the spectrum remain open questions with clinical 

relevance. For example, ligament reconstructions do not currently take into consideration laxity 

or native carpal kinematics. We also found that there is a relationship between scaphoid flexion 

angle in a neutral wrist position and the radial deviation range of motion.  Finally, we found that 

there was strong correlation between active wrist FE and RUD.  Together these results suggest 
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that ligament laxity plays a role in affecting carpal bone motion of the proximal row throughout 

its range of motion, however other factors such as bone position and impingements may also 

affect motion. Further research and biomechanical modeling is required to determine to what 

extent different combinations of these factors affect carpal mechanics. 
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Chapter 3 

Variation in the Rotation Axes of the Scapholunate Joint during 

Flexion-Extension and Radial-Ulnar Deviation Motions 

3.1 Introduction 

The scapholunate ligament (SLIL) has a complex C-shaped structure [50] with dorsal, 

volar, and proximal components [51], each with different mechanical properties [52]. It is one of 

the most important stabilizing ligaments that maintains carpal bone posture and influences carpal 

bone kinematics during different wrist motions [25], [53].  As such, rupture of the SLIL results in 

carpal instability [54].  Left untreated, SLIL tears can lead to scapholunate advanced collapse - 

progressive osteoarthritis starting at the radial styloid, then advancing to the radioscaphoid joint, 

capitolunate joint, and complete wrist [55].  Common approaches to SLIL reconstructions, such 

as the scapholunate axis method (SLAM) and the reduction and association of the scaphoid and 

lunate method (RASL) (Figure 18), are based, in part, on the assumption that rotation of the 

scaphoid relative to the lunate occurs about an axis through the central axis of the scaphoid and 

lunate (SL-axis) – approximately perpendicular to the articular surfaces between the scaphoid and 

lunate [13]. In general, SLIL reconstruction principles include recreating the normal relationship 

between the scaphoid and lunate, and re-establishing the normal axis of rotation of the scaphoid 

to restore normal carpal kinematics. 
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Figure 18: Dorsal radiograph of a patient’s right wrist with an SLIC screw following the 

RASL procedure. 

A common limitation with SLIL reconstruction surgeries is that it is unknown whether 

they restore normal carpal kinematics.  Specifically, it is unknown whether these procedures 

restore the normal anatomical rotation axis between the scaphoid and lunate. To date, most 3D 

carpal kinematic studies have examined scaphoid-radius and lunate-radius relative motion. 

Previous studies that have examined SL relative motion have found that the range of lunate 

motion relative to the scaphoid increased from motions in the radial-ulnar deviation (RUD) or 

frontal plane of the wrist to motions in the flexion-extension (FE) or sagittal plane of the wrist 

[27], [28].  Although the motions of the bones have been described, the location and orientation 

of the rotation axis between the scaphoid and lunate has not been well defined in asymptomatic or 

pathological wrists.  Given the complex geometry of the scaphoid and lunate, the intricate 

network of surrounding ligaments, and the unique geometry of the C-shaped SLIL, we questioned 

whether the SL-axis was consistently located relative to scaphoid and lunate anatomy as the wrist 

moved through its range of motion.  
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The purpose of this study was to evaluate the motion of the scaphoid relative to the lunate 

in a lunate fixed coordinate system.  Our goal was to determine the location and variation of the 

rotation axis between the scaphoid and lunate as a function of wrist motion in an asymptomatic 

population. To evaluate and quantify the carpal kinematics of the scaphoid and lunate, we used an 

established in vivo database of carpal bone surfaces and accurate kinematics [56]. We 

hypothesized that the rotation axis of the relative motion between the scaphoid and lunate is 

located at the centre and is perpendicular to the articulating surfaces of the scaphoid and lunate 

during wrist FE and RUD motions. 

3.2 Methods 

3.2.1 Database 

We studied the SL-axis of rotation by performing a analysis on an established and 

publicly available digital database of wrist bone anatomy and carpal kinematics created by the 

Warren Alpert Medical School at Brown University [56]. The database includes high-resolution 

surface models, measures of bone volume and shape, and the 3-D kinematics of each segmented 

bone.  It consists of CT volume images of both wrists of 15 male (ages 21-28) and 15 female 

(ages 22-34) healthy volunteers in up to 8 different positions that sampled the full range of wrist 

motion [56].   All of the volunteers provided informed consent and were pre-screened for a 

history of wrist injuries.  The database is categorized into combined motions and orthogonal 

positions. Details of these positions and the resulting carpal kinematics, relative to the radius, 

have been previously reported [23], [52], [56]–[59].  Briefly, the combined motions provide the 

following targeted wrist positions: 40° flexion, 40° extension, 10° radial deviation, 30° ulnar 

deviation, 40° flexion with 30° ulnar deviation, 40° extension with 30° ulnar deviation, 40° 

flexion with 10° radial deviation, and 40° extension with 10° radial deviation.  The orthogonal 

wrist positions provided the following targeted wrist positions: 30° flexion, 60° flexion, 30° 

extension, 60° extension, 20° ulnar deviation, 40° ulnar deviation, and 20° radial deviation. 
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To create the database, the outer cortical surfaces of the carpal bones, radius and ulna, 

and proximal metacarpals were segmented from a CT scan of the wrist in the neutral position 

using image-processing-software (ANALYZE; Biomedical Imaging Resource, Mayo Foundation, 

Rochester, MN). Then, the six degree of freedom kinematics of each bone from neutral to each 

subsequent posture were calculated for each wrist position using a marker less bone registration 

technique with submillimeter accuracy [37], [39], [60].  

Three different coordinate systems are referenced throughout this study.  First an 

anatomical based coordinate system (ACS) was defined using anatomic features of the radius 

described by Crisco et al. [61]. Secondly, the orientation of the capitate coordinate system (CCS) 

relative to the ACS was used to track wrist position, as capitate posture has been shown to track 

nearly identical to the third metacarpal posture [62]. Lastly, the lunate coordinate system (LCS) 

was defined by its centroid and principal inertial axes.  The first and second inertial axes of the 

LCS can be described as piercing the volar (palmar) and dorsal lunate horns, respectively.  The 

third inertial axis of the LCS is directed distally, perpendicular to both lunate horns [36].   

3.2.2 Helical Axis of Motion and Position Binning 

To quantify wrist motion, the helical axis of motion (HAM) was calculated between 

different capitate postures in the radius coordinate system for all subjects and all combinations of 

positions using Matlab (R2014b, Mathworks). The HAM consists of the following components: 

the rotation axis about which the bone rotates, the angle of rotation about this axis, the translation 

of the object along the rotation axis, and the location of the rotation axis in 3D space [40]–[42].  

We evaluated SL kinematics throughout the full range of wrist motion regardless of 

initial wrist posture. The capitate-radius HAM from pose (position and orientation) to pose for all 

the possible combinations of targeted wrist positions was calculated and resolved in the radius-

based coordinate system. This included motions from the neutral posture to the targeted positions, 

and for different combinations of targeted positions.  All combinations of wrist motion were 
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organized into two motion bins. If a wrist motion had more than 10° of FE and less than 5° of 

RUD, the motion was placed into the FE bin. Likewise, if a wrist motion had more than 10° of 

RUD and less than 5° of FE, the motion was placed into the RUD bin.  

In addition to the binning analysis, the combined motion portion of the database was 

examined to evaluate the SL HAM between 40° of targeted flexion to 40° of targeted extension 

(FE), and 10° of targeted radial deviation to 30° of targeted ulnar deviation (RUD). This was 

done to quantify the HAM through a large range of wrist motion.  For this part of the analysis, the 

combined motion subset of the database was used to keep the targeted positions consistent across 

trials and it provided a greater number of subjects for the analysis. 

3.2.3 Analysis 

For both the binning and range of motion analyses, the rotation axis of the scaphoid 

relative to the lunate was calculated for each trial in the lunate inertia-based coordinate system 

(Figure 19).  Since the location and orientation of the rotation axis becomes unreliable when 

rotations are small, we removed motions with less than 5° of rotation. The quaternion averaged 

rotation axis was computed across all subjects, and the location and angle between each 

individual axis and the representative axis was used to quantify variation in SL rotation axis 

orientation. For each subject the centroid of the lunate was calculated and projected onto a 2D 

contour of the lunate - approximately parallel to the SL articular surfaces. Variation in rotation 

axis location was computed as the distance from the closest point on the rotation axis to the 

centroid of the lunate. A one population t-test with a hypothesized mean of 0 determined whether 

the rotation axis location was coincident with the hypothesized SL-axis.   
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Figure 19: Different views of the scapholunate HAM in the lunate-inertia-based coordinate 

system during a FE motion (left – blue) and RUD motion (right - red).  The two scaphoid 

positions are illustrated with different shading to show FE and RUD motions. 

 

3.3 Results 

3.3.1 Binning Analysis 

The binning process yielded 122 combinations of motions where the wrist primarily 

flexed or extended. The average range of wrist flexion and extension motion was 32 ± 17°. 

During wrist flexion-extension, the average rotation of the scaphoid relative to the lunate was 13 

± 7°.  The binning process also resulted in 39 trials where the wrist primarily radial-ulnar 

deviated. The average range of wrist radial-ulnar deviation was 26 ± 11°. During wrist radial-

ulnar deviation the average rotation of the scaphoid relative to the lunate was 10 ± 10°. Using a 

lunate-based coordinate system, the variation in axis orientation of HAMs for flexion-extension 

and radial-ulnar deviation were 84.3° and 83.5° respectively (Figure 20a and Figure 20c). The 

mean distance of each rotation axis from the centroid of the lunate for FE and RUD was 5.7 ± 3.2 
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mm (p < 0.0001), and 5.0 ± 3.6 mm (p < 0.0001), respectively (Figure 21).   For flexion-

extension motions, 40.2% of the rotation axes pierced the lunate.  For radial-ulnar deviation 

motions, 61.5% of the rotation axes pierced the lunate. 

 

Figure 20: The resulting scapholunate HAM from the binning analysis for all FE motion 

trials (A) and RUD motion trials (C) in the lunate fixed coordinate system. From the 

functional analysis, the resulting scapholunate HAM for all FE motion trials (B) and RUD 

motion trials (D) in the lunate fixed coordinate system. The capitate is shown for reference. 

 

C 
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Figure 21: Lunate contours for the binning analysis. HAM location is shown for FE (blue) 

and RUD (red).  The HAMs which pierced the lunate (*) and which did not (●) are also 

labelled. 

 

3.3.2 Range of Motion Analysis 

 For the range of motion analysis, 38 different position combinations were evaluated for 

the FE motions.  The average range of wrist flexion and extension motion was 60 ± 11°.  During 

wrist flexion-extension, the average rotation of the scaphoid relative to the lunate was 21 ± 9°.  

For the RUD motions, 24 position combinations were evaluated.  The average range of wrist 

radial-ulnar deviation was 30 ± 5°.  During wrist radial-ulnar deviation the average rotation of the 

scaphoid relative to the lunate was 10 ± 5°.  Using a lunate-based coordinate system, the variation 

in axis orientation of HAMs for flexion-extension and radial-ulnar deviation were 23.3° and 

48.1°, respectively (Figure 20b and Figure 20d).  The mean distance of each rotation axis from 

the centroid of the lunate for FE and RUD was 6.1 ± 2.1 mm (p < 0.0001), and 6.1 ± 4.8 mm (p < 
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0.0001), respectively (Figure 21).  For flexion-extension motions, 13.2% of the rotation axes 

pierced the lunate.  For radial-ulnar deviation motions, 50.0% of the rotation axes pierced the 

lunate.  

 Based on both analyses, our hypothesis that there was a single rotation axis located at the 

centre and perpendicular to the articulating surfaces of the scaphoid and lunate was rejected.   

Figure 22: Lunate contours for the range of motion analysis. HAM location is shown for FE 

(blue) and RUD (red).  The HAMs which pierced the lunate (*) and which did not (●) are 

also labelled. 
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3.4 Discussion 

We demonstrated that the rotation axis of the scaphoid relative to the lunate is variable 

across subjects and positions during both FE and RUD motions.  The range of locations and 

variation in axis orientation demonstrate that there is no single location for the SL-

axis.  Furthermore, we analyzed the SL rotation axis through maximum targeted FE and RUD 

wrist range of motion and demonstrated that there was a significant variation in the location and 

variation of the rotation axis.  

Although there was no consistent axis of rotation, we observed that there was an 

increased number of rotation axes that pierced the base of the capitate for both FE and RUD 

motions.  The large variance in relative scapholunate behavior suggests that the SLIL provides an 

adaptive mechanism around the capitate through different motions. However, it was also 

observed that the variability in the orientation of the rotation axis decreased from the binning 

analysis to the range of motion analysis by 61.0o for FE motion trials and 35.4o for RUD motion 

trial. 

When interpreting our results, it is important to recognize several limitations. First, the 

rotation axis between the different carpal positions becomes unstable below 5° of motion.  This is 

due to small (±0.5°) errors present in the carpal positions.  To account for this, all trials with less 

than 5° of motion were filtered from the results.  Due to the error and filtering, we were unable to 

analyse small carpal rotations and how they affect the location of the SL rotation axis. Another 

limitation of this study, is that no coupled motions were evaluated.  However, previous studies 

have shown that during coupled motions, in particular the dart thrower motion, there is little 

relative motion between the scaphoid and lunate.  Therefore, to evaluate the increased relative 

motion of the scaphoid and lunate, FE and RUD motions were chosen. 

Most 3D kinematic motion trials have reported scaphoid-radius and lunate-radius 

kinematics [19], [23], [26], and these motions are well defined; however, limited work has been 
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done to quantify the location and orientation of the scapholunate rotation axis.  Our findings are 

consistent with those previous studies that found that there was increased scapholunate motion 

through flexion extension wrist motions and less scapholunate motion through radial ulnar 

deviation wrist motions [18], [27], [28].   

This study demonstrates that normal SL kinematics are complex and the SLIL cannot be 

anatomically reconstructed using a single axis normal to the articular surface of the lunate.  

Despite continued advances in reconstructive techniques, limited clinical data exists that 

demonstrates recreating normal kinematics with these techniques.  Prior to championing new 

surgical techniques for SLIL reconstruction, we may benefit from a better understanding of the 

biomechanics of the native and reconstructed SLIL.  Future studies which demonstrate SL 

kinematics post SLIL reconstruction may provide insight into how different surgeries affect 

carpal kinematics, kinetics, and the SL axis of rotation.   
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Chapter 4 

Discussion and Conclusions 

 The wrist is a complex mostly passive joint and the eight carpal bones that make up the 

wrist have sophisticated six degree of freedom motions.  These motions are a result of the forces 

from other bones and their articulations, and the intricate network of ligaments that surround 

them.  In an effort to quantify normal carpal kinematics in asymptomatic subjects, two areas were 

identified where there is a lack of understanding: ligament laxity effects on carpal bone motion in 

3D, and scapholunate relative motion.  In order to address these areas we designed a pilot study 

which looked at wrist laxity and how it would affect carpal bone motion during mid-range wrist 

radial-ulnar deviation motions.  A second study was performed on an existing publicly available 

carpal database to quantify asymptomatic scapholunate biomechanics.  Both studies used 3D in 

vivo carpal mechanics analysis techniques to evaluate and quantify the motion of the carpal bones 

in asymptomatic wrists.   

The first study evaluated the relationship between wrist laxity and 3D carpal bone motion 

through mid-range wrist RUD.  The findings from this pilot study suggest that ligament laxity 

affects carpal bone motion, but other factors such as bone posture and shape also play a role in 

dictating carpal kinematics. We found that the scaphoid and lunate primarily flexed and extended 

through mid-range wrist RUD, however subjects with decreased laxity had more “row” type 

wrists.  We also found that there was a relationship between scaphoid flexion angle in neutral 

wrist posture relative to the radius and active wrist radial deviation range of motion.  Finally, we 

found that there was a relationship between wrist flexion-extension and radial-ulnar deviation 

ranges of motion.  Therefore, if you are flexible in one direction of wrist motion, then you are 

likely to be flexible in other directions of wrist motion, with the exception of radial deviation 

where the scaphoid posture in neutral matters more. 
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The second study looked at variation in the rotation axis of the scapholunate joint during 

both wrist FE and RUD motions.  We found that there was a significant variation in the location 

and orientation of the rotation axis for both motions, and therefore there is no consistent axis of 

rotation between the two bones.  As many scapholunate ligament reconstruction surgeries are 

based on the assumption that there is a fixed axis of rotation between the two bones, this 

retrospective study should provide insights into modifications that can be made to improve 

clinical outcomes.  

When interpreting our findings it is important to consider different limitations.  The 

primary limitation in both of studies was that static frames generated from CT scans were used to 

study the 3D carpal bone motion of the wrist.  Carpal bone motion between these static positions 

is inferred, and a hysteresis effect (i.e., the path dependent nature of the motion) cannot be 

studied; however, a study by Short et al. showed that the effect of this error on carpal bone 

motion is small (0o to 2.5o).  Their study demonstrated that carpal positions in the wrist are largely 

path independent, and therefore this would not significantly impact the results [49].  To study the 

hysteresis effect on the carpal bones and their motion, biplanar videoradiography could be used to 

compare the actual motion of the carpal bones with the interpolated motion from the static 

frames. 

 As part of the analysis for both studies, the helical axis of motion was used to quantify 

the six degree of freedom kinematics from pose to pose of different carpal bones.  One of the 

limitations of this technique is that the rotation axis becomes unstable through small angle 

rotations.  To address this, a sensitivity analysis was performed on the HAM and it was 

determined that for all motions with more than 5o of rotation, the HAM is stable (Appendix B).  

Based on the results of this analysis, for both studies any carpal motions with less than 5o of 

rotation were filtered from the results. 
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 Another limitation for both studies was that the wrist was scanned in targeted positions.  

These positions were determined by a protractor (or goniometer) and palpated bony landmarks.  

Studies have shown that there can be up to a 10o difference in the position between the protractor 

and the position of the wrist as defined by the third metacarpal.  Although this can be seen as a 

source of error, it also provides a wider range of wrist motion and spectrum of kinematics about 

the targeted positions, which can lend to regression analyses.  In addition to this, for the scaphoid 

flexion analysis, we found that absolute wrist position did not have a significant relationship with 

scaphoid flexion.  

 One of the purposes of this pilot study was to determine the number of subjects required 

to demonstrate significance in all of our outcome measures.  Therefore, we used G*Power 

software (G*Power 3.1.9.2, Dusseldorf University) to perform a power analysis on the data.   

Specifically, the rotation axis orientation angles were compared from the k-means clustering high 

and low passive flexion-extension range groups.  For the high passive FE group (N = 5), the 

average angle between the rotation axis and FE axis of the wrist was 28.6 ± 7.8o.  For the low 

passive FE group (N = 5), the average angle between the rotation axis and FE axis of the wrist 

was 39.8 ± 9.1o.  For the Student t-test between the two groups and with a significance level of 

0.05, the effect size was 1.32 and the power of the sample size was 60%.  If the sample size were 

increased by 6 subjects, the power of the study would increase to 80% and improve the strength 

of the results. 

In addition to the CT scans and laxity data collected for the carpal mechanics and laxity 

pilot study, we performed MRI scans and 3D Motion Capture analysis on subjects’ wrists (see 

Appendix C for experimental protocol).  The pilot data also revealed several interesting features 

and provoked further questions related to wrist kinematics.  These included large differences in 

carpal bone shapes, different cases of anomalous kinematics, a relationship between laxity and 
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wrist distraction, and different relationships between carpal bone motion and functional 

kinematics of the wrist.   

Out of the 10 subjects from the first study, we observed that three subjects had distinctly 

different capitate shapes (Figure 23).  The feature that differentiated them from the other subjects 

was a ridge that protruded radially over (i.e., distal) the scaphoid and underneath (i.e., proximal) 

the trapezoid.  These subjects all had an increased scaphoid flexion angle compared to the rest of 

the subjects in the neutral position, and it appeared as though the capitate-scaphoid articulation 

was contributing to the flexed position of the scaphoid.  In combination with our findings of 

scaphoid flexion angle in the neutral position, this suggests that carpal bone shapes, postures and 

their range of motion are all unified, and play a role in dictating carpal mechanics. Further 

research and biomechanical modelling is required to understand the impact that the observed 

anomalies and features within the data have on carpal mechanics.  

 

Figure 23: The 3D renderings of capitates from two different subjects from the pilot study.  

The capitate on the right has a distinct ridge that protrudes radially and sits over top of the 

scaphoid.  The subject with the capitate on the right also had a flexed scaphoid in neutral 

wrist posture and the least amount of radial deviation. 
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The second observation was the presence of atypical carpal kinematic patterns. For 

example, the most lax subject, as determined from the Beighton Score and Garcia Elias Score, 

had the smallest amount of scaphoid and lunate rotations. Based on these observations we 

question whether there is a threshold of laxity and whether subjects above this threshold have 

different mechanisms of carpal kinematics.  Another anomaly that we observed in the data, was 

for one subject during wrist neutral to radial deviation motion.  For this motion, we observed that 

the subject’s scaphoid extended, whereas the scaphoids of all other subjects flexed.   This subject 

had one of the lowest active radial deviation ranges of motion, and we question whether this may 

be affecting the carpal kinematics.   

Qualitatively, we observed a relationship between laxity and wrist distraction.  To obtain 

cartilage profiles on the carpal bones, the wrist was distracted using orthopedic finger traps and 

MRI scans of the wrist were captured. We observed that subjects with increased laxity (based on 

the passive wrist flexion-extension range of motion) generally distracted more than subjects with 

lower laxity (Figure 24).  This is interesting given that Rainbow et al. found that in wrist 

distraction many ligaments did not maximally elongate [59]. Our findings suggest that increased 

laxity or “loose ligaments” play a role in stabilizing the carpal bones of the wrist.  These findings 

also prompt us to question what the source of laxity is, and whether it comes from large slack 

lengths, non-stiff tissues or both.  Further research is required to understand exactly how laxity 

constrains the carpal bones.   
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Figure 24: Images taken from MRI scans of two subjects with their wrists before (left) and 

after (right) distraction.  The subject with the highest laxity (based on the greatest amount 

of passive flexion-extension) of the group had large joint spaces when their wrist was 

distracted.  On the other hand, the subject with the stiffest wrist did not distract as much.   

 

For the 3D motion capture analysis, we collected static trials of the wrist in the same 

positions as the different laxity and range of motion positions measured with the goniometer.  We 

also collected dynamic trials for functional motions including wrist flexion-extension, radial-

ulnar deviation, circumduction and the dart thrower’s motion (or hammering motion).  These data 

can be used to study the relationship between the functional two degree of freedom dynamic 
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motion of the wrist and the intricate six degree of freedom motions of the carpal bones.  For 

example, we observed that there was a relationship between the coupling ratio of dart-thrower’s 

motion (the amount of wrist flexion-extension over the amount of radial ulnar deviation) and the 

range of active of RUD of the wrist. 

Finally, another avenue for further research is investigating the carpal mechanics of 

symptomatic subjects.  Currently, there are limited in vivo 3D carpal motion analysis studies that 

look at the carpal mechanics of symptomatic subjects.  Although further research is required to 

understand normal carpal kinematics, studies that look at subjects post operatively may provide 

insights into healthy wrist kinematics as well as the pathology behind wrist injuries. 

 The findings from both studies have several clinical implications for wrist ligament 

reconstructive surgeries, and in particular SLIL repairs.  Currently, subject specific laxity is not a 

consideration when performing reconstructions.  Based on the findings from the first study, we 

demonstrated that there was a relationship between subject wrist laxity and the carpal bone 

motion in the wrist.  By not taking laxity into consideration, current surgical techniques may not 

restore the anatomic laxity to the wrist and this may alter the carpal kinematics of the proximal 

row.  A second clinical implication of our findings, concerns scaphoid flexion angle.  Scaphoid 

flexion angle is an important consideration when performing SLIL reconstructive surgeries.  Our 

findings suggest that if it is not properly restored during surgery, then there may be a change in 

the radial deviation range of motion of the wrist.  Finally, from our second study we demonstrated 

that there was no single rotation axis between the scaphoid and lunate over a full range of wrist 

motions.  Therefore, current surgeries which operate based on the assumption that there is a 

single axis of rotation between the two bones may not be restoring normal carpal kinematics to 

the wrist.   

In conclusion, we found that there is a large spectrum of scaphoid and lunate carpal 

kinematics in asymptomatic wrists.  The first study examined in vivo 3D carpal bone motion and 
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laxity of the wrist, and the second study quantified the relative motion of the scaphoid and lunate.  

The pilot study has also provided a data set that combines wrist CT, MRI, 3D Motion Capture 

Analysis, and laxity data that is a first of its kind.  The findings from this study and further 

analysis of the data should provide a target for physicians when attempting to restore the patient 

specific mechanics.   This will provide insights into how wrist surgeries can be improved and 

developed further to aid and restore normal healthy function to the wrist. 
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Appendix B 

Helical Axis of Motion Sensitivity Analysis 

 We performed a sensitivity analysis to determine how errors in rotation and translation 

would affect the Helical Axis of Motion (Figure A1).  To start, we took a theoretical coordinate 

system (position one - red) in a global coordinate system (black) and rotated it about a helical axis 

(green) to a new position (position two – dark blue).  Then we introduced up to ±0.5mm of 

random translation error and ±0.5o of random rotational error in all three directions to each 

coordinate system (different perturbations are shown in purple and light blue).  Then using these 

new coordinate systems with the introduced error, we calculated the new helical axis of rotation 

between the two positions.  This was done with varying the degrees of rotation and also the 

distance from the helical axis.  For each iteration, we ran the random error perturbation 100 times.  

Based on the generated helical axes with error, the quaternion average helical axis was calculated.  

Using this average helical axis, the variation in axis orientation (illustrated by the cone), and the 

standard deviation of the location of the axis from the average helical axis (illustrated by the disk) 

were calculated.  This sensitivity analysis illustrates that below 5 degrees of rotation the helical 

axis becomes unstable.  
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Figure A1: Sensitivity Analysis of the Helical Axis. Error applied to a rotation of 3 degrees 

(left), 5 degrees (middle), and 10 degrees (right).   The distance from the HAM to the 

theoretical coordinate systems (red and blue) is 10 mm. This illustrates how the HAM 

becomes unstable below 5 degrees of rotation. 
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Appendix C 

Carpal Mechanics and Wrist Laxity Experimental Protocol 

Overview 

The pilot study had the following components: wrist and global laxity measurements, CT 

scans, MRI scans, and motion capture analysis.  There were several parts of the carpal mechanics 

and wrist laxity pilot study which will be important for further biomechanical modelling and 

studying healthy wrist mechanics.   

Screening and Laxity Measurements 

We measured wrist flexibility using custom measurements of the external wrist (Table 

A1). Subject global flexibility was measured using the nine point Beighton Score (Table A2).   

Table A1: Goniometer and Flexibility Measurements Instructions 

Position 

Recommended 

Testing Position Stabilization Centre 

Proximal 

Arm Distal Arm 

Wrist 

Flexion 

Sitting next to 

supporting surface. 

G-H abd 900, Elbow 

flexed 900, Forearm 

in 00 supination-

pronation, resting on 

supporting surface, 

hand free to move. 

Avoid wrist radial-

ulnar flexion & 

finger flexion 

Stabilize 

radius & 

ulna to 

prevent 

supination or 

pronation 

Lateral 

aspect of 

wrist over 

triquetrum 

Lateral 

midline of 

ulna. 

Reference 

olecranon & 

ulnar styloid 

process 

Lateral 

midline of 

5th metacarpal 

Wrist 

Extension 

Sitting next to 

supporting surface. 

G-H abd 900, Elbow 

flexed 900, Forearm 

in 00supination-

pronation, resting on 

supporting surface, 

hand free to move. 

Avoid wrist radial-

ulnar flexion & 

finger flexion 

Stabilize 

radius & 

ulna to 

prevent 

supination or 

pronation 

Lateral 

aspect of 

wrist over 

triquetrum 

Lateral 

midline of 

ulna. 

Reference 

olecranon & 

ulnar styloid 

process 

Lateral 

midline of 

5th metacarpal 
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Wrist 

Radial 

Deviation 

Sitting next to 

supporting surface. 

G-H abd 900, Elbow 

flexed 900, Forearm 

in 00supination-

pronation, resting on 

supporting surface, 

hand free to move. 

Avoid wrist radial-

ulnar flexion & 

finger flexion 

Stabilize 

distal ends of 

radius & 

ulna to 

prevent 

pronation & 

supination of 

forearm & 

elbow 

flexion 

beyond 900 

Middle of 

dorsal aspect 

of wrist over 

capitate 

Dorsal midline 

of forearm. 

Reference 

lateral 

epicondyle of 

humerus 

Dorsal 

midline of 

3rd metacarpal. 

Reference 

3rd phalanx 

Wrist 

Ulnar 

Deviation 

Sitting next to 

supporting surface. 

G-H abd 900, Elbow 

flexed 900, Forearm 

in 00 supination-

pronation, resting on 

supporting surface, 

hand free to move. 

Avoid wrist radial-

ulnar flexion & 

finger flexion 

Stabilize 

distal ends of 

radius & 

ulna to 

prevent 

pronation & 

supination of 

forearm & 

elbow 

flexion 

beyond 900 

Middle of 

dorsal aspect 

of wrist over 

capitate 

Dorsal midline 

of forearm. 

Reference 

lateral 

epicondyle of 

humerus 

Dorsal 

midline of 

3rd metacarpal. 

Reference 

3rd phalanx 

Thumb 

Flexion 

Sitting next to 

supporting surface. 

G-H abd 900, Elbow 

flexed 900, Forearm 

in 00 supination-

pronation, resting on 

supporting surface, 

hand free to move. 

Avoid wrist radial-

ulnar flexion & 

finger flexion 

Stabilize 

distal ends of 

radius & 

ulna to 

prevent 

pronation & 

supination of 

forearm & 

elbow 

flexion 

beyond 900 

Middle of 

dorsal aspect 

of wrist over 

capitate 

Dorsal midline 

of forearm. 

Reference 

lateral 

epicondyle of 

humerus 

Centre of the 

thumb 

Thumb 

Extension 

Sitting next to 

supporting surface. 

G-H abd 900, Elbow 

flexed 900, Forearm 

in 00 supination-

pronation, resting 

elbow on supporting 

surface, hand free to 

move. Subject may 

find easier to flex 

elbow more than 90o 

so that the forearm is 

more vertical. 

Stabilize 

elbow and 

proximal 

radius and 

ulna 

Start 

measurement 

at height 

midway up 

the forearm 

Start 

Measurement 

along line 

from radial 

styloid to 

lateral 

epicondyle on 

Radius 

Centre of the 

thumb 
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Table A2: Beighton Test Instructions 

Test Test Position Motion Tested Goniometer 

Placement 

Landmark 

1 Sit on chair at short side of 

the table with arm in 80o 

abduction, elbow flexed at 

90o, forearm resting on table, 

forearm pronated. 

Passive 

dorsiflexion of 

digiti 5. (>90o) 

MCP 5 Dorsal side of 

metacarpal 5; in the 

length of digiti 5. 

2 Passive apposition of the 

thumb to the flexor side of 

the forearm, while shoulder 

is 90o flexed, elbow extended 

and hand pronated.  

Passive apposition 

of the thumb. 

 Score positive if the 

whole thumb touches 

the flexor side of the 

forearm. 

3 Sit on chair with should 90o 

anti-flexion, forearm 

supinated. 

Passive 

hyperextension of 

elbow. (> 10o) 

Lateral 

epicondyl 

humerus 

Humerus point at 

tuberculum major 

humeri; Radius pointed 

at processus styloideus. 

4 Lying backwards with legs 

in horizontal position. 

Passive 

hyperextension of 

knee. (>10o) 

Lateral 

epicondyl 

femur 

Femur pointed at 

trochanter major; Fibula 

pointed at lateral 

malleolus 

5 Forward flexion of the trunk 

with knees straight. 

  Score is positive if hand 

palms rest easily on the 

floor. 
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CT Scan Protocol 

To study 3D carpal bone positions, subjects’ wrists were imaged in ten different positions 

using a GE Brightspeed CT scanner. Subjects lay prone on the scanner bed, wearing thyroid 

collar and lead apron with chest down and arm extended such that only wrist was going into 

scanner volume.   For all positions, whether targeted or self-selected (i.e. maximum radial and 

ulnar deviation) we measured wrist position using a plastic goniometer.  We used a plexiglass 

wrist jig to hold and position the wrist during the different scans (Figure A2).  Thermoplast and 

tensor bandages were used to stabilize to stabilize the subject’s forearm in the jig. A short plastic 

rod was used to position the subject’s hand during the dart thrower’s positions.  The scans 

following first scan (the neutral position) were acquired at a subsequent lower resolution, which 

has shown to have little effect on the accuracy of the scans. A detailed description of the scan 

positions and scan parameters is outlined in Table A3 and Table A4. 

 

 

 

 

 

 

 

Figure A2: A custom made plexiglass jig was used to position subjects’ wrists in the 

different positions.  The jig has different attachments for radial-ulnar deviation positions, 

flexion extension positions (left) and dart thrower’s motion position (right). 
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Table A3: CT Wrist Positioning Instructions 

Position  Description and Instructions 

Neutral Position Scan Subject will be prone on scanner bed. Ensure that subject is comfortable 

and positioned so that they can position themselves while lying down. For 

subject comfort:  a triangular wedge or blankets under their chest/abdomen 

or other bony prominences may be added to make the subject more 

comfortable (i.e. such that their shoulder is supported at the same height 

above the table as the wrist support). Apply lead skirt to body.  

 

Instructions to subject: Keeping your fingers relaxed, hold your wrist out 

straight and hold this position while the CT scan is taken (examiner 

demonstrates for subject)  

Radial Dev 20o Scan Four separate scans will be taken for this set of positions.  

 

Instructions to subject: Keeping your fingers relaxed, hand resting on the 

sliding hand support, bend your wrist sideways towards you until the slider 

reaches the 20o mark (examiner demonstrates for subject). Hold this 

position while the CT scan is taken. Then move your wrist in the same 

direction as far as possible and hold this position while the CT scan is 

taken (maximum ulnar deviation).   Move your wrist sideways away from 

you until the slider reaches the -20o mark. Hold this position while the CT 

scan is taken. Then move your wrist in the same direction as far as 

possible and hold this position while the CT scan is taken (maximum 

radial deviation).    

Ulnar Dev 20o Scan 

Max Radial Dev Scan 

Record Wrist Angle 

Max Ulnar Dev Scan 

Record Wrist Angle 

Max Flexion Scan Remove RUD attachments and add board for flexion and extension 

positioning.  Remove the wrist and forearm support so the subject can put 

their elbow on the base of the wrist jig (this will help bring it into the FOV 

and potentially increase FE).  

 

Instructions to subject: Keeping your fingers relaxed, bend your wrist 

downwards toward the floor as far as possible. Then press it up against the 

wrist jig until you feel slight discomfort.  Hold this position while the CT 

scan is taken.   

Max Extension Scan Instructions to subject: Keeping your fingers relaxed, bend your wrist 

upwards toward the ceiling as far as possible. Then press it up against the 

scale until you feel slight discomfort.  Hold this position while the CT scan 

is taken.   

Dart Thrower 1 Scan Remove flexboard, add the dart board and pegs, give subject plastic rod. 

The Wrist support may need to be lowered for this set of motions. Have 

subject sit up more instead of lying down.  Prop up with lots of towels if 

necessary. Three CT scans will be taken throughout the dart throwers 

motion (beginning, middle, and end).   

 

Instructions to subject: Keeping your forearm wresting on the wrist elbow 

resting on the table and your hand relaxed, hold the wooden as if you were 

holding a hammer.  Bring the wooden rod back to the -40o hammer stop 

(the beginning of the motion) while maintaining the same grip and hold the 

position while a CT scan is taken.  Then move the wooden rod to the 0o 

hammer stop (the middle of the motion), and hold the position while a CT 

scan is taken. Finally, move the wooden rod to the 40o hammer stop (the 

end of the motion), and hold the position while a CT scan is taken. 

Dart Thrower 2 Scan 

Dart Thrower 3 Scan 
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Table A4: CT Scan Parameters 

Parameter Setting Unit 

Voltage 80 kV 

Dosage   

Neutral Scan 80 mA 

Other Scans 60 mA 

Slice Thickness 0.625 mm 

Scan Type Axial; Helical  

FOV Hand Sized   

 

 

MRI Scan Protocol 

To evaluate soft tissue properties of the wrist including cartilage geometry, subjects’ 

wrists were imaged in a 3T MRI scanner with a flex coil around their wrist.  Four different 

scans were performed.  The neutral and distracted scans were used to isolate cartilage geometry 

on the carpal bones.  With the wrist distracted, joint spaces between the carpal bones make it 

possible to view the cartilage on different bones.  The distraction scan can also be used to study 

how the wrist responds to applied force.  The T2* and GRE scans can be used to study ligament 

properties and further explore whether there is a relationship between material properties and 

mechanical function of ligaments. A detailed description of the scan positions and scan 

parameters is outlined in and Table A5, Table A6 and Table A7. 
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Table A5: MRI Wrist Positioning Instructions 

Scan Wrist 

Position 

Scan Sequence Description and Instructions 

1 Neutral  

 

VIBE Subject will be prone on scanner bed. Ensure that 

subject is comfortable and positioned so that they 

can position themselves while lying down. For 

subject comfort:  a triangular wedge or blankets 

under their chest/abdomen or other bony 

prominences may be added to make the subject 

more comfortable (i.e. such that their shoulder is 

supported at the same height above the table as the 

wrist support).  Lying down on the MRI table, 

forearm resting in a pronated position (Wrist jig if 

necessary), elbow comfortably extended, shoulder 

comfortably abducted, wrist in the neutral position 

(i.e. zero flexion/zero extension). Fingers extended.  

Apply Flex Coil to wrist with marker on the dorsal 

side. 

2 Distracted VIBE Apply finger traps and set up weights. Prop up 

participant’s shoulder as much as possible to 

prevent slipping. Apply weight gradually to get 

subject used to distraction feeling. If the subject 

feels discomfort at any time remove the weights.  

Tell the subject to relax their forearm and hand 

muscles as much as possible. Lying down on the 

MRI table, forearm resting in a pronated position 

(Wrist jig if necessary), elbow comfortably 

extended, shoulder comfortably abducted, wrist in 

the neutral position (i.e. zero flexion/zero 

extension). Fingers extended into finger traps.  

Apply 10kg load for distraction. 

3 Neutral T2* Sequence Same instructions as scan 1. 

4  Neutral GRE Same instructions as scan 1. 

 

Table A6: MRI VIBE Scan Parameters 

Sequence 
FOV 

(mm) 
ST (mm) 

RT 

(ms) 

ET 

(ms) 

AT 

(S) 
Matrix size 

Resolution 

(mm) 

3D VIBE 130 × 130 0.5 10 3.38 290 256 × 256 0.5 × 0.5 

 

Table A7: MRI T2* FLASH Scan Parameters 

Sequence 
TR/TE/FA 

(deg) 

FOV 

(mm) 

Slice 

Length/ 

Gap 

Avg Bandwidth 
Matrix 

size 

Scan 

Time 

Echo 

Times 

TE 

(ms) 

3D 

FLASH 

25/7.36 

and 

15.24/12 

140 0.85mm/0 3 130 512x512 
19 

min 
2 7.36 
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3D Motion Capture Analysis Protocol 

We used 3D motion capture analysis to evaluate the functional abilities of the wrist and 

dynamic motion.  The marker model that we used was based on two previous models by Buczek 

et al. and Hillstrom et al. [63] [64].  Our model allowed us to track the forearm, hand, first digiti 

and second digiti segments.  A detailed description of the marker set is outlined in Figure A3, 

Table A8, and Table A9. For each position and motion, three trials were taken.  For the dynamic 

trials, only the forearm, hand, and first metacarpal clusters were tracked.  A detailed description 

of the different trials is outlined in Table A10. 

 

 

 

 

 

Figure A3: Detailed marker layout description. 
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Table A8: Marker Label List Corresponding to the Layout Description in Figure A3 

Marker Label List (50 Markers Total) 

Forearm and Wrist   Thumb   Second Finger 

Can Remove after Static (23 Anatomic Markers Total) 

  Plh     E1mchD     P2jmcD 

  Pmh    E1mchV    P2jmcV 

  Prs    P1jbD    P2jbD 

  Prr    P1jbV    P2jbV 

  Pus    P1jhD    P2jhD 

  P1mcb       P2jhV 

  Ptriq       P2jd 

  PmchD       

  PmchV       

  Pcap       

  *One extra on elbow to differentiate m and l. 

         

Keep after Static (27 Markers Total) 

  Dradp     Mradp     P2mcpl 

  Dulnp    Mulnp    P2mcpm 

  Dradd    Mradd    P2mcpV 

  Dulnd    Mulnd    P2mcml 

         P2mcmm 

  Fradp    P1mcpl    P2mcmV 

  Fulnp    P1mcpm    P2mcdl 

  Fradd    P1mcpV    P2mcdm 

  Fulnd    P1mcdl    P2mcdV 

      P1mcdm    

      P1mcdV    
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Table A9: Anatomical Marker Locations 

Forearm and Wrist 

Plh Lateral humeral epicondyle 

Pmh Medial humeral epicondyle 

Prs Radial styloid 

Prr Lister' Tubercle 

Pus Ulnar styloid 

P1mcb First metacarpal base 

Ptriq Triquetrum, ulnar prominence 

PmchD Third metacarpal head, dorsal 

PmchV Third metacarpal head, volar 

Dradp Hand Cluster 

Dulnp Hand Cluster 

Dradd Hand Cluster 

Dulnd Hand Cluster 

Fradp Forearm Cluster 

Fulnp Forearm Cluster 

Fradd Forearm Cluster 

Fulnd Forearm Cluster 

Thumb 

E1mchD First metacarpal head, dorsal 

E1mchV First metacarpal head, volar 

P1jbD First distal phalange base, dorsal 

P1jbV First distal phalange base, volar 

P1jhD First distal phalange head, dorsal 

Mradp MC1 Cluster 

Mulnp MC1 Cluster 

Mradd MC1 Cluster 

Mulnd MC1 Cluster 

P1mcpl First proximal phalange tracking marker, lateral 

P1mcpm First proximal phalange tracking marker, medial 

P1mcpV First proximal phalange tracking marker, volar 

P1mcdl First distal phalange tracking marker, lateral 

P1mcdm First distal phalange tracking marker, medial 

P1mcdV First distal phalange tracking marker, volar 

Second Finger 

P2jmcD Second metacarpal head, dorsal 

P2jmcV Second metacarpal head, volar 

P2jbD Second proximal phalange head, dorsal 

P2jbV Second proximal phalange head, volar 

P2jhD Second mid phalange head, dorsal 

P2jhV Second mid phalange head, volar 

P2jd Second distal phalange head 

P2mcpl Second proximal phalange tracking marker, lateral 

P2mcpm Second proximal phalange tracking marker, medial 

P2mcpV Second proximal phalange tracking marker, volar 

P2mcml Second mid phalange tracking marker, lateral 

P2mcmm Second mid phalange tracking marker, medial 

P2mcmV Second mid phalange tracking marker, volar 

P2mcdl Second distal phalange tracking marker, lateral 

P2mcdm Second distal phalange tracking marker, medial 

P2mcdV Second distal phalange tracking marker, volar 
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Table A10: 3D Motion Capture Analysis Position and Motion Descriptions 

Position/Motion Instructions to subject 

Static Capture Keeping your fingers relaxed, hold your wrist out straight and hold this 

position for five seconds (examiner demonstrates for subject) 

Warm Up Keeping your fingers relaxed, hold your wrist out straight with 90 deg of 

pronation and rest it on the support.  Then perform repeated trials of flexion 

and extension.  ("Paint horizontal line") 

Thumb 

Circumduction 

Keeping your fingers relaxed, hold your wrist out straight with 90 deg of 

pronation and rest it on the support.  Stick thumb straight up and rotate in 

CW and CCW directions.  Attempt to not bend at any of the joints and 

isolate motion to the MCP1 Joint. 

Wrist active 

extension 

Keeping your fingers relaxed, with your wrist fully pronated, bend your 

wrist upwards toward the ceiling, extending your wrist as far back as 

possible.  (See D4) 

Wrist active 

flexion 

Keeping your fingers relaxed, with your wrist fully supinated bend your 

wrist upwards toward the ceiling, flexing your wrist as far back as possible.  

(See D3) 

Wrist passive 

extension 

Same as active, expect now apply force to the wrist at the top of the 

phalanges  (i.e., pull back on tips of fingers) 

Wrist passive 

flexion 

Same as active, expect now apply force to the wrist at the top of the third 

metacarpal (i.e., pulling back below the third knuckle) 

Wrist active 

radial deviation 

Keeping your fingers relaxed, hand flat over the table, bend your wrist 

sideways towards the left (examiner demonstrates for subject) 

Wrist active 

ulnar deviation 

Keeping your fingers relaxed, hand flat over the table, bend your wrist 

sideways towards the right (examiner demonstrates for subject) 

Thumb active 

extension 

Keeping your fingers relaxed, wrist pronated, bend your wrist upwards 

toward the ceiling, extending your thumb as far back as possible.  (See D1) 

Thumb active 

flexion 

Keeping your fingers relaxed, wrist supinated, bend your wrist back towards 

you extending your thumb as far back as possible. (See D2) 

Thumb passive 

extension 

Same as active, now apply force to the tip of thumb moving it closer to the 

forearm. 

Thumb passive 

flexion 

Same as active, now apply force to the tip of thumb moving it closer to the 

forearm. 

Dynamic Trial - 

Flexion 

Extension 

Keeping fingers relaxed, wrist fully pronated, move between flexion and 

extension slowly. ("Paint straight vertical line on the wall") 

Dynamic Trial - 

Radial Ulnar 

Deviation 

Keeping fingers relaxed, wrist fully pronated, move between radial and ulnar 

deviation slowly. ("Paint straight horizontal line on the wall") 

Dynamic Trial - 

Wrist 

Circumduction 

Clockwise 

Keeping fingers relaxed, wrist fully pronated, rotate wrist around in 

clockwise direction. Be sure that subject does not rotate their forearm. 

("Paint circle on the wall") 

Dynamic Trial - 

Wrist 

Circumduction 

Counter 

Clockwise 

Keeping fingers relaxed, wrist fully pronated, rotate wrist around in counter 

clockwise direction. Be sure that subject does not rotate their forearm. 

("Paint circle on the wall") 

Dynamic Trial - 

Dart Thrower 

Keeping your elbow resting on the table, relax your fingers, move your wrist 

back and forth as if throwing a dart (other descriptors: hammering). Aim for 

a smooth arc of motion. Give subject pole to hold while performing motion. 

 


