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ABSTRACT

Forearm pronati/supination is common during manual activities, and has been linked to
upper limb disorders in the workplace (Hughes et al. 1997). Forearm deviations from neutral
(palm of the hand facing medially) can increase discomfort and forearm musculature activity
(EMG) (Khan 2009a; Domizio & Keir, 2010), particularly when combined with wrist postures
deviated from neutral. Yet ergonomic tools commonly used to assess the risk of developing
distal upper limb disorders (e.g., Strain Index and RULA), often disreganmlyominimally
account for forearm pronation/supination posture. As a result, the risk of injury may be
underestimated.

This dissertation first examined methods of measuring pronation in the workplace by testing
instantaneous agreement of forearm postueasurements between Inertial Motion Units
(Xsens, Netherlands) and a laboratbased motion capture system (Vicon, UK). Participants
turned metallic and nemetallic handles in front of them, in order to quantify the effect of
magnetic disturbance andnser orientation on the Xsens. On average, RMSE errors of 12.6
around metal, and 8.@round plastic were observed on instantaneous measures. Higher
rotational velocities appeared associated with larger errors. Summarized data revealed smaller
discrepan@s. Second, this dissertation examined the effect of forearm pronation/supination
coupled with wrist flexion/extension on the orientation and location of finger flexor tendons with
respect to a radial coordinate system, using MRI of 4 healthy wrists.tidrdeapination caused
movement almost exclusively in the frontal plane. Radial tendons exhibited larger angular
deviations in pronation, whereas ulnar tendons were nearly straight, and the opposite was
observed in supination. Larger angular deviationewlought to increase contact forces within

the tunnel in the direction of the bend, which combined with finger movement could increase the



risk of tenosynovitis. Finally the results of these studies were combined to measure tendon
movement during a repétie task. The three tendons with the greatest angular movement in the

tunnel were: FDP2 (0.1fpronation/supination degree), FDS3 (0/4&ronation/supination

degree), and FDS4 (0.1 pronation/supination degree).
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Figure 5.1. Significantféects of wrist posture on tendon sagittal locations at the level of the RS
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(a), 39 (b), 4" (c), and ¥ (d) digits. Asterisk denotes significance at p<0.05 Bonferroni

corrected for multiple comparisons. Error bars represent.SD............cccovvvvieeenieeeeeeeeee, 142

Figure 6.5. lllustration of whole tendon sagittal angles, corresponding to the angular deviation of
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Figure 6.8. Plots of individual whole tendon sagittal trajectories, based on average locations of
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Figure 7.6. lllustration of two hypothetical tendons loaded axially: one straight (dotdalimd
one deviated to the dorsal carpal wall in extension (continuous line). Note that a component of

the axial force of the bent tendon results in a force exerted over the trochlear surfacel77

Figure 8.1. Transverse view of the carpal tunnel. All tendons are surrounded synswial
connective tissel (SSCT) within the tunnel. The median nerve (N) is frequently in close

proximity with or without contact with the FDS2/3. Small tendon shifts with flexion......187
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Figure 8.3. 8Bmmary of potential injury mechanisms associated with repetitive forearm
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ABREVIATIONS

List of Common Abbreviations in this Thesis

Common Anatomical
CSs Coordinate System |[CT Carpal Tunnel
CTS Carpal Tunnel DRUTJ Distal Radio-ulnar Joint
Syndrome
EMG Electromyography |ECRE Extensor Carpi Radialis
Brevis
IMUs Inertial Motion Units |FCHL Extensor Carpi Fadialis
Longus
MSD Musculoskeletal ECU Extensor Carpi Ulnaris
Disorders
MSK Musculoskeletal EDC Extensor Digitorum
Loading Communis
NM Neutral-mid EDM Extensor Digitorum
Reference trial in Minimi
MET studies
ROM Range of Motion FCR Flexor Carpi Radialis
FCU Flexor Carpi Ulnaris
FDP Flexor Digitorum
Profundus
FDS§ Flexor Digitorum
Superficialis
FPL Flexor Pollicis Longus
IF Interphalangeal Joints
MP Metacarpophalangeal
Joints
MS Metacarpal Stvloid of
3rd Metacarpal
FPL Palmaris Longus
PRUT Proximal Radio-ulnar
Joint
RS Radial Styvloid of Radius
SSCT Sub-synovial
Connective Tissue
TFCC Triangular Fibro-
cartilage Complex
UN Ulnar Notch of Eadins
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1 CHAPTER 1. INTRODUCTION

Musculoskeletal disorder$ASDs) is an umbrella term used to describe injuries and
disorders of thenusculoskeletal (MSK3ystem, which may involve damage to the muscles,
nervesjigaments, joing, cartilage, andr spinal discOHSCQ 2008) There were nearly
1,200,000MSDsreported in 2014 in the United States in all sectors, and approximately 30%
affected he upper limb (armwyrist, and hand), making upper extremities the leading injured
body part(BLS, 2015) Upper limb injuries require approximatel$ days away from work, and
it wasestimated that employers spent as much as $20 billion a year on direct costs for MSD
related workers' compensation, and up to five times that for indirect costs, such as hiring and
training replacement worke(BLS, 2015)

Commonexamples of these injuries includarpal tunnel syndromE&TS),
tenosynovitis, tendinitis, and epicondylitis, among others. Theseddisohave been linked to a
variety of risk factors, including high or sustained foegkwardposture, and repetitive
activities(Armstrong et al.1982) Current guideline$or injury preventiormay oversimplify the
of risk involved in upperimb injuries because the potentir harmassociated witldlifferent
work tasksdepends o number of contributing risk factgrsuchaswork exposureand
individual variability Wells et al. {990)proposed a modéb depict the inteelationips of

thesefactorsonthe development denosynovitis Figure 1.1).
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Figurel.1. Depiction of complex interelationshig between extnal
risk factorsand individual factors, in the development of
musculoskeletal disorders, usitaosynovitisas an example.

This model shows the injury mechanismeriosynovitis lfeginning with the external
risk factors at the bottoynand explaimg the effectof postureunder loading caditions andof
postural change®(g.repetition) on frictional forces at the tendon and tendon sheaths. While
individual factorsalso influencehe response to mechanical loading, it is evident that external
risk factors shouldnerit further studyecase of their modifiability.

Although posture alone has been repottedot have amuch of an effecas forceon
MSD risk (Schoenmarklingt al.1994) its contribution tanjury should notbe underestimated
because imagnifies tle effects of force and repetition MSK loading.For instanceMoore et

al. (1991)presentec compilation of injury mechanisms for some of the most common



cumulative trauma disordens theliterature at the timegndtheir respective external risk factors.
They reported thatustained psture and/orepetitive posttal changesontributel to dl injury
mechanisms prestd forCTS, tenosynovitis, muscle fatigue and overd$e Bureau of Labor
Statisticshas longrecognized worker postures and motions as the second most common source
of exposure resulting in injuryt ghe workplacgBLS, 2015) further supportinghe positiorthat
posture is a large contributing factor to MSD risk.

Current research has suggesa link betweenpper limb injuries anébrearmpostures
andmotions. Epidemiological evidenshowsthat years of repetitive pronation and supination
can be a predictor of elbofwfearmand handkrist disorders in aluminum smeltefidughes et
al. 1997) Forestry workersequiring pronad forearm postures to operat@chinerycontrols
have been reported more often on sick leave dupgerdimb injury than those requirirsgmi
pronatedorearmposturegGrevsten & Sjogren, 19968pther researchers have provided
evidence of increasédSK loading associated witlorearmpostures away from neutral
ForearmEMG increases with pronatéorearmduring push/pull tasks, and intermittent pronation
torques(Domizio & Keir, 2010; Mukhopadhyayet al, 2007) and increases itarpal tunnel
(CT) pressure in full supination with metacarpophalangeal j§MB) at90 (Rempel, et al.,
1998)have been show®thershave reported increasing discomfort ratings \idttearm

postures away from neutral during intermittent pronation torgondsstaticwrist flexion tasks

(Khan, O6Sullivan, & Gall wey, 2anda®aaditive2 009 b ;

effect on discomfort when combined wikltist postures away from neutr@dhan et al., 2009a,
2009b) Despite evidence showittigatforearm pronation/supinatiazontributes to MSK
loading,little is known about the role of forearm rotation in nyjuevelopment, which iseed to

take steps taninimizeinjuriesat work

M



First, it is important to have feasible methods for quantification of forearm pronation/
supination in the workplace. Reliable and portable methodologies to continuously quantify
forearm pronation/supination in the workplace have not been validated. Pronation and supination
involver ot ati on ar ound (intemallyf aod erternalin,despedtivelypthera x i s
than a movement of one segment with respect to andthis movenent carbe very fast,
reaching higher angular velocities than wrigtxion/extension or radial/ulnar deviaticthus it
can be difficult to measure. In spite of this, forearm pronation/supinatioaickataeded for a
variety of jobs, in order to undeasid their forearm postural demands.

Second, little is known about the effect of forearm pronation/supination on the location,
orientation, and physical interaction of the MSK structures within the wrist (e.g. finger flexor
tendons); this information isleyant for understanding the mechanism of injury associated with
postural change. Previous research to investigate the effects of wrist posture on the physical
interactions of anatomical structures within the wrist includes: wrist posture effects on flexor
tendon deviations at the GKeir & Wells, 1999) CT areaunnel contents rati(Bower, et al.,

2006) and he relative motion between the flexor digitorum superficialis (FDS) tendons and the
adjacent paratendiKociolek & Keir, 2016) Two main areas that should be targeted are 1)
finding reliable ways to nasure forearm pronation/supination in the workplace, 2)
understanding the role of forearm pronation/supination on the injury mechanisms of the upper

limb.



1.1 Thesis Overview

This work will be presented in seven chapters, three of which will be diffegdaies
addressig the two goals of this thesis. The gaaile:
1) To determine a usdriendly, portable, and reliable method to quantify forearm
pronation and supination in the workplace.
2) To study theeffects of variousforearm pronatiofsupinationandwrist
flexion/extension posture combinatioos the orientation and location of the FDS

and FDP tendons, proximal and distal to the CT.



1.2  Chaptersof this Thesis

1.2.1 Chapter 2. Review of Literature

The first section briefly explains the importenaf upper limb posture in the
development of injury, followed by an epidemiological review to illustwaiech features of
forearm pronation/supination have been linked to injawdenceof biomechanical measures
arepresented to demonstrate that foreqronation/supination postures, along with wrist
postures away from neutral, seem to increase MSK loading of the upper limb.

The second section of this chapter addresses the first goal, measuring forearm
pronation/supination in the workplace. It brieflgstribes current methods used by ergonomists,
and highlights how forearm pronation/supination is often not considered. Challenges of
measuring forearm pronation/supination in the workplace are presented, as well as advantages
and disadvantages of techndkgycurrently available.

The last section reviews literature associated with the second goal of the study, evaluating
the effect of forearm and wrist posture on the orientation and location of the finger flexor
tendons. This section begins with a briesdription of wrist anatomy and the mechanics of
forearm pronation/supination. Current literature about the effects of posture on internal MSK
loading, including both cadaveric andvivo data, follows. The next piece describes the
usability of this partiular study, and the challenges currently encountered when attempting to
transfer external exposures to internal loading. The section ends by describing the histological

impact of internal loading.



1.2.2 Chapter 3. Assessing Forearm Pronation/Supination in¥derkplace: A

Comparison between Xsens and Vicon Measurements during a Hamdiag Task.

Forearm pronation/supination is often neglected in evaluations of occupational physical
postural exposures. In fact, classic ergonomic tools do not usually tekenfo
pronation/supination into account (e.g. Strain Index by Moore and Garg, 1995), or evaluate it as
a binary variable (i.e. rate it &4ggh-risk only if the forearm is at or near the end of the range of
motion (ROM) (e.g. RULA byMcAtamney & Corlett, 1993)However higher discomfort has
been reported when the forearm degétem neutral by60% of ROM than wherit deviates by
30% (Khan et al., 2009ajvhich sugges that tre amountof forearmdeviation from neutral is
correlated withMSK loading. Further, the additive effects of forearm and wrist posture on
discomfort(Khan et al., 2009a&5uggest that simultaneous quantifica of forearm and wrist
postural requirements is more logical when assessing the risk associated with the postural
requirements of work tasks. However, in order to do this, a portable and reliable method is
needed to quantify forearm pronation/supinatiothe workplace.

Widely accepted motion capturing systems such as \(mon Motion Systens Inc.,
Oxford, UK) are commonly used in laboratory settings to quantify posture. However, the use of
this system in a workplace setting is not feasible duegistical challenges (e.g. reflective
surfaces, potential interference of people in the collection area, lack of safety of very expensive
equipment, antengthy calibration). Instead, portable systems, such as the Xsens inertial motion
units (IMUs)(Xsens Echnologies B.V., Enschede, Netherlgndan be used for motion capture
in work environments. These IMUsontainng triaxial magnetometers, gyroscopes, and

accelerometergan be attached to different body segmentagasureheir orientation in space



and thusestimae posture. The data logger carried by the participant recordsftrenationand

senddt over relatively large distances to a computer via Bluetooth. This technology is practical

for field research, as allows workers mobility in their own environment. Additionally, the

Xsens IMUsdo not require lengthy calibration procedures, making data collectioreffinent.
Nevertheless, their reliability when measuring forearm pronation/supination in the

workplace has not been evaluated, nor has their capability to adjust to common ferromagnetic

disturbances at work (e.g. tool uggjen that they use magnetomstérhus, the goal of this

study was to evaluate the agreement of forearm pronation/supinationremeasts made with

and without metal in hand, in a handle turning task. It was hypothesized that Vicon and Xsens

measurements would have good agreerardtthat agreementould vary inthe presence of

metal

1.2.3 Chapterd.  Evaluation of Finger Flexor Tenddfrajectories at the Wikt as a

Function of Forearmand Wist Postural Change, Using MRIntroduction and Methods

This chapter presents the introduction and methodology sestiansd bywo
manuscripts relating to thevaluationof finger flexor tenda trajectories with wrist and forearm
postural changeMagneticresonance imaging (MRI§ shownto successfullyevealthe
anatomical changes that occur with postural changedifiacentloading conditionsthus
increasing ouunderstandingf mechanisra of injury. For instance, Keir & Wells (199%ere
able todemonstrate changes in the path of finger flexor tendons as a function of flexion and
extension of thevrist, and Bower et al. (2006) evaludthe effectof wrist flexion/extension

and loading onditions €.g.pinch gip) on the ratio between ti&T corntents and the tunnel



dimensions. Findings from these two studies helped understand contact forces experienced by
the median nerve, and thus the effect of wrist posture on the risk of CTS developmen

Because MRI allows visualization of internal structures in aineasive manner, it can
facilitate great insights by highlighting the internal anatomical chathgesccompany postural
changes, whiclean result in in@ased MSK loading among tissu&le current workused MRI
to accomplish its goal afvaluaing changes in the finger flexor tendon orientations landtions

as a function of the combination of@&earm pronation/supinatiqgrostureg40 pronated,

neutral, 60 supinated) and @rist flexion and extensiopostureg30 flexion, neutral, 30
extension).

This chapterends byexplairing the methodologsused to determine tendon locations
proximal and distal to the CTsavell asrelative angular trajectories between proximal and distal

portions of the finger flexor tendons.



1.2.4 Chapter5 Finger Flexor Tendon Trajectoriddroximal to the Carpal Tunnals a

Function of Forearm and Wrist Posture: Results and Discussion.

This chapterdeliversfindings on tendon locatiaand angular ajectoriegproximal tothe
CT as a function oforearmandwrist posture the aimis to determire whethefinger flexor
tendonsexhibit greaterdisplacements anahgular deviations with largéorearm and wrist
posturedeviations from neutralt also presnts he amount of tendon displacement and tendon
A s w e(angubamMmovement of the tendon) proximal to 16&, as a function oforearm
pronationgupinationandwrist flexion/extensionThe chapter ends motingloading
implications(at the measurementeiandon the forearm associated with some forearm and

wrist posture combinations.

1.2.5 Chapter6 Finger Flexor Tendon Trajectorid3istal to the Carpal Tunnals a

Function of FBerearmand Wist Posture Results and Discussion.

This chapter introduceBndings on tendon locations distal to the CT, andémelon
trajectorieghrough the wrist, as estimatédm angle measurements teindonportionsproximal
and distal tdhe tunnelThe aim is to determing@hethertendon angular trajectoriéisrough the
wrist and tendon locations distal to the CT were affectgabltural changes of tlierearm and
wrist. This chaptemcludes a description of tenddisplacementlistal to the tunnebnd tendon
sweep through the wrisaisafunctionof forearmpronation andupination andwrist

flexion/extensionThechapter ends by notirtheimplicationsof certain forearm and wrist
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posture combinations on MSK loadingtbéwrist, vi a changes in finger

and orientation

1.2.6 Chapter7 Frontal Tendon Agles Estimates During a Handle Turning Task.

This chaptepresents regressiormodelto estimatdrontal angles of the FDREDS3
and FDS4thetendonswith thelargestangular sweepbserved in the MRI studeduring a
continuoudask requiring reptitive pronation/supinatio his model was based on the observed
relationship between forearm posture aadh tendomangle.Descriptive statisticare presented
to highlight theestimatedendonanglesduringtwo different conditions othe manual taskA

discussion explains the potential use of the predicted tendon angles in modelling contact force.

1.2.7 Chapter8 Summary

This chapter summarigé¢hefindings of eactof the threestudesin this dissertationt
discusses and comparf@sdingsof the two MRI studieslt presentgheindividual MSK loading
implications based on tendon movement froosture aboththe wrist and forearm, while
distinguishingbetweerthe effects of sustained postures and repetitive motions. It illustrate
suggestetbadingmechanismsvith diagrams of/ariouswrist-forearm @sture combinations,
along with sample activities. Finallig,ends by outlining futureirectionsandproposegpotential

applications of the findings
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2 CHAPTER 2. REVIEW OF THE LITERATURE

2.1 General Ovaview
2.1.1 Importance of Postural Change in the Development of Injury

Although force is often considered the major iogdactor in injury(Descathaet al,
2003; Goldsteinet al., B87; Kroemer, 1989; Silversteid, al., 1986) it is important to
recognize that postural changeeatlyaffects the way force is experienced by internal structures.
For a giverexternally appliedorce, theinternalforce experiencetly finger flexor tendons, as
well as the normal foreeper unit area between tendons and nearby structures (such as the flexor
retinaculum), vary with postural chan@¢eir & Wells, 1999Moore et al., 1991 Changedo
these loadingonditionsaffecttissue fatigueandcanthus affecthe riskof developng aninjury.
Additionally, the ability to produce gripping force can also be affected by postural change,
because of its effects on muscle lengtthefh a n ex&issic muscles. Tus postural chages
have a direct effect on the level of exertion #nekesultingrisk of developing muscle fatigue
and injury quantifying postural demands during job analyses is as important as quantifying
force.

SummaryAlthough force is considered the major risk factor in injury development,
posture can largely affect internladingexperienced in job activitie hus investigating

posture change is as important as force evaluation during job analyses.
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2.1.2 Epidemiologcal Links betweefrorearm Pronation/SupinatioRostures and/SDs

Forearmpronationsupinationhas been epidemiologically linkédthe development of
upper limb injuries of both theristhand, and théorearnielbow.For exampleHugheset al.
(1997)studied several risk factors associated with the development of injdil@dialuminum
smelters most of inomwere carbon setters and crane operaftne relationshipbetween
various physical and psychosocial factors on health status werdechodimg a mulple logistic
regression. It was determined that years of repefitirgsarm pronation/supinatiomwas a
significant predictoof handivrist disorders Qdds ratio or OR=17) and elbowforearmdisorders
(OR=37).Similarly, Grevsten & Sjogre1996)found trat forestry machine operators whsed
controls that required postures with a prondtedarmwere more often on sick leave due to
upper limb injury than those whesedcontrolsrequiring semipronated postures

Forearm pronation/supinatiggostures andhotions have been associated with the
development of several disordéBescatha et al., 2003; Kroemer, 1989; B A Silverseia),
1986) For exampleforearmpostures/actions atributeto mechanicaloadingof the upper
limb, as reporteth areview of physical factors associated with common upper limb disorders
(Kroemer, 1989)Lateral and medial epicondyliti€ TS,wristt e nosynovi ti s, DeQue
disease, gangliocysts aswell as radiatunneland pronator teres syndrosmeere all found to
be relatedo forearm pronation/supinatiqgrostures and motions. Silverstein et 2886 studied
the associatiobetweerseveral physical exposures and lategatondylitisin workerswith a
variety of jobs in the private and manufacturing sedibe following were identified as
significant predictors of lateral epicondylitimréarmpronation>45 for >40% of the time in
combination with forceful exertiorendforearmsupination>45 for >5% of the time when

combiredwith any two types of forceful exertioe.g.power grip and lifting>3% of the time).
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Similarly, Descatha et al. (2003) investigated the associated factors that may contribute to
the development of medial epicondylitisa working population (N=1757 workeysising
surveys and physician assessmamsrkers who tended to hold tools in place, use tools
forcefully, or turn and screw@R=1.64(0.9912.71), 1.47 (0.822.64), and 1.24 (0.72.14)
respectivelyhad a higherisk of developng epicondylitis than those who did not. It is worth
noting that epidemiological studies allow us to recognize a relationship betwearmpostural
demands and injurjhhowever morework is needed to understand the implicationfoodam
posture on mechanical loading, dmalv loading may affect thesk of developingnjury.
Epidemiological evidence hadentifiedforearm pronation/supinatioas afactor in

upper limbMSDs however, moreesearchis needed telucidateits role.

2.1.3 Biomechanical Evidence Relatikgrearm Pronation/SupinatioRostures andiSK
Loading
Recently several researchers have evaluated the efféotedirmposture, often in
combination withwrist and/or finger posture, on a variety of biomechanical meastiaddes
2.1 and 2.2(Domizio & Keir, 2010; Khan et al., 2009a; Mogk & Keir, 2003; Mukhopadhyay e
al., 2007; Rempedt al.,1998; OSullivan & Gallwey, 2005; Gullivan & Gallwey, 2002;
Werneret al.,1997) This section will discuss the effectfofearm pronation/supinatiam each

of these variables.
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2.1.3.1 Effect of Forearm and Wrist Posture on Disomfort

The relationship between discomfort and forearm pronation/supination has been
previously studd( O6 Sul | i van and Gall wey, 2005; Mu k hope
2009) O6Sullivan and Gal |l wey fdqreartnfoStyre{s%,60%, ed t he
45%, 30%, 15% and 0% of pronation and supina®@M) on discomfort and torque strength in
both directions, whilgarticipantgerfornmed1 s, 20%MVC, intermittent pronation and
supination torques with a frequency of 10 exertions/fionationtorques were more
uncomfortable overall than supination torques (5.76 and 4.26 standardized discomfort scores
(SDS) respectivey, averagd across alforearmpostures). Discomfort increakas theforearm
moved away from neutral (up to 2.65 SDS pointhéigat 75% supination ROM compared to
neutral, during the supination torque exertion).

Similarly, Mukhopadhyay et al. (2007) studied the effect of thwezarm
pronation/supinatiopostures (neutral and 60% RCbt pronation and supinatiorthreeelbow
angles (45, 90, and 135 of flexion), two exertion frequeries (10 and 20 exertions/min), and
two torgue intensies (10 and 20% MVC pronation torque) on discomfort faréarmeEMG,
while participantgerformedrepetitive pronation torques. Discomfortsuated using a visual
analogue scal@heir measurements were taken while the arm was abductéa 9@ coronal
plane. Discomfort increadavhen theforearmmoved away from neutrafliscomfort(SDS) was
higher in pronated postures than in supine.

Additionally, Khan et al. (2009) studied the combined effect ofviivist ulnar and radial
deviatiors (0%, 35% and 55% of radial and ulnar deviation ROM) andféiuearm
pronation/supinatiopostures (0%, 30% and 60% of pronation and supination ROM) on

disconfort during a repetitive,-5econd isometriwrist flexion task, with a frequency of 15
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exertions/min and a force of 10MLN. The elbow was flexedt90 , and the upper arm
externally rotated approximately 45 he reported SDS revealed that discomfontdased when
either thewrist or theforearmwere deviated away from neutrethportantly, deviations away
from neutralin both joints had an additive effect on discomfort much larger dltiviation in
only one joint Figure2.1).

SummaryThere may bersatomical changes wittorearmdeviation postures away from
neutral which increase discomfort in the upper ljrtite discomfort isnagnified whenvrist

posturesalsodeviate from neutral in the frontal plane.

~31° Supine
4.2
~15° Radial Dev 0.8 ~23°Ulnar Dev
2.8
~28° Prone

Figure2.1. Additive effects of both forearm pronation/supination and wrist
radal/ulnar deviation on perceived discomfddote higher discomfort ratings
when combining postures deviated from neutral at both the wrist and forear
Adapted from Khan et al. 2009.
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2.1.3.2 Effect of Forearm Posture onForearm EMG and Strength

Forearnrotation postures have been shown to afieearmEMG and forcegeneration
ability. Domizio and Keir (2010) evaluated the effect of thi@earmpostures (pronation,
neutral, and supination) darearmEMG during a variety foisometric tasks, including: gripping
(15%, 30% and 50% of maximum grip force), push/pull actions (30N push, 30N pull), or a
combination of the two (30N push with 15% gripping force, 30N pull with 15% gripping force).
It was reported thdbrearmextensoEMG generally increased as ttegearmmoved from
supination to pronation while gripping, with or without pushing/pulling force.

Mukhopadhyay et al. studied the effectafearmand elbow posture, exertion frequency,
and torque intensity on EMG of tlegtensorcarpiradialis vevis (ECRB) during repetitive
pronation torquesThe ECRB EMG increased when togearmwas prone, and decreaseten
it wassupine compared to neutraNo effect of elbow flexion angleas reportedvhen 45 and
135 angles wereomparedo 90 . A supplementary experiment was carried out to determine the
effect of elbow andorearmposture on pronation torque strength, using the same poatuies
the main experimenPronation torque strength was highest whenfthearmwas sume and
lowestwhen it wagprone,independent of elbow angle. These findings were ettythe
discomfort scored.€., there wasnorediscomfortat lower pronation torque strengths).

Similarly, O6 Sul | i van and Gal |l wey ( 2 0s@engthinf ound
more pronateforearmpostures (75% ROM pronepmpared tameutral or supinatednes(75%
ROM supine). Additionally, teir study reported steep linear decreases in supination torque
strength as theorearmdeviated from neutral t65% ROMsupne (14.8Nm to 10.7Nm of

maximum torque strength in neutral and supiaspectively).
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In another studyO6 Sul | i van and Gall wey (2002) studi

supination torques at different elb@mgles(0 , 45, 90, and 135) andforearmangles (3%
prone, neutral, and 75% supine). Thejlectedtorque strength data in different postures that are
common in the industry, as well as EMG data of muscles that could potentially be at risk of
injury. It was determined that supination torque strengthhigteer than pronation torque
strength. Supination torque strength was more affectédrbegirm pronation/supination
decreasing consistently from 75% ROM prone to 75% ROM supine postuoss all elbow
postures. Pronation torque strength did not sedme s affected biprearm
pronation/supinatiogralthough lower pronation torques were seen in 75% ROM pronation
compared to neutral or 75% ROM supination.

Mogk and Keir (2003) studied the effectvafist andforearmposturs on gripping force
Their resits showed a consistent trend of decreasiagimal grip force with pronateidrearm
butthedifferences were only significant while theist was texed.This evidenceuggestshat
forearm pronation/supinatiarhanges orientation of muscles and tendonise forearmwrist
area in ananner which could affect internal forces among tissues, potentially resulting in
increasd exertion and discomfqrthus further evaluation is necessary.

SummaryfForearm pronation/supinatioposture has been found to atfearearmeEMG,
as well as torque and grip strengReported results includ&€MG increases in thivrearm
extensors in pronated postytewerpronation torque strength with pronatéarearm and

highersupination torque strengthith supinatedorearm
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Table2.1. Summary of lmmechanical evidence demonstrating the effetdrefarm
pronation/supinatioposture on discomforfprearmEMG, and strength.

Paper Posture __ Discomfort EMG Strength Actions
-0%. 35%.
and 55%
ROM wrist |- Higher discomfort with
[ S, >
Khan etal. (2009) 301/: c;eg 02 ic:!ruea:mm postures deviated from
Goal: Study the effect s ; 3 : Repetitive. 1-sec. isometric wrist
of forearm and wrist aad a0 higher discomfit i coptae N/A NA flexion task at 15 exertions/min. with a
il deviats ROM than prone postures & £10N
‘;n di:; it 7AUON | forearm P/S |-Additive effect of combined e
-00° elbow |wrist and forearm deviations
flexion from neutral posture
-Upper arm
rotated 45°
Dominizio and Keir , Increased EMG of omdnaons of bal¥pstisnd
(2010) Fﬁ'f:ﬁiﬁ’o’f JRRERITI X S4CER (8 %ﬂ:ﬁ:& ip (15. 30, 50% of max
Goal: Study effect of Neutral N/A pronated postures for  |N/A force) B Loyt
preampostee ot | supination e 2)30N push. 3) 30N pull
i 4) 30N push/pull with 15% eri |
xﬁ;’mdhﬁy gl -Increased with forearm
Y deviated tures. but i(
Goal: Study the effect |-Neutral,  [(= = POVIEES. 7 BE4=
Felbos bt 60% ROM scomfort in pronated postures From supplementary
It ostire. exedian forearm P/S than supinated. ECRB EMG increased  |study: Despite elbow
P 4 : ; "7 |- Higher discomfort at 45° than |in pronation and angle, pronation torque Repetitive pronation torques at
frequency and intensity |-Elbow at o o o ; : . i
: = 00° 90° elbow not sig differences  |supination compared to |strength was higher in frequencies (10 vs 20 exertions/min)
on discomfort and 45°.90°, 3 s : ; asoy
forearm EMG. Note the|135° between 90° and 135° neutral regardless elbow |supine and lowest in prone. |and intensity (10% vs 20% MVC)
: . Supplementary study found posture It was matched by
mppicucniEy My | Shouder et thscnditict discomfort data
studied the effect of  [abducted 90°; e discontiict i peone
variables on torque OWESt 10 supte
strength and discomfort
O'Sullivan & Gallwey -Pronation torque ellicited more ek st
(2005) -0,30,45. |discomfort than supination Jy pt e e
Goal: Study the effect |60.75%  |-Increased discomfort with it pronated Iofeam |y ... 20% MVC, repetitive, pronation
i % : -Largest decrease in s
of forearm posture and |ROM larger forearm deviations from |N/A ettt tr and supination torques, at a frequency
direction of torque on  |forearm P/S |neutral E?xezz' alofgue Sine =" |of 10 exertions/min
discomfort and torque -Larger increase from neutral to £ Sup
strength supine with supination torque DA
-Overall: supine torque
strength is higher than
-0°. 45°,90°, pronation strength
O'Sullivan & Gallwey |and 135° of -Supine strength more
(2002) elbow Warions chatiges i affected by forearm posture
Goal: Study the effect [flexion, and Ko o -highestat 75% ROM  [Maximum pronation and supination
of elbow and forearm |- 0%. 75% [N/A P . .. .. |prone, lowest at 75% ROM |torques in the pronation and supination
Biceps. Brachioradialis. ¢ 5 R
posture and torque ROM of : supine. despite elbow angle|directions
NS : ECRB and deltoids 4
direction on torque forearm P/S -Pronation torque not as
strength and forearm |- Elbow at affected by forearm posture
90°flexion but pronation torque was
lower at 75% prone than in
other 2 forearm postures
0° 45° of -A trend of lower max
. p 5 g g :
Sopk ¥ Kext (2009 wrist flx/ext 7 alty bagher < ece s i prouation Isometric gripping contractions at
Study the effect of activity of extensors in  |acros all wrist postures g e R . :
: -Forearm ; Ve 5%. 50%, 70%. 100% of max grip
forearm. wrist posture, 3 N/A pronated forearm (Similar to other 5° T :
3 pronation. : force (normalized in neutral wrist and
and grip force on eatial (baseline. and reserachers) - but only forearm), and SON
forearm EMG manon statistically different in 3
e wrist flexion
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2.1.3.3 Forearm Posture Effect on Mechanical Loading of the Median Nerve

Nerve compression has been associated with retarded conduction atethong
neuropathy in some cas@&eir & Rempel, 2005)Nerve @mpression can occur as the result of
increased pressure or direct compressiothe median nervéKeir & Rempel, 2005)

Controlled application of pressure on trerpar side of the hand over the flexor retinaculum has
elicited CTS symptoms immediately after pressuasapplied suggesting that increas€d
pressure may be a contributor to C(K®ir & Rempel, 2005)Changes irfCT pressure can be
elicitedby changes iforearmandwrist posturegRempel etl., 1998; Werner et al., 1997)
(Table2.2).

Werner et al(1997)studied the effect of a variety of combined postures ofdrearm
(pronaton, mid-pronation, and supination) and fingéclosed hand, relaxed, straight, and
pinched) postures, duringeition/extensioras well as radial/ulnar deviation movements, using a
fluid-filled catheter (surgically inserted in the wrist) connected to a pressure tranStheer
forearmand finger postures were fixed at the beginning of each trial, and active
flexion/extension or radial/ulnar deviations were performed. Their results showed colysistent
higherpressurein supinated postures across all finger amidt postureswith two exceptions:
extremewrist extension80 ) and radial deviatiobothelicited highempressure pronated
posturesThe highest pressu(26.8 mmHg)was seen when therist was extended 80with
proneforearm this valueis three to nindimes the normal resting carpal pressiWrner et al.,
1997)

In a similar study, Rempel at. (1998) measudschanges in CT pressure as a function of
changes in posture of the forearm and MP joints4B , and 90 of flexion). The MP joint was

fixed at the desired posture, while the forearm moved actively from pronation to supination, with
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astraight wrist. Dataveresampled at Q 45, and full forearm pronation and supinatidine

highest pressures were found in supinated postagzsdless of MP joint postyreith the

lowest pressurat45 of forearm pronationThe CT pressuréncreasedvith increasedorearm
supination for all MP joints, with thieighest pressurabservedn full supination with 90 of MP

joint flexion. These findings suggest thatreases in CT pressure may refiatérnal changes

which candisruptthe mechanical rationship among tissues, thus increasing the risk of
developing CTS. These findings suggest that forearm pronation and supination may modify the
mechanical loading experienced by the median nerve. Job activities requiring fomaated
postures might @it higher mechanical loading on the median nerve, potentially increasing the
risk of developing CTS, and thus should be evaluated.

Summaryincreased pressure surrounding nerves has been associated with delayed
conduction and longerm neuropathy. Forgen pronation/supination postures can increase
loading on the median nerve, via increased CT pressure or direct compression, suggesting that
some forearm postures may contribute to the development of CTS. Jobs requiring forearm
deviated postures should beatuated, as they can affect CT pressure, thus the risk to develop

CTS.
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Table2.2. Summary of evidence showing effects of forearm posture on carpal fuessure.

Paper Posture Carpal Pressure Actions
-Tunnel pressures were
higher in supinated thaninneutraland |, .
ted postures across all wrist P
Wemer et al. (1997) z:)osrtllalres P flexion/ext
Study the effect of i d
AR -Hand: closed. relaxed, straight. pinch |-Two exceptions: 1) Extreme wrist flexion ens.loxjx o
forearm, wrist, and . RN : % Fa radial‘ulna
-Forearm: Pronated. neutral. supinated |(80) with pronation, 2) Radial deviation T
finger posture on carpal ; : r deviation
and pronation caused higher pressure
tunnel pressure =5 of the
than supination et
-Highest pressure in extreme wrist
extension with pronation (26 8mmHg)
-Active
-Highest pressure in supination forarm
-Greater increase from neutral to pronation
supination and
MP joints: -Lowest at 457 prone forearm, but slight |supination
Rempel et al. (1998) 0°, 45°, 90° increase in full pronation from neutral in slow
Forearm: 0%, 45° full P/S -Highest pressure in full supination and |motion.
907 of MP flexion - Sampling
-Lowest pressure at 43° pronation with  |every 45°
45° MP flexion of forearm
rotation
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2.2 Goal 1:
To determine a usdriendly, portable, and reliable method to quanfibyearm

pronation and supination in the workplace.

2.2.1 Forearm Pronation/Supination Measment in the Workplace: An Overview

Currently, ergonomists often employ a variety of ergonomic tools to estimate the risk of
developing upper limb MSDs, chosen primarily because of their low cost and ease of use. Many
of the most common ergonomic methadlsw the categorization of wrist postures into degree
bins (e.gArmstronget al., 1982)however forearm pronation/supinatios often neglected, or
taken into account indiregt(e.g. Moore & Garg, 199% Strain Index Slor as a binaryariable
(e.g.McAtamney & Corlett, 1998 RULA) (Table 2.3) Given the evidence suggesting the
considerable contribution ébrearm pronation/supinatido MSK loading and injury(Descatha
et al. 2003; Domizio & Keir, 2010; Khan et al. 2009a; Kroemer, 1989; Mogk & Keir, 2003,
Mukhopadhyay et al. 2007; Rempel et al. 1998; Silverstein et al. C&86tlivan & Gallwey,
2005;0'Sullivan & Gallwey, 2002; Werner et al., 199#)e inclusion of practical estimation of
forearm/wrist posture combinations in observational methods would be of great benefit. The first
goal of this thesis is tdetermine a reliable ethod to quantify forearm pronation/supination in

workplace settings
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Table2.3. Examples of forearm pronation/supination quantification in the workplace usir

observational met hods. The o&échoices ave
optionsontheadhc k|l i st s associated with each of
Observational Methods

Authaors Tools *Choices Available for Forearm Rotation

Armstrong et al. (1982) - *Pronation, Neutral, Supination (check mark)
*Forearm rotation not directly quantified.

Moore & Garg (1993) Strain Index *May be indirectly accounted for as perceived
postre

McAtamney & Corlett (1993) |RULA * Wist twist: Score of 1 f mid-range, or
score of 2 if deviated near end range

Understanding forearm/wrist postural demands of different jobs may allow new insights
into the risk of developing specific upper limb disorders for people performing certain jobs.
Valid and reliable measurements of external expostireh include both wrist and forearm
posture quantificatioare needed to help us understand the relationships between external
exposures and MSD risk

SummaryThe majority of arrent ergonomic tools attnping to estimate the risk of
developing upper limb MSDs associated with work do not acctwgettly for forearm

pronation/supination.

2.2.2 Challenges Associated with Forearm Pronation/Supination Measurements

The rature offorearm rotation makes it diffitito accurately measupmronation and
supination. The movements involve rotation of the radius over the ulna (the two bones in the
forearm). Posture measurements are performed by establiskdimgdrisional or tedimensional
coordinate systems (CS) ofalebodysegment and measuring the relative angular differences

between them. However, becatiseearm pronation/supination is the relative movement
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between two bones within a body segmém {adius and ulnapndare externallynaccessible

proximal anddistal CS of the forearm need to be established. Although some optical methods,

such as Vicon, may facilitate the development of such CSs (e.g. through the acquisition of

marker location data, along with kinematic model development), measuring poshee in

workplace with such systems is not feasible, due to challenges such as the lack of safety in the

work environment for expensive equipment, inability to control for light sources, lengthy

cal i bration, an de.gpverkepmollify svithn thetcapture spacesultng in
blockageobar ti ci pant 6 s mo v e.rMmstead, portdble motioncaptreg a v i e w
systems, such as IMUs, are necessary.

However, measuring forearm pronation/supination may be difficult when using portable
motion @pturing systems, because acquisition often relies on mounted sensors onbadying
segments. Tissue movement of forearms with different anthropometric characteristics could
interfere with the accuracy of the measurements. In addition, the need tesbdt@bICS within
the forearm is likely to result ithe need fomore equipment mounted at the forearm, potentially
interfering with workersd mobility and comfor

Finally, forearm pronation and supination is a movement which may be performed at
high anglar velocities Marras & Schoenmarklifl993)measured wrist and forearm motions in
industrial jobs with high and low incidence of upper limb disorders. Their findings showed that
pronation/supination were a lot faster than flexion/extension of the wrists and radial/ulnar
deviation. In the lowrisk jobs, they observed velocities of up to 280120/s, and 80's of
pronation/supination, flexion/extension, and radial/ulnar deviation respectively, illustrating that
forearm pronation/supination can be more than double thestfasiecity seen in

flexion/extension. Faster movements pose a challenge mainly because higher sampling rates may
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be required, and a slight delay could create a large {gimage deviation between the measuring
device and the actual movement. Higher veiesiinvolve higher segmental accelerations, thus
potentially more abrupt changes in direction, possibly inducing noise in the signal. In addition,
sensor weight should also be considered, as heavier sensors may be difficult to mount;
furthermore, due torgater inertia, thegre more likely tacontinue to move at the end of ROMs
andrecordextra movement when subjected to abrupt changes in direction.

Thus,an effective posture quantification device would not only be portable, valid, and
reliable, butalse mal | and | i ghtweight in order to mini:
motions during work activities arsensor movement not related to body segment mdtierto
abruptdirectional changeddeally, such a system would be abl®btainand transmiposture
measurements over a large area to affew ambulation oparticipants in large working areas to
perform their jobs. In the following sections, the methods currently available for posture
guantification will be discussed.

SummaryForearm rotatio is difficult to measureCSs of the proximal and distal end
of the forearrmeed to be modele@heideal measuremergystenwould beportable non

intrusive,andreliable.
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2.2.3 Current Methodologies Measuring Forearm Pronation/Supination in the Wardpla
2.2.3.1 Optical Methods

Historically, basic video has been used to capture moveiamal & Buchanan, 2004)
Armstrong et al. (1982), for example, investigated cumuldtauema disorders in workers at a
poultry processing plant using video. They filmed motions of the shoulder, elbow, wrist, and
hand at three frames per second and analyzed them using an observational method. Although
conventional video can be a very usab@dl! for analyzing occupational postural requirements, it
is often set up to capture only a single plane of movement, which may not necessarily be aligned
with the anatomical planes of participants. Additionally, all video is subject tofisght
probdems, when body parts of interest are outside the field of view of the camera. Thus posture
guantification from conventional video is difficult. More recently, moéimera motion capture
systems have been developed which allow movement to be captaedensionally. However,
they still require some form of manual or assisted digitization in order to identify points of
interest.

Other motion capture systems involve automatic tracking of markers, thus eliminating the
need for manual or serautomated digjzing. There are currently active and passive systems,
both of which track markers mounted on body segments and joints of irfMesstl &

Buchanan, 2004 Active systems such as Qpptack (Northern Digital] Waterloo, Ontario,

Canada) use lighemitting diodes (LEDs) as markers, whereas passive systems such as Vicon
rely on reflective markers, which reflect infrad light emitted by LEDs on the cameras. Both
activeand passive systems are able to locate the markers in fgmald@ting the creation of
anatomical CSs of body segments to measure pgdfameal & Buchanan, 2004Yhe markers

are generally placed over bony landmarks, with the assumption that they closely represent
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osseous movement. Although these systems have been widely accepted in biomechanics, they
are costly and require lengthy calibration procediiras well & a motiorcapturing space where
light sources can be controlled. Given the eventful and unpredictable nature of work
environments, the use of optical systems for motion capture in the workplace is often not
feasible. As a result, reliable and portableiorotapturing systems to measure forearm posture
in the workplace are needed.
SummaryOptical motion capturing systesnantrack markers on bony anatomical
landmarksallowingr esear cher s t o cr e atandestimaet3D postwres! s e gn
for a \ariety of dynamic activitieSThese systenae not feasibléor work settingsiue to their

cost and complexity

2.2.3.1.1 Vicon

Vicon, a passive optical system, uses multiple-timmensional cameras to tratsegets
(i.e. markers)n the capturezolume(globally), and uses mathematical equations to reconstruct
3D target coordinate@anal & Buchanan, 2004The strobe units or LEDs around the camera
lens emit lightto be refécted by the passive markers at a specific wavelength, alldiagrigns
to filter out unwanted lighof different spectral characteristidhe lightpassing through the lens
project an image of the targetstarthe camera s i seresa@ which is acomdementary
metaloxide semiconductqiCMOS)composed o& matrixof numerousight sensing elements
which form an internal, twalimensional coordinate system (image plaivegon Motion
Systems Limited2006) These light sensing elememtansform the ligt into a voltage
modulatedoy thelight intensity which isimportant fortwo-dimensional target trackin@lanal

& Buchanan, 2004Because the projected image igmnayscaledifferent voltages are
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associated with each 2Dcation on the image plariglanal & Buchanan, 2004dmage
processing occuiigs the cameras, wherbdedges oftargets areecognizedy scanning the
matrix for voltage transitions between eleme@sntroid fitting algorithms are used to identify
projections which are likely to be markers, and to identify theirdimaensional coordinates in
each camerfarget centre location)Vicon Motion Systems Limited2006;Manal & Buchanan,
2004) These coordinates are not recorded as the actual target location, but are eaddonst
generate a ray in the direction of the target in the captloene While this is done by each
camera in the system, the target locations in 3D space are calculated by the interseetyens of
generated bwll camera viewing the same targ@lanal & Buchanan, 2004)n order to
identify suchintersections, cameras must be calibrditestl

Vicon calibration involves proprietary algorithms which are basedrectdinear
transformation (DLT). DLT is a mathematical procedure which allows determining of various
internal (e.g. focal length and image distortion) and external parameters (e.g. camera position
and orientation), which are used to establish the relstips between the real and projected
object positions and their size ratio (i.e. scaling) (Vicon Motion Systems Limited, 2006, Manal &
Buchanan, 2004). In order to establish these relationships, DLT requires at least six static
calibration points withknen r eal coordinates. Viconds calibr
dynamic and static procedures, and do not require static points with known real coordinates.
Instead, the dynamic procedure involves an optimization process, where a wand with 5 markers
with known distances is waved around the capture volume. The cameras simultaneously modify
both, the internal and external parameters, so that measured distances between markers in the
image plane match the known intearker distances (Park et al. 2013)eTstatic calibration

follows the dynamic procedure, where the 3D capture volume axes and origin are defined. At the
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end of the calibration procedures, the transformation parameters are defined, which are
subsequently used to reconstruct the 3D marketitotzain the capture volume from two
dimensional images of multiple cameras (Manal & Buchanan, 2004, Park et al. 2013).
Viconis widely used in the biomechanics field to quantibgy posturesandhasoften
servedas a gold standatd evaluatehe accurey of other motion capte systems to measure
kinematics of théower (Picerno et al. 2008; MartiBchepers et al. 201@ndupperextremities
(Martin-Schepers et al. 2010; Roetenberg et al. pq@¥ssibly due to its lower error compared
to othermotion capturesystems (Richards, 199%Richardsnvestigated thstatic and dynamic
accuracy of differenbpticalmotion capture systemmcluding passive systemArfel system,
BTS Elite, MotionAnalysis PeakMotus, Qualisys, and Vicon ard anactive systenfCODA).
He compared the discrepanciestweerthe estimatedistance measurements (from motion
capture)and the real intemarker distance, of markers placed on a mobile de@ne.analysis
consisted of estimating the distarweertwo rotating markes fixed 50 cm from each other,
while they remained visibl® all cameras during the tridflicon hal lower error (0.62 mm
RMSE)thanall but one of the systesifrangeof discrepancie€.591 4.87 mm RMSE. A
similar analysis was performed using two mask&eparated by 9 cm, but as markers rotated,
they were only visible two or three cameras at the time. array/ss showed that Vicon had
lower error £.29mm RMSEH thanall othersystemgrange:1.497 4.46mm RMSE) Finally,
this study also evaluatedeh s y satcaracyg t6 measutbe distance betweenstationary
marker, and a moving marker which varieddistance with respect to the stationary maraef
cm increments, over a 5 cm rangevas found that systems measured location better when
inter-marker distance was greatest, witikon showingone of the lower errors (0.82 mm RMS),

performingbetter than fousystems (1.8 mrh 3.6 mm) and similar to the other two systems
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(0.57 0.9 mm) as long as the markers were within 2 cm from each dthemkers within 1 cm
separation distance were confusedimnstsystems includingicon.

Even better Vicon accuracy was reportedtindolf et al. (2008)whoevaluated the
effect of different collection parameters (e.g. camera setup, calibration volunkey isiae, and
lens filter) on the accuracy and precision of Vicargeét location measuremenly comparing
them to known marker locations mounted on a high accuracy fbfistwas done by
systematically moving markeithroughpredefined grid pointsn 30 mm increment¥/icon
showed overall discrepancies of 0.86.015) mmin their most favourable condition, and
although certain parameters affected the accuracy of Vicon measurements, accuracy in other
conditionsrangedbetween 0.81 0.13 mm.Finally, Eichelberger et al. (2016) also tested the
static and dynamitrueness and precision dfcon measurementsyltomparing distance
estimates from Vicon marker coordinsite their known spatial distanceor the static
measurements, a wamdth markers aknown distances was positioned at three heights
resembling the heights of the ankle, knee, and hip. For dynamic measurements a reference
marker plate, also with known interarker distances, was positioned on a person at three
different locations: the dousn of the foot, the lateral knee, and the low bdtle dynamic
Vicon measurements were recorded during a Batrepancies of 0.11 to 2.3 nmean
absolute errorMIAE) were reported for the static conditions, while only Q.@9 mm were
observed duringhe dynamic conditiongrecision in all static conditions was < 0.07 mm, while
dynamic measurements ranged from 0.(8328 mm.This evidence supports thdicon displays
low error, and it is one of the better systems currently available for motiorreaptu

Summary¥Vicon has been often used as a gold standard bedawserror in tracking

target locations has been reported in titerature.
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2.2.3.2 Electrogoniometers

2.2.3.2.1 Potentiometers

Electrogoniometers are probably the most common direct measurement device in the
workplace for directly measuring postures of the upper extrenfMiasal & Buchanan, 2004)
These devices, in the form of rotating potentiometers or strain gagigesoltage outputs
calibrated to joint angle@anal & Buchanan, 2004A potentiometer is essentially a voltage
divider with three terminals, two of which are cested to a resistive element in the circuit; the
third terminal is connected to an adjustable arm, which slides over the resistive element. The arm
is in contact with the resistive element, dividing the voltage on either side of it. As a
consequence, thegistive element becomes two resistors in series, and the arm determines the
resistance ratio between the two and, ultimately, the output voltage of the potentiometer (as seen

in Eq.2.1).

[ — (Eq.2.1)

Where: @ is the output voltage of the potentiometer
'Y and’Y the resistances associated with either side of the divider
@ is the input voltage
As one example, Maas et al. (1993) created a device using a potentiometer to measure

forearm pronation/supination for a variety of industrial tasks. Their device consisted of a rod
attached to a fixed bracket at the proximal end, while it remained parallel to the fardmwas
connected to a rotating potentiometer at the distal end, which was fixed to another bracket.
Rotation of the forearm caused rotation of the potentiometer with respect to the fixed rod.

Voltages from the potentiometer were calibrated to joint anglésough this device may have

32



allowed calibrated forearm pronation/supination measurements, it is proprietary; thus, it is not

available for commercial use. However, sources of error were not discussed, and no further

research was conducted to validaseoutput. Wearing a rod across the forearm would have been

cumber some during work activities, possibly a

electrogoniometer is not as commonly used as strain gauge goniometers.
SummaryElectrogoniometers areommonly used to measure wrist and forearm

postures. They often exist as potentiometers or strain gauge devices. Potentiometers are voltage

dividers, and they can be setup so that changes in posture change the voltage ratio on either side

of a wiper, andsoltage outputs can be calibrated to joint angles. Potentiometer

electrogoniometers, although they can produce reliable measurements, are not as easily

accessible for commercial use as strain gauge goniometers.

2.2.3.2.2 Strain Gauges

Strain gauge electrogoniometdrave been more commonly used in the field of
ergonomics, and models have been developed which are relatively small and easy to use, at a
relatively low cost. These devices consist of sgoared casings or blocksnnected by a cqil
which contains a siin gauge. Strain gauges are electrical devices whose resistance varies with
varying strain experiencdflanal & Buchanan, 2004)n the case of torsiometers (e.g.
Biometrics Q series torsiometers), the strain gauge is aligned so that it is sensitive to strain
caused by the rotation of one block with respect to the other, giving a voltage output, which is
calibrated to relative angle. Forearm pronation/supination ésuaned with this type of

electrogoniometer by placing one block near each end of the forearm.
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Several studies have used strain gauge toesties (Biometrics LTD) to evaluatide
forearmpostures of a variety of jol§dones & Kumar, 2006; Lowe, 2004; Quemelo & Vieira,
2015; Spielholzet al, 2001) For exampleJones & Kumar (2006) used toremetes to evaluate
forearmpostures on satilers, professionalsvithin the forest products manufacturing industry.
Torsiometes were positioned c c or di ng t o indtrectionsmmtiefaesiagrur er 0 s
forearm with thedistal block as close to therist as possible and the proximabck towards the
medial surface of the olecranon. Althouggithercalibration procedures were specified ie th
article, it wasreportecthat errors were measured using-plainar calibrationigs through
anatomical ranges of motion. The maximanor reported for pronation/supination was 3.3
over aROMsof -41 to 41 of supination/pronatiomlthough error was acceptable, it is not
known whether larger ROM could have had an effect on error.

In another study, Quemelo & Vieira (2013) compared upper limb kinematics of two
computer mice (standard vs vertical). The task consisted of moving each mouse across a screen
to various targets. Forearm pronation/supination measurements were obtairetbrgittmeter
(Biometrics LTD), and average postures during the task were confpatee two mice.
Torsiometes were placed on the anterior surface offtinearm with the distal block at therist
and the proximal block on the radial aspect offtiiearm The average pronatiamas28 for
the vertical mousand 42 for the standard puse Calibration methods and measurement error
were not reported, bithe authorg@issumed that measurements would nctigpaificantly
affected by crostalk because thegsture ranges were small, ahe postures relatively static.

Two other studies used torgietes as the gold standard while evaluating the reliability
and accuracy adbservationaimethods to estimaterearmposture(Lowe, 2004; Spielholz et al.,

2001) Spielholz et al. compared methods which used video analysis anmdsmifwith
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electrogonioneter(bi-axial gonionetes for radialulnar deviation and flexieextension of the
wrist) and torsioneter (for forearm postur@easurements.hE brsiometes were placed on the
posteriorforearm with the distal block towards the radial styloid, and the proxineako

towards the lateral epicondyle of the humerus. Althcelghtrogoniometer and torsiometers
were used as a gold standard in this study, the authors recognized common errors associated with
electrogonionetes, caused by crogalk. They developed a ses of regression equations based
on the relationship between the known and measured postures in each of the three planes
(flexion/extension, radial/ulnar deviation, and pronation/supination), using a calibration jig for
all planes. Input measurements frdmethree planes were used in the regression models to
correct flexion/extension and radial/ulnar deviation measurements. However, corrections for
forearm pronation/supinatiomere not performed. Average standard error reported between
direct measuremengnd the calibration jig was arouneb4 for all axes however only + 45 of
forearm pronation/supinatiomas includedSpielholz et al. 2001)

Lowe (2004) evaluated observational methods withrying number of posture
categories to estimate the riskdafvelopng upper limb disorders certain jobs
Electrogonianetergbi-axial forwrist posture measurements) and tomsébes (for forearm
pronation/supinatiomeasuremen}svere used as the godtlindard in this study, and calibration
procedures werersilar to those used by Spielholz et al. However, Lowe developed correction
algorithms for all planes. The worst discrepancy between corrected torsiometer and jig
measurements was 2,6vhich occurred when the forearm was pronated B6th Spielholz et
al. and Lowe took into account mufpianar interactions for their corrections. However, like the

former, Loweds calibrated ROM f4brto4dborearm pro
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Finally, Shiratsu & Coury(2003)evaluated the accuracy of two Biometrics torsiometers
using a calibrated gauging device. Five measurement sequences were performed throughout an
unspecified ROM, with lincrements. Averages of each measurement were performned p
degree, and coefficients of variation and mean squared error were used as measures of reliability
and accuracy, respectively. Torsiometer error was not symmetrical between directions, with 7
and 5 of error when rotating to the right and leftspectiely. The variability of the
torsiometers was reported to be arourP@ of the mean. Interestinglyne authorseported
larger errors when measuring smaller amplitudesy0, while the opposite was observed with
bi-axial electrogoniometers measuringxXion/extension and radial/ulnar deviations. In this
particular studythe torsiometer blocksere mounted on the gauging device rather than on a
human forearm, thus error associated with soft tissbeloo enkvendent with respect to the
forearm was nog¢valuated.

SummaryTorsianetes can have discrepancies up towhen compared to
measurements of calibrated devices. Howeeev,studiesncluded calibrated ranges of motion
>45 of deviation from neutralCross talk in wrist posture measurements @itivy forearm

rotation highlighs the need of accurate forearm rotation measurements.

2.2.3.3 Electromagnetic Systems

Electromagnetic tracking technologyalsoused in biomechanics to measure postures of
the upper limbs. Essentially, these systems consetrahsmitter and sensors in the form of
receiving coils. The transmitter is a stationary base camgist three coils arranged

orthogonally which emitraelectromagnetic fieldamposed of three dipole fieldBirkfellner, et
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al., 2008) Thefield is used as a reference to measure the location and orientation of the sensors
with respect to the transmitter. Each of the dipoles is activated in sequence in the transmitter. The
sensors also have an arrangement of three orthogonal coils, and each coil senses magnetic
changes from each of the three dipoles in the transmitter. The voltage genertt®meensors
folowsFar aday 0s L aw thespdntanedus gerestomaii/ditags or

electromotive force (EMF) experienced by electrons in a conductor ivisanoved through a
magnetic field. The magnitude of the induced force is proportional to the strength of the
magnetic field. As the sensors move through space, the mdgmf themagnetic fields

experienced by the sensorsiearandthe absolute orientation of each sensor in space can be
detectedManal & Buchanan, 2004forearmpronation/supinatiomeasurements can be

estimated by calculating the relative orientation of a sensor ptectee distaforearmwith

respect tanothersensor placed on the proxinfatearmor the humerus.

The accuracy and reliabiligf electromagnét sensors is verlgigh under optimal
conditions €.g.no magnetic disturban@ndtransmitter and sensaase in close proximity
However,both large distances between sensors and transanittkenagnetic disturbance can
result in considerable measurermerrors(Manal & Buchanan, 2004; Polhemus Innovation in
Motion, 2012) Furthermorethe volume of the capture area depends on the strength of the
magnetic field, which mainterfere with effective data capturejobs requiring ambulation over
large areas.

This technology has been used to evaluate upper limb kirsnrag few jobgFlodgren,
et al, 2007; Mohankumar et al., 2014jowever little is known abouts ability to measure
forearm pronation/supinatioparticularly in a work environmenigherepresence of metal

(which interferes with the magnetic field)common. Mbdankumar et al. (2014) investigated
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upper limb kinematics associated with endoscopy maneuvers of the lower Gl tract on an
endoscopy simulator using &lectromagnetiPolhemus FASTRAK system. In this study,
pronation and supination of therearmwere measredby means o& sensor on the dorsum of
the handanda transmitter on the lateral humeral epicondieportedvalueswere normalized to
the maximum range of motion and binned into four categories: neutratange, extreme
range, and out of rangelowever,calibrationandsources of error were not discussed.

Similarly, Flodgren et al. (200&)so used a FASTRAK systemewaluate upper limb
kinematics associated with performing a mouse tBis&ir neutral posture was defined as the
forearm position \wen the participant's hand rested on the mouse. The average postures ranged
from 8.7 for forearm pronation to 19.%or supinationwith respect to neutralhis small range
of motionis due to the fact that the task was essentially in sustained profidtenalibration
procedures and sources of error were not discuksgds not clear where the sensors were
placed to measumgonation/supination.

SummaryElectromagnetic tracking systepeensising of a transmitter and sensqrs
measure forearm posteifromthe relative orientation of two adjacent sensors on the distal and
proximalforearm Theyare greatly affected byagnetic disturbance and increased distance
fromthe transmitterLittle is known about their ability to accurately measfoearm

pronation/supinatiorin the workplace.

2.2.3.4 Inertial Motion Units (IMUS)
Inertial motion units are affordable, light, portabensorswhich generally contain
tridimensional gyroscopeacceleromers, and magnetonters (El-Gohary & McNames, 2012)

Each of theséhreedevices is capable of providing important information regarding orientation.
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Combining these @vicesgreatlyimproves accuracy, as well as versatility, fexcilitate measuing
movement in diverse conditions.

Triaxial gyroscopes are able to measure angular velocities in three orthogona| ghahes
orientation may be estimated by integratihg argular velocity output from thgyroscope
However, because angular velocity data have to be integrated continuouslyinguomision
dataare likely to arise over time (e.qg. drift), which are magnified by small gyroscope offsets in
angular velocityCommercially available gyroscopes alopevide accurate measurements for
less than one minut&uinge et al, 2007) In addition, gyroscopesre notvery sensitive taslow
segment orientation changes, but work well when estim#iagrientation changes of faster
movements.

Tridimensionalkcceleromers, on the other hand, measure linear acceleraliocases
where there are no external accelerations, linear acceleration outputs can be used in
trigonometric calculations to estimdtes orientation of a segment with respect to gravity.
However, in cases where limhseaccelerating linearlyaccelerorster measurements may not
be accurate due to noisetiresignals(Luinge, et al, 2007) Becauseacceleromers use the
gravity vector asa global reference, rotations about the vertical axis will not lead to changes in
acceleromier measurementshusacceleromeers are not capable of giving a complete
description of orientation in spadgg@ombiningacceleromiers with magnetomeers can providea
complete estimate of 3D orientation.

Magnetomeers are devices capable of measuring the strength and direction of local
magnetic fields, which allow them to determine magnetic Ndhodman, 2007)The
measuremestof magnetomeers, along with trigonometric calculationsanprovideestimats of

rotations of segments in the yaw directierg(heading), using magnetic norisanexternal
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reference. Howevemagnetomers aregreatlysusceptible to magnetic disturbanse theyare
commonlyused in conjunction with other devicesd.in IMUS) to improve measurement
accuracyLuinge et al., 2007; Woodman, 2007)
IMUs are capable of combiningformation fromtwo or more devices to define the state
of a system (e.grientation) They maintairthe advantages of each of these devices while
minimizing their flaws through senséusion(Woodman, 2007)a processhich uses
algorithmsto combine measurements from vari@asirces o0 I mpr ove measur emen:
TheXsens IMU sensors are equipped with three devices: 3D linear accelerometers, 3D
magnetometers, and 3D gyroscofésens motion technologies, 2008d contain a buiin
processor which runs a Kalman filterty@e ofsensoifusion algorithmA Kalmanfilter is a set
of equations thas usedto infer a parameter (e.g. orientation) from inaccurate, uncertain and
indirect measurements (e.g. angular velocity, linear accelerations, and magnefi¢/é&th)&
Bishop,2006) Al t hough Xsensod6 Kal man f il textitis propr
was designed to determine the best possible orientation output through the following operations.
First by predicting the current state (IMU orientation output) and measurements of each device
(gyroscopes, accelerometers, and magnetometers). Tdietjore of the current state is based on
current measurements (e.g. velocity from the gyroscopes), the change in time between the last
and current samples, and the past orientation
predictions for each device aresed onthen e x t s satepredictios, and the known
relationship between the orientation outputurrent statéfrom the IMU) and each of the
measurements (e.g. 1) orientattoomt he i nt egr al of gyroscopesd al
knowledgeoa st arting orientation, 2) roll and pitc

measuremenfs with respect to gravity, and 3) yaw orientation estimates from magnetometer
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measurementswith respect to the magnetic north). Measurement residual$sareadculated

based on the discrepancies between the measur
(e.g. discrepancies between an orientation estimate at time (t) (based on angular velocity from
gyroscope data at time-I) and an initial orientain (state at-fL.)) and the current orientation

(from the integral of gyroscopes$®l),andgwul ar vel
initial orientation (state atl))). At the same time, similar complex procedures are done to

estimate the covamae of both, the state and measurement predictions, and their associated

noise. The knowledge gained on covariance and noise associated with both, measurements and
prediction processes, is used to determine which measurements and predictions are more

accuat e, as indicated by | ower covariance and |
filter provides an outpuhichincludes the best orientation estimate from a series of predictions,
measurements, and uncertainty measurds.e X s e n dilter alsaimnvohaacorrections to

account for any changing accelerations beside gravityamdagnetic disturbancény

changing accelerations (besides gravity) will sum to,zetlee participant is not travellingn

the presence of magnetic disturbatite Xsens creates a new local magnedith and

recalibratesWhen the magnetic disturbance is not predictdimegh,(such as when thidMUs

and alargemetallic object are moving with respect to each other), the Xsens may err in its
orientation estimatins.An importantadvantage of this filters thatit has been optimized to

correct forthe drift (caused by the continuously integrated angular velpcity3e (from

accelerometers), and magnetic disturbantele weightinginputsof each device when

determining thecurrent orientation, depending probableerrorsof each deviceFor example it

aims tominimize the weigting of themagnetomeers in the presence of ferromagnetic
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disturbance, or to emphasiaeceleromer and magnetonmer measurements isiow movements
when magnetic disturbance is not present.

SummaryXsens unitare affordable, light, portabléMUs whichcontainthreedevices
tridimensionalgyroscopesacceleromeers, andmagnetomiers. They combine information from
all threedevicesusing a Kalman filter, which has the advantajenodifyingtheweighting of

eachdeviceto improve measurement accuracy.

2.2.3.4.1 Use of IMUs to Measure Arm Movements

IMUs have commonlypeenused in biomechanics to estimate posture of various body
parts(Luinge et al., 2007)including the upper limfEl-Gohary & McNames, 2012; Zhost al,
2008) Some of these studies used IMUs containing gyroscopeascaeteomeders (EI-Gohary
& McNames, 2012; Luinge et al., 200While others used IMUwhich also included
magnetomeers (Zhou et al., 2008)The following section describes various studies wheze th
RMSE errors in orientation associated witMUs ranges from 2 -8 when @mpared to optical
motion capturing systen{€uestavargas, et al., 2010; Ebohary & McNames, 2012; Luinge et
al., 2007; Zhou et al., 2008)

Cuestavargas et al(2010) performed a literature reviewsitidies measung body
movements using IMUs. They analyzed 14 artipielslished between 2000 and 204Bich met
their criteria. Studies had to have measuhedkinematics of specified body regioasd
comparedhe results to those froaccepted human mement analysis systems.g.optical
systems, electrogomuoaters, and electromagnetigystems). Thetudiesalso had to provide
measures of error to denote discrepancies between sySieths. 14studies, only four

evaluatedupper limb movementsnd compred the IM$ to an optical motion capturing system.
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TheXsensIMUs in these studieall included 3D gyroscopeagcceleromers, and

magnetomeers; howeverin onestudy a Kalman filtewas not usedrlhe three studies which

used the Kalman filter reportedrers ranging from 2.34.83 RMSE The one study which did
not use a Kalman filter reported largarors of around 16 RMSE However theerrorfor

specific joints of the upper limlvasnot reported. The length of the trigis any of the four
studies, were not reported either, which could have an effect on errors seen over time, due to
inability of the sensefusion algorithm used to compensate for drift errors.

In another study, EGohary and McNames (2012) fussignals from 3Dacceleromters
andgyroscopesisinga Kalman filterthey create@ndevaluated its efficacy by comparitigeir
output with Vicon measurementostures of the shoulder, elbow, daccarmwere measured
while participants weréoing three different taskBorearmpostures wer measured as the
relative orientation of a sensor mounted on the distarmwith respect to one on the upper
arm. The first task involved uniplanar movementsoéarm pronation/supinatioirials for this
task were 18 seconds long. The second tasklved touching the nose with a finger and
reachingfor and rotating a door knob. These trials were 2 minutes long. The last task involved
the same uniplanar movements of task one, but at a faster speed. Urfiquizaran
pronation/supinatioshowed 5.5RMSE, and a peak error of 7.&MSE. The second task
exhibited an average error of 6 BMSE, and peak error of 8. RMSE among both tasks and all
joints. The third task showed an average error neRMSE, and peak error of IRMSE
across tasks and jasiNoneof their recordings exceeded 2 minutes, thisnot known
whether longer recordings would have had larger RMSESs due to drift

In a similar study, Luinge and Veltink (2005) also designed a Kalman filter to combine

signals from 3Dacceleromeers and gyroscopes. Hiilter was designed to estimat@nd correct
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for) integration drift in all three directions. It was evaluated by determining the agreement
between the IMU and Vicon measurements of trunk and arm movements during various tasks.
The task included lifting crates at different speddstwo minutes, mimicking daily morning
activitiesfor ~80 seconds, and eatify 90 seconds. ThiMUs were placed on the pelvis, trunk,
andforearm Comparisons involved absolute orientationMif)s betweerboth systems, and
errors were separat@ato inclination and heading errors. The errors associated with gyroscopes
andacceleromrs were illustrated separatelyheyreported that their Kalman filter was able to
attenuate the drift dhegyroscopesAcceleromeéersd out put s wer e affected
movement while lifting crates; faster movements increased noise actbéeromersd si gnal s,
increagng error in orientation estimates. Howevereydemonstrated that their Kalman filter
wasalsoableto attenuate this noise. Good inclination agreement was shown between their IMUs
and Vicon, with an erroof 3 RMSE However, heading error contirdio drift at a rate of
0.5 /sec,meaning thatheir filter was unable to accurately estimate yaw moves€&heir
recordings weraever longer than twminutes,sotheir results may only be applicable to tasks
two minutes long oshorter.

Finally, Zhou et al. (2008) compared arm movement measurements from Xsens MT9
sensors (3D gyroscopes;celeromters, andmagnetomeers) to measurements using an optical
motion capturing system (CODA this studythe IMUs were calibrated by-@rienting the
| MUsO6 reference frames to segment orientation
movements at single joints,duasforearm pronation/supinatiadone. The sampling period

was 20 second§&orearm pronation/supinatiatrors were 4.83RMSE
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Some studies show that IMUs are promising for posture estimatkthatKalman filters
may improve th&UsGaccuracy in wok environmentsHoweveythe error associated with

IMUs during activities in the workplacgparticularly with metalnearby, needs to henderstood

2.3 Goal 2:
To study the effect dbrearm pronation/supinatiaandwrist posture in the sagittal
plane on theorientationand location of thdlexor digitorum superficialis and

profundustendongFDS and FDPrespectivelyproximaland distato theCT.

2.3.1 Wrist andForearmAnatomy Review

2.3.1.1 Wrist and Carpal Tunnel

Thewristjoint is a synovial joint between the dikends of the radius and ulna of the
forearmand the proximal row of carpal bones of the hdhid enclosed by ligaments, and tough
connective tissugMcKinley & O6 L o u g h | Tha carp& Ifio0e6 fproehebony arch of the
CT, which containgDP andFDStendonsthe flexor pollicis longugsendon (FPL)the median
nerve, adt h e nhdoodvsepplgRobbins, 2009jFigure2.2). The four FDS tendonge on
top of the four FDP tendons, and the FPL runs radial to both, but pushed slightly more dorsal
than the FDS tendons. The eight finger flesendons passing through the tunnel are pulled
togethetin a protectivesynovialsheathalso called flexosheathor ulnar bursa. Similarly, the
FPL shares synovial sheatlithe radial bursayith the tendons of thifth digit. Synovial
sheaths areormed of twolayers of connective tissue, a visceral (inner) layer and a parietal
(outer)layer. Together theyorm a sacontainingsynovial fluidwhich helps minimize friction

between structureginally, the bony carpal arch is enclosed at its antenitar Isy a transverse
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band of connective tissuthe flexor retinaculumTendons and synovial sheaths in this area are
vulnerable tanechanical loadingdue to tightly packed structures passing through a narrow
tunnel(Armstrong,et al.,1984)

Within thewrist, there are some structures whito not pass through ti&gT. On the
anteriorwrist, the ulnar nerve, its artery, and the palmaris longus tendons pass volar to the
retinaculum, and the flexor carpi radialis and ulnaris pass on sitteeof the tunnglRobbins,
2009) The tendons of the extensor muscles ofithist and the radial artery pass dorsal to the
carpal bonesand are secured with thdersaltransverse ligameriRobbins, 2009)

SummaryThere are numerous soft tissue structures passing thrihegBT,a
reduced space at thverist, whichare vulnerable to mechanicéadingandmayhavean

increased risk of tissue damage.

Palmaris longus

Flex. carpi radialis

Abd. poll. longus Ulnar artery and nerve

Ext poll. brevis

) Flexor retinaculum
Ext. carpi rad. long.

Radial artery Ext. carpi ulnaris

Ext. carpi rad. brevis

Ext. dig. minimi
Ext. poll. brevis

Ext. indicis prop. Ext. dig. communis By Ivan Chavez

Figure2.2. Transverse view of the carpal tunnel from the proximal side. Kumestructures pass
through the reduced carpal tunnel: 4 flexor digitorum profundus tendons (BPR flexor digitorun
superficialis tendons (FDS3), flexor pollicis longus tendon (FPL), the median nerve (MN), the ¢
synovial connective tissue (SSZand the synovial layers, which wrap all tendons and the MN, 1
be vulnerable to mechanical loadidglapted from Loudon et a2013.
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2.3.1.2 ForearmMusculature

There are two main pronators and two main supinators dbtbarm The biceps brachii
and the supinatare the two supinator muscl@he supinator passpssterioly over the elbow
from the supinator crest and fossa of the ulna Jateral epicondyle of the humerus, and elbow
ligaments, to the lateral side of the proximal third of the raduake, 2005)Figure2.3a). The
two pronatorsrunning through the anterior compartment of theearm comprise the pronator
teres, which originates from the medial epicondyle and attaches to the lateshlaftidf the
radius; and the pronator quadratus, which extends between the anterior surfaces of the distal ends
of the radius and uln@rake, 2005)Figure 2.3b).

There are four flexor muscles that cross both the elbow aniritethe flexor carpi
radialis(FCR)and ulnarigFCU), the humeral head of the flexor digitorum superficiiBS)
and the palmaris longus (PO)hese four muscles, along with themeral head of the pronator
teres(PT), have a common origin at the medial epicondyle of the huniBna&e, 2005)Figure
2.3c). The deeper laysiof the finger flexor muscles and flexor pollicis longus do not cross the
elbow, but originatalong theforearmby the interosseous membrane and croswitis (Drake,
2005) On the posterior side of therearm there are four extensor muscles vattommon
origin at the lateral epicondyle: the extensor carpi radialis brevis (EGR®@nsor carpi ulnaris
(ECU), theextensor digitorum communis (EDC), atte extensor digiti minimi (EDM)Figure
2.3d)(Loudon,et al.,2013)

SummaryThe complex forearm musculature is described in d&tagwrist flexors and
the humeral head of the PT have@nmon attachment at the humeral medial epicondyle,

whereas thevrist extensors and the supinator muscle attach at the lateral epicondyle.
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Lateral
epicondyle

a) Supinator
crest of ulna

Common flexor
tendon

Flexor c. ulnaris

Flexor dig.
superficialis (FDS)

Flexor
retinaculum

FDS tendons

d) ECRB

Pronator teres

Pronator quadratus

Brachioradialis m.

Common

EDC extensor origin

Lateral
epicondyle

By Ivan Chavez

Figure2.3. Forearmmusculature: (a) Supinator muscle, lateral view. (b) Pronator teres ar
pronator quadratus, anterior view. (c) Flexor muscles which attach to the medial epicon
cross the elbow and wrist: FCU, FCR, FDS (ulnar head), and PL. (d) Forearm extenses
attaching to the lateral epicondyle through the common extensor tendon: ECRB (not att
through the common extensor tendon), ECU, EDC, and EDM (not shown).
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2.3.1.3 Wrist and Forearm Joints

The radius and ulna attach to each other at the proximal aatietss through the
proximal and distal radialnar joints (PRUJ and DRUJ), as well as the interosseous membrane
at their central portion, allawg approximately 1800f rotation of theforearm(Loudon,et al.,
2013) At the PRUJ, the radius is attached to the uiaghe annular and quadrate ligaments.
The DRUJwherethe ulna fits into the ulnar notch of the radius, inctithe triangular
fibrocartilage complex (TFCC), which provides stability to the jduatudon,et al.,2013)
Distal to the DRUJ, the concave surface ofrdius along with portios of the TFCC
articulates with the carpal bones, which is what we know asathist joint. The TFCC articulates
with the triquetrum, while the radius meets the scaphoid and lunate. Because the contact area
between the radius atide carpalss larger than that betweéme ulnaand the carpaJsnost of
the movement occurring at the radius is transferred to theédhand forces occurring at the hand
are transferredhoreto the radius than to the ulflaoudon,et al.,2013)

SummaryThere are sveral joints within théorearmandwrist, togetherallowing
forearm pronation/supinatiarHand movements and forces are mostly transferred to the radius

than to the ulna due to greater contact area between the carpals and radius.
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2.3.1.3.Mechanics of Prondion and Supination of theForearm

In anatomical position, when tli@erearmis supinated, the radius and ulna are relatively
straight with respect to each owristaerelaively t he f
straight During pronation, theircular head of the radius at the proximal end spins within the
annular ligament at the radial notch of the ulna. At the distal end, the radius rotates and translates
over the relatively stable ulnegtatingthe hand with iendforming a cross betweehd two
bones (Drake2005).

SummaryWhen the forearm rotates from supinattorpronation,the orientation of the

radius and ulna changes from almost parallel to crossed.

2.3.2 Posture Effects on Internal Loading

2.3.2.1 Effect of Posture on Location and Orientatn of Internal Structures

Previous researchers have quantified movement of internal structures as a function of
wrist and/or finger postural change, and have discussed their implications in terms of MSK
loading(Armstrong & Chaffin, 1978; Bower et al., 2006; Keir & Wells999 Loh,et al, 2016;
Armstrong & Chaffin 1979) The following subsections will describe some of the first mgdels
which usedcadaver datto understand internal displacements enternalforces as a functioaf
postural changeéAn overview of studiewhich have implemented these modelgjt@antify

internal loading as a function of posturaholye invivo will be presented.
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2.3.2.1.1 Initial Models: Cadaveric Studies

Armstrong and Chaffin (1978, 1979) used cadaveric specimens to quantify and model
tendon displeements and estimate tendon force on the trochlear surface of theTjbays.
developed a predictive model to describe axial displace(agotrsion)of extrinsic finger flexor
tendons as a function hger andwrist postural change, for a variety ofrfthsizeslIn their
study, handbrearmspecimens were dissected, and the finger flexor tendons separated. Each
tendon vasclamped at the proximal end to a force transducer in line with a displacement
micromeer. A constant tensile loagas maintained whilthe tendons were axially displaced in
2.5mmincrementspostures at the desired joints (MP, interphalangeal joints (IP)vasil
were recorded. Joints were tested oretahe, and those not being tested were splinted in place,
so thatt was possil® tocorrelae tendon excursiowith posture change at each joint.

They developedegression modsto predict tendon excursi@and the wrist and finger
joints, from hand anthropometrics (from Garret, 1970) gmt angle, basedona nd s meer 0 s
model | AppendixA). This modelof Landsmeedescribed tendon excursion as a function of the
tendonds moment uaderthe assuthptighatghleestimated idistange from the
center of rotation to the trocheneaammandwas f ac e

represented by:

W i— (Eq. 2.2)
Where: x = Tendon excursion or axial displacement over the joint
ri= Tendon moment arm (Distance from the joint centre to articular surface in this case)
g = Angular postural change deviated from neutral in radians

SubsequentlyArmstrong & Chaffin (1979) proposed another model to quantitatively

show how forces inside thverist are related tovrist size, hand force, and hand position, based
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on the representation of the tengomt system as a befiulley system. According to thisodel,

the force per arch length exerted by the tendon on the djdiay, F.) is a function of the

tendon tension @, the radius of the pulleyrochleay), the coefficient of friction between the
two surfacesi(), andthe angle of contact of the tesron the pulleyd). Both the radius of
curvature adthe angle of contact of the tendon on the pulley are directly affected by posture.
However, because the coefficient of friction between synovial surfaces is in the range@f.0.01

(Linn, 1968), the cefficient of friction was neglected, resulting in:

0 — (Eq. 2.3)

Where: k is the force/arch length on the pulley
Fr is the tendon tension
r is the radius of the trochlea

Additionally, the effect of posture on the total normal faegerted bythe tendon on the

pulley was describedsa
O c"O"Y"Q?e—c (Eq. 2.4)

Where: k is the total normal force of tendon on pulley
Fr is the tendon tension
—is thewrist angle(in degrees from straight
These models are very usefot illustrating the effect of posturendhe force exerted by

the tendon on the entire trochlear surface, as welh#se force experienced at different

sections of that surface (force/arc length).
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SummaryArmstrong and Chaffin conducted cadaver studies to qydintger tendon
excursionwith finger andwrist postural change, and to demonstrate that posture affects contact

forces.

2.3.2.1.2 Evidence of Posture Effects on MSK Loading: Iavivo Studies

Keir and Wells (1999)ised MRI toevaluate the effect afrist posture on tendon
movementtenda curvaturgadiband t aking Armstrong and Chaf fi
model into accountthe impacf wrist postureon contact forces within th@T, in living
parti ci pantwistswé&taimagead inidifieeent postires: flek20 and 45), neutral,
and extendedrists (20 ), while loaded (10N of pinch force) and unloaded (pinch without force).
Centroids of the tendon trajectories were digitized in each of the axial 3liesfoundvolar
displacements dhefinger flexortendonsof thesecondandthird digits in the sagittal plane.
Tendons wer elosgtlg@mceniralest gla iass ©© t h whentleawristwasc ul u moé
flexed at 45, even in the absence of tension. The volar displacements-&venen (FDS2),
betweemeutraland45 of flexion. Tendon trajectories at theist followeda norconstant path
with two straight ends on either side of the
Il (AppendixA). In contrast, tendon trajectories wéagly straightwhen the wist postures were
extended or neutral Gener ally, the tendonsd radidi of cur
from neutraj this reduction was nstpronounced when therist was flexed 45. The addition of
load reduced the radii of curvature. It was poirgatithat the combination ¢dadand posture
had a greater effect on the contixtethan either one of those factors alone.

Other studies havalsoevaluatedrariousmechanical changes using imaging techniques

(Bower et al., 2006; Loh, et aR016) Boweret al.used MRI tanvestigate theffects ofwrist
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posture (30of flexion and extension, neutral, and a ¥isth neutralwrist) on CT dimensionsas
well as on the ratio between thienneb dimensionsand its contentCrosssectional areas wer
calculated using the pengerof the CT walls in the axial directipalong the length of the
tunnel.By means of signal intensity changd® putlines of the contents (9 finger flexarsd
themedian nerve) were identified automaticallydtheir resjgctiveaxial crosssectional areas
were calculatedThe addition otheareas of altheflexor tendons and the median nerve, as well
as the area of the entire tunneére then integrated along the tunnel to calculate the volume of
the tunnebndits conents. Ratios of areas and volumes westimated Their results showed
thatCT areas and volumes were smaller in extension, which they suggested chagytbthe
increased tunnel pressurbservedvith extension(Werner et al., 1997)n addition,Loh et al.
(2016) wereable to demonstrate deformation of the median nerve &Thas a function of
finger flexion. The crossectional area of the median nerve was quantified using ultrasound, in
three finger postures (relaxed fingers, full finger feexvithout force, full fist with grip), while
thewrist was held neutrallyTheyreported that the median nerve crgsstional area wanthe
fingers were relaxed was significantly larger than that seen in the other two conditions. The
smallest area wasese when the fingeformed afist with a grip.

SummaryfFindingsindicatethat postural change can be a significant contributor to
MSK loading, particularly under loading conditions. Compiling results from a variety of studies

couldhelp researchers modtie transfer of external exposures to internal loadingivo.
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2.3.3 Association of External Exposures to Internal Loading

The goal of research such as sedydescribed above is to estimate internal MSK
loading for a variety of work tasksinfortunatelyestimating the risk of developing MSDs for
particular work tasks igery difficult, due to thecomplexinterrelationships of contributing
factors.One study in particulaiook this complexity into account whénying to create a link
between external expares and internal MSK loadinigloore et al. (19913ombinedoprevious
biomechanical models to develop their ohe modeis able to highlight the contribution of
each factor alone on internal loadingvhile taking into account the effects of external esypes
(posture, repetition, and forgeéhe cumulative effects of tasks, individual variabiligyg.,
anthropometrics and worler tendenciege.g.,overgripping). Input measurements included
forearmEMG, as well aswrist and finger posture measuremeiids a variety of manual tasks
These measuremertislped to estimate various variables to describe internal [bhdsmodel
wasa significant step towardseing abldo estimate the ris&f developng specific MSDs for a
variety of jobs, and understand the role of each external exposure factor in the mechanism of
injury. However, this work did not take into consideration the loading effect of forearm
pronation/supination posture. The inclusion of forearm posture may be a valuable addition to this
modd, potentially improving internal loading estimates from external exposures associated with
manual activities.

SummaryA previous model took a numberaxfcupational exposurasto account when
correlatingexternal exposures withternal MSK loading Theaddition offorearm postureo

this modelmay be able to improve internal loading estimates.
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2.3.4 Evidence of Histological Changes due to Mechanical Change

Several researchers have demonstrated histological changes in the structures within the
CT as a functn of mechanicdbading includng synovial hyperplasia, increased density of
synovial and adjacent connective tissue, muscular hypertrophy of the arterioles that supply the
median nervéArmstrong et al.,, 1984andi ncr eased density of the med
(Armstrong et al., 198&Keir & Rempel, 2005)

Armstrong et al. (1984) compared the histological characteristics of various tissues (i.e.
synovial layers, connective tissue, median nerve, and vascular tissue) in areas of high and low
stress within the wrisAssuming that everwrist had beersubjecedto mechanicaloading
healthywristsfrom cadavers (6@1 years) were transversely cut into serial sections beginning at
thewrist crease. The cuts were performed atrf intervals proximal andistal tothe crease
over a cm rarge. Samples of tissues from synovial layers, median nerve layers, and vasculature
wereobtained from each section. Histological properties were compacedtl locations for each
tissue. Higher synovial, stdynovial, and adjacent connective tissue desssitiere seen near the
crease, along with gradual decresasedensitywith greaterdistance bothproximaly and
distaly. Greatermuscular hypertrophy of arteriole walls was also seen neavrisicrease,
along with an increase in epineurium densitye3dfindings were recognized by the authors as
histological deterioration that occurs wititechanical loading the absence of CT8lotably,
similar findings were reported in CTS patients in a literature review by Keir & Rempel (2005).
WristswithCTSal® exhi bited thickening of vessel wal/l
the perineuriumjn addition toperineurial edemaumulatively, these changes may result in a

more crowded environment within tia, which can lead to further MSK loading increas
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SummaryThe evidence suggests that all M&dingcauses chronic changes in tissues
even in the absence of patholofyyther supporting the need tuantifypostural demands of

work tasks, and their relationship to internal loading

2.4 Objective:

In light of epidemiological evidendenking forearm pronation/supinatido injury, as
well as biomechanical evidence demonstrating that featufeseairm pronation/supinaticzan
magnify discomforand exertional demands, the general objective of thily stastwofold.

First, to develop a feasible methdor measuing forearmpronation/supination in the workplgce
and second, to examine the effaatwrist andforearmpostural changeon tendon trajectories

at the wristfo better understand thgiotental implicationsfor MSK loading.
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3 CHAPTER 3. Study |

Assessindg~orearm Pronation/Supination in the Workplace: A Comparison between Xsens
and Vicon Measurements during a Handle Turning Task.

3.1 Introduction

Distal upper limb injuries are prevalanidcostly, with a relatively lengthy recovery
period. There were nearly 1,200,000 musculoskeletal disorders (MSDs) reported in 2014 in the
United States in all sect@rsand approximately 30% of them affected the upper limb (amist,
and hand), making upperteamities the leading injured body p&BLS, 2015) Upper limb
injuries required approximately 15 days away from w@&kS, 2015) Both their cost and their
impact on quality of life demonstrate the need to minimize their occurrence.

The Bureau of Labor Statistics reportedrker motions ang@osturesas theseconemost
common source of injury in the workpla(®LS, 2008) Thus the quantification of hand and
forearmmotions is importantoecause it cahelp identifypotentially injurious hanerist and
forearmmotions Knowing whathigh risk motionsan be useful when developing jobs, creating
work stationsand designing hand toolBorearm pronation/supinatipalthoughit has not been
extensively studigchas been associated with injuries of the upper.lithie number of years
spentperforming tasks involvingapetitiveforearm pronation/supinatigfiorearmtwisting),
such as tying with pliers or usirgnanual screwdvier, has been associated with handst and
elbowforearmdisordergHughes et al., 1997Forestry machine operators who used st
requiring a pronated forearnave beemn sick leavenore often due to elbow and shoulder
injuries than those usingpntrols requiringgemipronated posturgg&revsten & Sjogren, 1996)
Additionally, full forearmsupination in combination with 90@lexion of the

metacarpophalangeal joif@ common posturehenlifting and carrying has been reported to
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produe the highesCT pressure, which isorrelated withthe development c€TS (Rempel et
al., 1998)

In spite ofevidence demonstrating a link between cerfiaigarm pronation/supination
actions and upper limb disorders, héslittle information on quantifiedorearmkinematics
associated with work task&.better understanding tiie forearmwrist postural combinations
which arecapable of dangerously loading tMkSK system is needddr thedevelopnent of
safety guidelies A keyaspecbf this goal is the ability to reliably quantitiieranges of
motion,numbers ofepetitiors, andtime duratiors requiral for variouswork tasks.

In ergonomics studies, it is often prefbleto analyze tasks at the workpldoeorderto
capture realistic exposure measukéswever, lecause workplace conditionannot usually be
controlled particularly with respect tiight sourcesand spacethe use of motion capturing
systems, such as VicoWi¢on motion system LTD., Oxford, UKJo mesure body postures is
not feasible. Instead, portable systems, such as the Xsens inertial motion units(f§sks)
Technologies B.V., Enschede, Netherlar&fX)g, are often used tguantify posturesutside of
a laloratory settingThese portable systemghich (unlike Vicon)do notrequire lengthy
calibration proceduresjlow workers to ambulatéredy and perform all tasks.

Portable motion capturing systems other than IMUs h¢ésabeen used to measure
forearm ponation/supinationincludingelectranagnetic sensors, torsnaers, and customized
potentioneters (Jones & Kumar, 2006; Marklin & Monroe, 1998; Mohankumar et al., 2014;
Schoenmarklin et al., 1994jlowever there are some challenges associated with theiFuose.
instance, Schoenmarklin et al. (1994) used a proprietary potentiomieten is notavailableon
the marketMagnetic motion trackers can be subject to large errors induced by magnetic

disturbance becauséunlike IMUs) theyrely solely on magnetism. Alsaagnetic receivers and
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transmitters must be in close proximity in order to maintain measurement accura®yridiat
work activities mayequire toextend beyond the useful ran§eme uniaxial measurement
sensors, such as torsieters, can be prone to underestimatiagearm pronation/supinatiah
not perfectly aligned with thisrearmlong axi€®¥ and obtaining perfect alignmentdgficult. In
addition, torsioneters are subject to translatiovhen measuringprearm pronation/supination
suggesting complex calibration may be requipadticularly as the distance from the axis of
rotation increases

Xsens IMUs equipped with gyroscopeacceleromters, andmagnetomeers, have been
successfullyused in previous studies to measure body posture of the upper limb, back, and lower
extremities in work and sports environmef@sowningget al, 2012; Denbeighet al, 2013)
Combining all three devices has the advantage of overcoming challenges presented by any of
these devices alone, such as the integration drift over time associated with gyroscojese the n
induced by the presence of accelerations not associated with the movement of interest, or
magnetic disturbancsaused by metalearby. Moreoveithe IMUsare easily mounted on
participantsthey do not need to be perfectly aligned with segment, gixesn their abilty to
measure 3D orientationslowever,h e | MHlditysand reliabilitywhenmeasuing forearm
pronation/supinatiohave not been extensively studied, and the effectezfrbymetal onits
measurements is unknown.

A preliminary study &the York University biomechanics laborat@mymparedorearm
pronation/supinatiomeasurements obtained frofsens and Vicorand evaluatethe effect of
metal ontheagreemenfLagree et aJ.2016). The study compared summary statistical data
between mtion capture systesnincluding percentiles (19 50", and 96", maximumand

minimum values, and the number of turiBese areommon variables of interest in ergonomics
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researcho evduate physical exposures of continuous taBledatively good agreaent was

found @.9 was thdargestaveragdifferencg. Another studyShublaqet al, 2009)evaluated
theinstantaneusagreement oforearm pronation/supinatianeasurements obtained with Xsens
and Vicon. Tle study, published as a conference geeding, found moderately high correlations
(r=0.87) during rehabilitation tasks without metal. Howewaeplyingthese resudt to
measurements in the workplace may not be appropbetause ferromagnetic environments
and the use of metallic tools are common in the workplace.

The objective of the current study was to assess the extent of the instantaneous agreement
between Vion and XseniMUs whenmeastuing theforearm pronation/supinatiosf
participantgurning metallic and nemetallic handles. It was hypothesized tt&tVicon and
Xsens measurement®uld have good agreement, and agreemaanild vary in the presence of

metal.
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3.2 Methods
3.2.1 Participants

Data were collected from a convenience sample of tweatgs who were recruited by
word of mouh from the university community his sample size afforded sufficient statistical
powerb (0.8)to detectifferencesn measure errors (RMSEmongall conditions(seestatistics
section forinformation onthe power analysis), given that only 11 participants would have been
needed forthisstudar t i ci p a n trosmd85a yearsandBMI gargdd between 232
(Table3.1). Exclusion criteria includetMSK injury within the last year, receivingSK
rehabilitation during the time of the study, or the presence of any disease that may influence

movement or produdéSK discomfort.

Table3.1. Participant antlapometrics.

Height (m) Weight (Kg) BMI

n 20 20
x 1.77 81.87 26.01
SD 0.08 9.26 240

3.2.2 Experimental Setup

An iron verticalwall containing nine iron handles was biigeeFigure 3.1) The locations
of all handles were normalized to handle 5, which was placed roughly in front of the elbow, and
was defined as the neutral position. The goal of the arrangement was toMdewithin a
functional range of working postures, defined with respect to the elbow: top right, top left,
bottom right, bottom left, top, bottom, right and left. The handlesigned so that participants

could grasp them comfortably in the palm of the haodld be movedo normalizethar
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locatiorst o each participantsd avalbofsim@@esignevasalsoc s .
built, fully free of metal Handles were numbered for easy identificatioterth ironhandle
identical to the other ntallic handleswas placed on the floor to tashether thenstantaneous
agreement between Xsens and Vicon was affegteshthe x aes of the arm IMUgpointed

proximally) came into close alignment with the global vertieghen metal was near the IMUs
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Figure3.1. lllustration of the plastic (left) and metallic (right) handles used in the ¢

Prior tonormalizing the locations of the nine handles, the standing location was
determined by instructing participants to stand at a comfortable distance from the vertical handle
wall in front of them, so that they were able to easily ghasplle 5, while the shoulder
remained in approximately 45° of flexion, and the forearm parallel to the grbigudd 3.2).

The standing location was marked and remained constant during the testing period. The rest of
the handles were placed so that ipgréints could easily grasp them by performing humeral

rotation andbr elbow flexion or extension. Handles 4 and 6 were placed to elicit approximately
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45° of internal and external rotation of the humerespectively. Handles 2 and 8 were placed
to elicit approximately 45° of elbow flexion or extensjoespectively. Handles 1, 3, 7, and 9
were placed at locations that required combinations of elbow flexion/extension and humeral
external/internal rotatiorReaching fothetenthhandleon the floor (notlsown)elicited a

relaxed posture of the arm, as it was positioned in front g ther t | shopldemeguiriag

trunk flexion to reach the handle.

Figure3.2. General body posture of a participant turnin
the top handles, in a motion capture area in front of se
Vicon cameras. Origin is marked in red, and the global
coordinate system is illustrated aethottom left.
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3.2.3 Protocol

This study was approved by the Office of Research Ethics at York University in
accordance with the policy of the Human Participants Review Commitiee/icon system
was calibrated prior tthearrival of participants. Amitial questionnairavasadministered to
participants to obtain general demographic informati@mdednessrthropometricsand
musculoskeletal healtParticipantswere equipped witiKsensIMU s andVicon reflective
markerg(Figure3.3a) Once participantsvere fully equipped, the Xsens was calibrated

During datacollection, participants were required to ttine nine handlesf onevertical
wall (metal or plastic) in random order. Taeler ofpresentation of thewvo vertical wall
structuresvas also randopnalthough all nine handles of the fivgall were turned before those
of the seconane The order of preentation was randomized by drawing a numBemew
marker configuration was created with the goal of defining proximal and distal forearm
segmentsParticipants stagteach trial in a position that facilitated marker identification in the
Vicon systemstandingwith theirright arm flexed in front of them, with an extended elbow and
the thumb pointingip (Figure 3.3b). There werel9trials in total, one for eaabf the nine
handles of eachvertical wallandonefor themetallic handle on the flooEach tial consisted of
three consecutive turns in each direction: pronated to supifweisadm and supinated to
pronatedorearm Participants were required position their arm in the initial postune the
middle of each trial, once they had completedfitsé three consecutive turns in one direction
before turning the handles in the opposite direction. The order of the direction of the turns
instructed to them in each trial, was randoed Participants were required to ensure that the
handles remaineddnizontal at the start and end of each turn. An assistant supetivésed

participantgo ensure thefollowedt h e r e simstauctionls. @nald were repeated when the
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movement was not continuous, or the instructions were not thoroughly followesn#ics of

theirarm wererecordedduring the turning taskssingVicon and Xsens simultaneously
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Figure3.3. (a) Participant setup with Xsens sensors and Vicon reflective mankeles turning a
metallic handle. (b) Vicon marker configuration while participant stood in the calibgdsition
(handle 5)dominant arm flexed in front, with an extended elbow and the thumb pointing upwa

3.2.3.1 Vicon Motion Capturing System
The Vicon system was used as the gold standard for motion cap&ewvenVvicon MX40
camerasvere placed arountthe capturing areat varying heightsapproximatelyl-2m away
including one near the floor on the right side of the participant to capture the bottom of the
forearmduringrotation Figure 3.2).
Thex axis of the global frame of referenpeinted to the I of the participant, the y axis
pointed dorsally, and the z axasinting superiorly(Figure 3.2). The origin of the capturing

volume constant across trials, was situated at a point on the floor behind the participant.
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Participantsvereset up with 15eflective markers on the dominant afisine were placed
directly on anatomical landmarks d¢tie arm (9.5mm). The anatomical landmarksomprised)
acromion, 2)upper arm(laterally), 3) lateral humeral epicondyle, #edial humeral epicondyle,

5) proximal forearm(dorsallyon the radial sideapproximately an inch distal to the humeral
condyles, 6) radial styloid, 7ulnar styloid, 8)distal forearm(dorsallyon the radial side,
approximatelyan inch proximal to the stylojdand9) head ofthird meta@rpal. Theemaining

six sensorsvereplaced on the two lower arm Xsens sensors: two on the proximal corners, and

one on the distal, radial corner of each se(Bgure 3.3a).

3.2.3.2 Inertial Measurement Unit Sensors (IMUS)

The Xsens sensors drertial meaarement units that rely on a combination of triaxial
gyroscopes, triaxial linear accelerometers, and triaxial magnetometers to measure the orientation
of each sensor in space. In addition to its capability of providing individual outputs of
acceleration, rgular velocity, and magnetization, Xsens also provides the orientation of each
sensor in space, combining data from the three devices with the use of a Kalman filter. The filter
reduces both the high frequency noise from the accelerometers and thesdafaged with the
continuous integration of angular velocity into position (Xsens, 2008).

The orientation calculated by the Xsens is a weighted average of the outputs from the 3D
accelerometers, gyroscopes, and magnetometers (Xsens, 2008). Any chaogieations
(besides gravity) will sum to zerib the participant is not travellingrhe accelerometer
measurements are used to stabilize attitude (roll and pitch combined), while the magnetometer
measurements are used to stabilize yaw; in the preséntagnetic disturbance the Xsens

creates a new local magnetiorth and recalibrates. Howey&rhen the magnetic disturbance is
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not predictable (such as when tMis and alargemetallic object are moving with respect to

each other), the Xsens may eritgiorientation estimations.

3.2.3.2.1 Global/Local Coordinate Systens

The Xsens sensors calculate the orientation of the séredriocal system with respect
to aglobal earthfixed system. The globaloordinate systerollows the righthandrule (Figure
3.4). The sensors use the acceleration of gravity and the local magnetic north to create two of the
axes of the global system, and an orthogonal thirdisxalculatedas the cross product tife

first two (Xsens motion technologies, 2008)

T 6x 06 p twilocd magreetic north
T 6yd pointing west
T 6z6 popwardsi ng

Local
Vertical

X
Local Magnetic

North

Figure3.4. Depiction of the Xsens sensixed coordinate
system(local system), in a global frame of reference (black
arrows) created by the gravity vector (z), the magnetic north
and the cross product of the two (y).
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The sensofixed system consists of three orthogonal axes that follow thehagid rule
(Figure 3.4). All sensors were mounted on participants so that their CSs were aligned in
anatomical position. Theirectiors of the local vectors with respect to the participant, while
standing in anatomical position, were as follows:
T 6x6 mmproximalyon t he part i(wdngi@afsupibasioaXishr ear m
T 6yd poi nt iofnhg patticpartt he | ef t

T 6z06 p posteriorly n g

FourXsensIMUs wereplaced on participantsvith the cords towards tltkstalforearm
while standing in anatomitaosition Figure3.3a). ParticipantsvoreonelMU on theback at
the T7 level, adjacent to the inferior border of the scajpmld threetherIMUs on the dominant
arm at the following locations: Inmediatelybelow the axillaatthe posterior midlinef the
humerus, approximately at the level of the fourth thoracic verteByaest below the olecranon
atthe posterior midline of the dominaiotrearm and 3)directly proximal to thevrist, atthe
distal midline on thanterior surface of thi@rearm The distaforearmIMU was positioned
bottom plate up, in order to aligis CSwith the CSs othe other thresensorgwhich were
positioned posteriorly)Care was taken to reduce movensaritthe IMUswith respect to the
body segmestas much as poss#lby securing them with prarrap and medical tap&he
positiors of theIMUs wereselected to avoid interfering with other collection equipment, permit
mobility, and allow the researchierplace IMUs consistently over easily palpatehtimarks.
Initial 30-second measurements were taken in order to dNdvs to find a local magnetic north
for external reference. Initial measurements were obtained while participants stood relaxed with
arms by their side (According toXsens instructions, XsenBlUs need &least 10 seconds to

recognize a local magnetic noith.
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3.2.3.2.2 Anthropometrics

Height and weight were measured, and used to calculate the body mass index (BMI).
BMI was of interest because it has been previously shown to be closely related to forearm
thicknesqGunther et al, 2008) and it is uncleawhetherforearm thickness couldffect Xsens

Vicon agreement when measuring forearm pronation/supination

3.2.4 Data Collection

3.2.4.1 Vicon

The threedimensional location aéachVicon marker was continuously tracked over the
duration of the tasks at 10&z. When gaps were fodrin the marker trajectories, they were
corrected irvicon Nexus 1.6.1 (Vicon, Oxford, UK), using the pattern fill function. After
eliminating all gaps ithekinematic data, marker coordinates were further precessng

Visual 3D biomechanical analyssoftware (EMotion, Inc., Germantown, MD, USA).

3.2.4.2 Xsens

Postures of the dominant arm were recon#ll Xsens sensoiis three planeata
sampling frequency of 30z, using the XAnalyzer softwareNexGen Ergonomics Inc.,
Quebec, Canada)he X-Analyzerprovided continuougelativeEuler angle®f the distal
forearm IMU with respect to the proximal forearm IMU, usargX-Y-Z sequence. The
configuration providd relative angles of the shoulder, elbow, &mearm pronation/supination
however only forearmotation measuremengsediscussed.

The Xsens output used for comparison with Vicon measurercemigrisedhe

transverse plane rotations of fieeearmdistal sensor with respect to the proxirfaakarm
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sensor, which represented the rotation of tleallp-z planeabout the locak axis between
sensors, because it was assumed that &éxes of bothorearmsensors were perfectly aligned

with each other, and withtheor ear més | ong axi s

3.2.5 Signal Processing

Marker dataveretransferred from Vicon to \éual3D. The continuous-y¥-z coordinates
of each marker were loywass filtered using a dual paskis Butterworth filter. Théorearm
pronation/supinatioangles were calculated using a custmade model in Visué@D, and low

pass filtered with a dual pg$Hz Butterworth filter.

3.2.5.1 Kinematic Modeli Visual3D

The kinematic model used to measure rotation ofdrearmconsisted of two triangular
planes, which shared the longitudinal axis offtrearm The proximaforearmsegment was
created using thevb markers on the medial and lateral humeral epicondyles, and a third point
was calculated as the midpoint between the ulnar and radial styloids. Théodestehsegment
was created using the two markers on the radial and ulnar styloids, and a thingdgsoi
calculated as the midpoint between the medial and lateral humeral epicqfityea3.3.b.)
The shagedlongitudinal axis was helpfdbr isolatingforearm pronation/supinaticand
eliminatingcrosscontaminatiorfrom movement in other planegicon forearm
pronation/supination anglaeasurement®r comparison with Xsensas estimated as the
relative anglecreated by the rotating transverse plane of the distal foreagmentvith respect

to the proximal forearm segmembout a shared longitudiraxis.
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Forearm pronation/supinatiaran cover a range of 180 degresssthe Xsens signals
were checked for evidence of gimbal error. Im@stcaseg300/361trials), Xsens signals
approacing -90 had apolarity change from one frame to the nexéating peaks within some
of the signal énmdeMatlad peogratiMatiat 8.10.60= {RAQ13a)The
MathWorks, Inc., US) was coded identify these errors. The criten used to identify the was

anabrupt change in direction occung within valleys that dropped belov8?2 .

3.2.5.2 XsensVicon Comparisons

Anotherprogram was coded in Matlab do a series of operations theforearm position
time-seriesfrom Xsens and Vicojto correlate and analg the agreement between them. First,
due to the diffeence in sampling frequency, the Vicon sigitedto beresampled to 30 Hz
using linear interpolatiarA crosscorrelationof each Xsen®/icon pair for the same triabas
performed in order teynchthem in timeThe researchehenisolated six turns ahterest within
the signals of each trial.

In order to compare Xsens and Vicon signals,dsagre removed for each single Xsens
Vicon pair. The mean of each signascalculated and used as the respective Biaslibration
factor was calculated usirtlge signals of thbandle Srial, which was thérial with the most
neutral posture in terms @rearmpronation.Thefactor (1) was calculated bfyrst dividing the
Vicon rangeby the Xsens range over the tridden a sequence of calibration facttirat ranged
fromcl-1 tocl+1in 0.01 incrementgvas testedh a loop to repeatedly measure the squared
error difference associated with eawie The factor resulting in themallesterror f) was

selected as the calibration factor all of theXsenstrials of that participant.
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3.2.6 Statistical Analyses

The root mean square error (RMSE) and ICC (lotess correlation coefficient) were
calculatedor each pair oXsensandVicon forearmpronation/supination postutiene serieso
analye the discrepancidsetween themThe effect oforearmanthropometrics was tested
investigatethe possibility of a confounding effect, by evaluating the correlation between BMI
and error measures (I CC and RIN&ayrpeattdh a Pear
measue ANOVAs were performetb test the effect of material, vertiqap, middle, and
bottom rows) and horizontafleft, middle, right)handlelocatiors on the error measuréax3x3).
Posthoc Bonferroni comparisons were used to identify specific differean®ng variable
levels of each significant main effect, differences between locations for each material, and
differences between materials within each locafidre Greenhous&eisser correction was used
when sphericity was violated. sample size calcui@n was performedbased on the results
using the most stringent effect size observed among all within sebjagarisas(d = 24)
(corresponding to the threeay interaction effecfjpowerb of 0.8, and alpha level of 0.05.

The effect of vertical lod®on among metal handles was tested using anmerepeated
measures ANOVA, which included the three handles located within the centre column and the
floor handle. Poshoc Bonferroni comparisons were used to identify specific differences among

the four bcations.
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3.3 Results

Data from 19 participants were includedhe analyses due to missing data of one
participant.The range of calibration factoagross subjectsas small (1.08..26).Pearson
correlations showed th&MI was not significantly caelated with error measureBNII-ICC r=
0.054, »0.05 andBMI-RMSE r=-0.008, p>0.05)Overall, Xsens and Vicon differed on average
by 12.6 and 8.6 RMSE on metal and plastiespectively Table 32). As a measure of

absolute agreement, ICCs were onrage0.947 and.977 for metal and plasticespectively

(Table 3.2.

Table3.2. Means and standard deviations of &¥re pronation/supination ViceXsens root
mean square error (RMSHgft) and absolute agreement (right), during a handle turning ta
9 different locations, with and without metal. Darker shades of red represent largeiVxsan:
discrepancies. Repeat measures ANOVA results are presented below.

RMSE ICC
Metal Metal
Right Centre Left Right Centre Left
Mean SD Mean sD Mean SD Mean 5D Mean SD Mean 5D
High 94 29 94 18 10.4 34 High 0.97 0.02 0.96 0.02 0.97 0.02
Middle 124 38 124 3.6 151 8.6 Middle 0.95 0.04 0.95 0.03 0.95 0.03
Low 144 59 154 53 14.8 5.0 Low 0.94 0.04 0.92 0.08 0.92 0.05
Plastic Plastic
Right Centre Left Right Centre Left
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
High 7.6 18 8.8 32 8.0 21 High 0.98 0.01 0.98 0.02 0.98 0.01
Middle 84 21 84 23 8.2 18 Middle 0.98 0.01 0.98 0.01 0.98 0.01
Low 8.9 22 9.5 25 9.3 24 Low 0.98 0.01 0.97 0.02 0.97 0.02
ANOVA results ANOVA results
F dfr ) F df bl
Material 72.132 (1.18) <0.05* Material 37.541 (1,18) <0.05*%
Vertical 31.073 (2.36) <0.05* Vertical 16.284 (2.36) <0.05*
Horizontal 2.529 (2.36) =0.05 Horizontal 2.104 (2,36) >0.05
Material * Vertical 14.000 (1497, 26.948° <0.05* Material * Vertical 10.994 (2.36) <0.05*
Material * Horizontal 1.616 (2.36) =0.05 Material * Horizontal 0.548 (2,36) =0.05
3-way Interaction 1.074 (2.234.40221)  >0.05 3-way Interaction 0.871 (1.884,33.904° =005
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Two examples of Xsergicon discrepancies when measuring forearm
pronation/supination are showmkigure3.5, one with the lowed®RMSE (upper graphgnd one

with the highes{lower graph)

XSens vs Vicon Forearm Angles Plot
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Figure3.5. Samples of simultaneous tirhéstories of Xsend/icon forearm
pronation/supination measurements of two trials of separate participants. Top
plastic trial of handle 1 with low RMSE. Bottom plot: a metallic trial of handle 8
with high RMSE. Supination is positive, and pronation negative. Note that this
includes the highest error observed, and there were only a few trials with such
error.
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High correlation coefficients were seen after testing for absayreement.

Approximately 9846 of all trials of all participantshowed CCs of 0.9 or above Figure3.6).

Distribution of ICC data
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Figure3.6. Distribution of ICC values (0.490.999) of all trials and ¢
participants. More than 95% of all trials showed ICC >0.90.

AMauchl yo6s Seveakelthatspherigity dolddsbe safely assumed for all
variables in the ICC and RMSE analysEise 2x3x31CC ANOVA showed an interaction
between material and vertical location on Xs¥ison agreement (F (2, 36) =10.994, p=0.000),
and main effects of both maitar(F (1, 18) =37.541, p=0.000) and vertical location (F (2, 36)
=16.284, p=0.000). The RMSE analyses were similar, showing an interactive effect of material
and vertical location on Xsengcon RMSE (F (2, 36) =14.000, p=0.000), along with a main
effectof both material (F (1, 18) =72.132, p=0.000) and vertical location (F (2, 36) =31.073,
p=0.000). Poshoc Bonferroni comparisons revealed that measurements from plastic trials had

overall better agreement (higher ICC, and IoRBISE) than thos&éom metalic trials, for all

76



handle locationgFigure3.7). This material effect was more pronounéedthe two bottom rows

(handles 9) (AppendixB).

Effect of material and vertical Effect of material and vertical
location on RMSE location on agreement (ICC)

Middle Bottom Top Middle Bottom

VERTICAL LOCATION VERTICAL LOCATION

Figure3.7. Significant effects of vertical location, within each material, on RMSE (left), and agres
(right) between Xsens and Vicon tirhestories. The effect of horizontal location was not illustratec
because it wafound not to have significant effects on either measure. Bars represent standard ¢
asterisk denotes significance at p<0.05 Bonferroni corrected for multiple comparisons.

Better ageement between the tvggstemsvas seen at the top row handlgsnwhen
turning the hadles of themiddle andowerrows This effect was more pronouncerthe metal
thanin the plastic trials (AppendiR). A similar trend (decreased agreement in lower locations)
was observed in the analyses including only the metallic handles of the sotldien and the
tenth handle on the floor; Bonferroni comparisons found the RMSE of the tenth handle only
differed statistically from the top handle (Appendix

Although RMSE and ICC analyses were similar, the RMSE reached significance in more
comparisos than the ICC did, suggesting that the RMSE was more sensitive to changes.
Horizontal locatior(i.e. left and rightiandlelocations)did not have an effect on Vicexsens

agreement.
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3.4 Discussion
3.4.1 Agreement of Current Study in Comparison to Rnes Research
The ICCresultsshowed that absolute agreement between Vicon and Xsens was generally
high, thus not only were signals correlated, but also their values were relatively close to each
other. The estimate of measurement errors approximateMSE when using Xsens around
plastic and 15around metal. These results appear to show larger errors than those reported in
Shublage t  prévious study2009) which reported an RMSE of 2.between Xsens and
Vicon measurements of pronation/supinatiéithe forearm during rehabilitative tasks; they are
also larger than the dynamic accuracy indicated in the Xsens specification documentation (2
RMSE) (Xsers motion technologies, 2008)
Differences between the errors observed could be the result of magnetic disturbance in
my study and/ or anatomical constraints in Shu
The latter possibility makes sensdyoif the error increases of the current study occurred at the
ends of the range of motion.
Although anterative process was used to selecbptimalcalibration factor, and
measurement ranges of both systems were taken into account\}Xsenglots Figure3.5)
suggest that Xsens measurements in some of the trials with the highest error (mostly metallic
trials) underestimated pronatidrand to a lesser extent, supination. A possible explanation is a
time | ag in the Kal ma nsattempted ®icanpengatedbengesia i ng as
magnetic disturbanc@en d/ or movement 6s angul makinguteiffionlc i t i es

to captureshortlived peak values
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Error by Velocity and Material
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Figure3.8. Scatterplot of the relationship between forearm rotation velocity and
instantaneous error (RMSE) of nine participants, when turning the top left handle (r«
represents metal and blue plastic). Larger differences appear associated with fastel
movements, particularly when moving in the pronation direction (negative).

Additionally, some of the error seems to be associated witloffi@sitation changes,
particularly when pronating-{gure3.5, Figure3.8). The angular velocity associated with the
tasks in the current study was not controlled; participants used their preferred speed to turn the
handles (a common, functional task). AMthgh t he speed at which Shubl
performed the exercises was not discussed, it is possible that given the rehabilitative nature of
their tasks, their movement speed could have been considerably slower than in the current study.
Thus, dfferences in speed along with reduced ranges of motion could help explain Shublaq et
al .6s | ower observed error. Consequently, alt
reported, the current study was able to quantify some errors that aneietalevorkplace

environments, such as magnetic disturbance, fast rotations, and large ranges of motion.
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3.4.2 Additional Potential Sources of Error

In the plots illustrating Vicon and Xsens signdtgy(ire3.5), show that despite having
taken steps to synchrize Vicon and Xsens signals, poor synchronization seems to still be a
problem.The error seemed to be largest while the forearm was moving at high velocity,
particularly in the pronation directiofigure3.8). Although the leads and lags were removed
through the crossorrelation process, observations of the signal showed that the largest errors
between the two signals occurred during the movement phase, with the each signal switching
between leading and lagging at times within the same ltrighs speaclated that this
irregularity, too, could be due to the time required by the Kalman filter to process sensor
orientation, because the Xsens may need-assess the weighting associated with each of its
triaxial devicegqthe gyroscopes, accelerometers] aragnetometers). The relative weighting is
continuously updated according to changes in acceleration and angular velocity, as well as
magnetic disturbances of the environment. This contribution to measurement error may be
relevant primarily in situationshere timing is important. It would have less of an effect on most
measurements required for typical ergonomic analyses, such as estimating how much time is
spent at particular postures (e.g., percentiles) during a work task, or estinmatimguch
repetiton is associated with a task (e.g., turns analysis).

Recall that, within the metallic trialgertical location had an effect, observiregiuced
agreementrom top to bottom rows of handledueperhaps to the resetting of the sensors at the
start of atrial (i.e. initial magnetic north recognition)he posture adopted was typically slightly
above horizontal and the sensors did not appear to be able to adjust the(atitpdeh and roll
or orientation changes requiréareach top, middle, andtbomrowgwi t hi n a tr i al 6s

In contrast, the headingise yawor orientation changes requiréaireach right and left handles
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were in agreement; no difference was found. Although vertical location continued to have an
effect on the RMSEn theanalysis of only metallic handles, including thé'handle
Bonferroni pairwise comparisons found that#it®h andl eds RMSE di ffered s
from that of the handles on the top row (Apper@jxThis finding suggests that it was not the
spei fic orientation of the sensoro6s x axis tha
differed from the start. Further study is needed to assess the time required for successful
realignment.

Additionally, the handles were fabricated as similar a&sibte, however the resulting
two vertical surfaces and their handles had some differences, which could have #itected
results. First, the force requirements of plastic and metallic handles differed, with metallic
handles requiring more force to turrhig kineticdifference could have resulted in different
velocities elicited by each of the handle type (e.g. metallic handles associated with slower turns),
potentially resulting in an increased error in the plastic handles compared to the metallic handles
However, this did not seem to be the case, as angular velocities in plastic and metallic handles
were similar and a few metallic trials exhibited faster movements when moving intro pronation
(Figure 3.8) Furthermore, differences in the shape of the lemncbuld have also affected
findings, because the centre of rotation for metallic handles was more in line with the long axis
of the forearm (movement axis), whereas the axis of rotation of plastic handles was slightly to
the side Such differences couldave affected ROM at the forearm, as it is possiblepilagtic
handlesmay have required some shoulder involvement, which may not have been needed during
metallic handle rotatiorHlowever, Lagree et al2016)who tested differences in the ROM of the
sane data did not find significant differences between matetiaily, the differences in the

handle rotation axes could have affected the moment of inertia associatedettbf the handle
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types. A shorteradius of gyratior{associated with metallic hdles) could have resulted in

lower moment of inertia leading to highamgular velocities, thus higher error, as higher

velocities seemedorrelatedwith larger errors (Figure 3.8However, the increased mass of the
metallic handles would have a compatinsg effect. As reported above, the similar angular
velocities between the trials would suggest the different handle shapes helped in minimizing the
effect of the mass differences.

In terms of kinematics, ergonomics studies are often interested in @vgloetvement

features that describe exposure to dangerous postures by estimating time spent in postures away

from neutral and average postures, as well as repetitive motions during continuous working
tasks. These features can be evaluated by pooling m&i@akulating variables such as the
minimum and maximum, and $050", and 9¢' percentilegJonsson, 1978as well as the
number of turns (the number of times a movement changes diretignge et al. 016)
reportedthat the largest average difference between Vicon and Xser& 9vasuggesting that

the two systems are in good agreement when comparing percentile data using an amplitude
probability distribution function (Jonsson, 1978he good agreement between the systems
suggests that Xsens has great potential for measuniegrim posture in the workplace using this
type of analysisthere were no differences between the ranges of motion meadoweelver the
current studyalthough it used the same data as Lagree,etrawed larger differences between
t he syst emestd These differances may indicate that large part of the error may be
due to inconsistencies in the synatimation ofXsenssignals Thus,u si ng Jonssonoés
(Jonsson, 1978 ppears promising for future investigation for forearntyres, untifurther

investigation is able to resolve the issue with Xsens synchronization.
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3.5 Limitations

A limitation of the current study is that the kinematics of turning the two types of handles
(plastic or metal) may have been different, potentially affectingasicharacteristics (e.g.,
velocity, ranges of motion) and introducing potential confounding effects. Additionally, although
every attempt was made to control for magnetic disturbance in the collection aremédiere
havebeen sourcesf magnetic disturbmac e beyond the researcheros
by alternating current (AC) or the electromagnet of the magnetic resonance imaging facility

within the building No measurements were taken.

3.6 Recommendations

Thegimbal lock errorsvhenforearm pramation/supinatiorangle approache®0 could
be easily eliminatin the future; raunting one of the sensors on a firm wedge during
participant setupvould makerotation measurementsore positive Additionally, because
sensordiad better agreement witidén when turning handles in locations which elicited a
sensor orientation similar to that of the initial static recording, it may be usafdke the initial
static recording, during which sensors locate local magnetic north, more similar in origiatation

the tasks.
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3.7 Conclusion

Xsens can be used reliably in the ergonomics fiz@valuating repetition and task time
spent in differenforearmposturesalthough care must be taken when choosing variables to
identify risks Outputs classified intoedjree bins, providing static (t@ercentile), median (30
percentile), and peak (9®ercentile) values to quantify the percent time spent at particular
postures, can be most useflibnsson, 1978Absolute valuesnaybe used to compare tasks
within subjects, and normalization can facilitate betwsanject comparisons. Given the Xsens
limitations, there i® concern when degree accuracy at a specific instant instineeded,
particularly with high velocity movements. However, considering the similarities between Xsens
and Vicon measurements, Xsens sensors are very promising for the quantification of forear
pronation/supination in the workplace. Compared to Vicon systems, Xsens systems have the

advantages of smaller size, greater portability, and simpler calibration.
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4 CHAPTER 4. STUDIESII AND Il : INTRODUCTION AND M ETHODS

Evaluation of Finger Flexor Tendon Trajectories at theWrist as a Function of

Forearm and Wrist Postural Change, Using MRI
4.1 Introduction

Musculoskeletal (MSK) injuries or disorders are common in the workplace and quite costly.
These injuries can cause sufficient impairmentoimgromise productivity and decrease the
quality of life of workers. The upper extremities are among the most commonly injured body
parts, making up approximately 30% of all musculoskeletal disorders (MSDs) in 2014, in all
work sectors, in the United States Wor ker s6 postures -mosdt moti ons
common source of exposure.

Previous epidemiological research has shown that forearm pronation/supination postures and
motions are associated with distal upper limb injury. Hughes et al. (1997) fousdoyear
6f orearm twistd s wrptdisofderc(@R-17, 95% €ld2B6tardd h and/
elbow/forearm disorders (OR=37, 95% CK430). Sustained pronated postures have also been
associated with increased sick leave due to injury in machine operatbesforestry industry
(Grevsten & Sjogren, 1996lrorearm postures/actions have been recognized as cangitut
common upper limb disorders, such as lateral (Kroemeg; R erstein et al. 2014) and
medial epicondylitifDescatha et al., 2003; Kroemer, 1989T S(Kroemer, 1989)wrist
tenosynovitis, D e Qu eysty and radiaktunoki asdepeisamr,teregan gl i on
syndrome (Kroemer, 1989)Although epidemiological evidence shows that forearm
pronation/supination may somehow be contributing to the development of MSDs, it is unclear

what features of forearm pration/supination may be injurious.
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Previous biomechanical evidence has suggested that forearm postures away from neutral
increase MSK loading, reflected by increases in discomfort, forearm EMG, and CT pressure, and
decreases in strengtbomizio & Keir, 2010; Khan et al., 2009b; Mogk & Keir, 2003;
Mukhopadhyay et al., 200Rempelet al., 1998; OSullivan & Gallwey, 20050'Sullivan &

Gallwey, 2002; Werner et al., 199Khan et al. (2009) demonstrated increases in discomfort
ratings when deviating in only one plane (forearnwost). However, discomfort ratings more
than doubled Wwen deviating in two planes (e.g., 30rearm supination with about 20f ulnar
deviation), suggesting an additive loading effect.

Pronated postures have been shown to increase the EMG of forearm extensors when
performing various tasks, such as grippipgshing, pulling, and pronating the foregiDomizio
& Keir, 2010; Mogk & Keir, 2003; Mukhopadhyay et al., 200F)irthermore, pronation torque
strength decreasésive been seen pronated forearm postures, and supination torque strength
decreasem supinated forearm postur@dukhopadhyay et al., 200Q'Sullivan & Gallwey,
2005;0'Sullivan & Gallwey, 2002)while grip strength has shown a trend to decresdite
increasing pronation of the foreafiMogk & Keir, 2003)

Additionally, higher CT pressures have beenutoented in full supinatiowhencompared
to neutralWerner et al., 1997 particularly in combination with flexion of the
metacarpophalangeal joifRempelet al, 1998) Although pronation has been associated with
lower CT pressures, higher pressures have been documented when forearm pronation is
combined withwrist radial deviation owrist extension(Werner et al., 1997)

Although this evidence demonstrates a relationship between increased MSK demands
featuresand forearm posture, more research is needed to understand how forearm postures load

internal tissues.
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Previous researchensive quantified features to describe movement of internal structures, as
a function ofwrist and/or finger postural change, and have discuseomplications of these
features otMSK loading(Armstrong & Chaffin, 1978; Keir & Wells, 1999ph, et al, 2016)
However, none of these studies has evaluated internal MSkpasisociated with forearm
pronation/supination.

Armstrong & Chaffin (1978, 1979) used cadaver data to develop models to help understand
the impact ofwrist/finger postural change on internal loading. In their later study, the models
demonstrated the eiftt of several factors on the tengomt contact force, including posture of
thewrist and fingers. They showed that tengomt normal forces increased with greaterst
posture deviations from neutral in the sagittal plane. It was noted that pofitueaces the
radius of curvature of the trochlear surface as well as the angle at which the tendon wraps the
trochlear surface, thus affecting intraist contact forcegArmstrong,& Chaffin, 1979) The
authorssuggestedhat the median nerve could potentially be compressed between extrinsi
finger flexors and the flexor retinaculum during hand exertions, particularly with a fienisd
Thus certain hand actions may aggravate or precipitate CTS. Although these findings have been
useful in modeling the transferability of external expostoesternal loading, ifvivo studies
are needed to understanevino loading situations.

Other studies have demonstrated changes in MSK loadwiganas a function of
postural change of the upper limb. Keir and Wells (1999) evaluated finger flapemtdries
within the CT,as a function oivrist flexion/extension, using MRI. Volar displacements of finger
flexors of about 5 mm towards the flexor retinaculum (in the sagittal plane) were seen with 45
of wrist flexion. However, relatively straight tegtories were seen wrist extension (20 and

neutr al postures. The tendonsd radi. of curva
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extension and neutral, and were further reduced when tendons were under tension. These
findings used Armstrong & Ghf f i n6s model to estimate the con
suggested that both the volar displacements of the flexor tendamistifiexion and the

decreased radii of curvature could result in increased contact force around the median nerve.
These observations were similar to those pointed out by Armstrong & Chaffin, highlighting their
relevance to an increased risk for CTS development. Furthermore, these findings have been
supported by recent research by Loh et al. (2016), who demonstratedatefosnof the median
nerve as a function of changes in finger posture. Smaller-sexs®nal areas of the median

nerve were reported when the fingers formed a full fist, compared to postures with relaxed
fingers or with full finger flexion (without forge Studies such as these have provided new
insights into the role ofirist and finger postures in injury development. However, the role of
forearm pronation/supination on MSK loading has not been evaluated.

Given that epidemiological evidence has linkede&rm pronation/supination to injury, and
that biomechanical evidence has shown forearm pronation/supination effects on discomfort and
MSK demand, further work is needed to understand the role of forearm posture on anatomical
relationships within the wris

Knowledge of the effects of forearm pronation/supinatiotemon kinematics may allow
further understandiniISK loadingat the wrist. This knowledge may help gain a better
understanding of injury mechanisms, which are needed to reduce injury ircideghe
workplace. Thus, this study is meant to be the first of a series of studies to evaluate the role of
the combined effect of forearm pronation/supination\arnst posture oriendon movement

The purpose of this particular study was to evaluateffieet of forearm

pronation/supination, combined witlrist flexion/extension, on the location and orientation of
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finger flexor tendons, proximal and distal to the @Tvas hypothesized that, with increased
forearm pronation or supination, finger flexendons would exhibit angultmajectorychanges
and displacements proximal and distal to the CT when compared te@on@aed/supinated
position. A primary goal of this studgto document the amount of tendon displacement and
t endon A s wenevementEfdhe gndbnpas a function of forearm pronation and

supination, andvrist flexion/extension.
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4.2 Methods
4.2.1 Participants

Four participants of university age (1 female, 3 males) were recruited for this study by word
of mouth. Participats gaveinformed consent in accordance with the Human Participants Review
Committee at York University ppendixD) prior to the start of the study. Consequently, they
were administered a questionnaire regarding demographic information and MSK health. All
participants were screened for MRI and upper limb MSK contraindications (Appeneix
Exclusion criteria included neurological conditions or MSK injuries affecting the upper limb
within the past year, as well as permanent deformations or damage nsastheurrent
pregnancy, current pain or discomfort, as well metal or implanted devices that were rot MRI
safe. This study was reviewed and approved byitirean Participants Review Committee at

York University.

4.2.2 Image Acquisition

High resolution 3D VIEE images of thevrist were acquired with a 3%iemensl'IM Trio
MRI scannefMAGNETOM Trio, A Tim System, Siemens Healthcare, Erlangen, Germany) at
the MRI facility at York University. MRI parameters included TR=12.8 ms, TE=5.29 ms,
FOV=100 mm, voxel size 0.3x0.3x0.8, and flip angle=10A total of 112 axial images were
acquired per scan. Scanning time was approximatélynénutes for each of the nine. Images
captured thevrist from approximately 2cm proximal to therist crease, to mighaft of the

metacarpal bonesHigure4.1).
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Figure4.1. MRI scan of the wrist in the frontal plane of one participant. Scar
imaged the wrist from approximately 2cm proximathe wrist crease to mid
shaft of the metacarpals.

4.2.3 Participant Setup

Plastic splints secured with Velcro and tape were used to fix the desistgostures
(Figure4.2a). An MRisafe device was customized to fix the forearm at the proximal and distal
ends Figure4.2b). Theforearmwas fixed at the proximal end by resting the humeral condyles
ona fixed, \.shape mould and rotating the distal end so that the hared ceshfortably on a
MRI-safe hand dynanmeeter(Biopac Systems Inc, Canad#t)the desirefbream
pronation/supinatioposture Figure4.2a). A small flex coil was secured with Velcro on the

wrist area, while ensuring postures of the forearmvarnskt remained fixed.
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Figure4.2. MRI-safe customized device used during scan acquisiti
(right). Left figure shows the setup prior to scanning; participant we
plastic spint to fix wrist posture; while the elbow remains fixed, the

forearm is rotated at the distal end to press on hand dynamometer

4.2.4 Experimental Protocol

Participants were supine with their body todsthe left side of the bed, so that their right
arm could be positioned beside their body, close to the center of the table. Padding was placed
bet ween their body and the scanner to prevent
wrists were imagd in nine different postures, combining three forearm p46nation, mid
pronation, and 60supination) and threerist postures in the sagittal plane (3&xion, neutral,
and 30 extension). The forearm postures were easily changed by rotatingttire fixhereas
thewrist posture setup required-splinting of the hand, as well as movement of the handgrip
dynamometer. Thusyrist postures were chosen randorfftpm a hatirst, then the three

forearm postures were chosen in random order withinwdshposture Figure4.2a).
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Scans for each participant were performed over two or three sessions, depending on scan
guality as well as forearmfist fatigue. Only one participant did not report fatigue and was able
to finish all nine conditions in one @awithin each day, participants rested between conditions
to minimize fatigue, while researchers were setting up for the next condition. Givémctagit
et al.(1996)demonstrated the need to image structures while loaded in functional ways,
participants were asked to keep their fingers straight on the hand dynamometeshata p
maintain a constant force of 10N for the duration of the scan. The researcher provided verbal
feedback to participants if their exerted force diverted from the @ on a visual feedback

monitor in the control room.
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4.2.5 Image Analysis
4.2.5.1 Segmentabn
MRI images were imported into Mimics image processing software (Materialise, Belgium)
for the segmentation of varioggructures Table 4.). Segmentatiors the process which creates
3D models of anatomical structures in order to define their bowsdarihin each scan to allow

3D quantitative analyses.

Table4.1. Segmented structures and points of intei@streaing coordinate
systems.

Segmented Structure Site of Interest Points of Interest
«Dorsal edge of
ulnar notch

*Radial Styloid
«Palmar edge of
ulnar notch
(Digitized)

«Stvloid Process
*Radio-distal
prominence

Radus Distal end

Ulna Distal end

ulna across from
styloid

(Digitized)

+Stvloid Process
*Dorso-ulnar corner

on base

*Proximal and distal

centroids

(Digitized)

*Proximal and
Radial stvloid (RS) to 2cm  distal centroids
proximal to RS (Calculated and

digitized)

3rd Metacarpal Base to mid-shaft

Forearm

Flexor Digitorum Supetficialis (FDS)  2nd-4th digits - Along scan
Flexor Digitorum Profundus (FDP) 2nd-5th digits - Along scan
Flexor Pollicis Longus (FPL) Along scan

Centerlines
(Calculated)
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Structures were segmented manually (Appe@iXable a) Four research assistanteated
masksfor each structure of interest, by usihg Livewire tool to draw contouraround the
structure of interest in the transverse plane, capturing a series of 2D perimeters of the structure
along the longitudinal axis of the forearfigure4.3). A similar procedure was followed in
either the sagittal or frontal plane, whichever plane allcaveléarer view of the structure of
interest. Once contours were completed in two planes, Mimics calculated the contours along the
third plane. A Mimics proprietary algorithm generated a 3D mask of the structure. However, due
to mask imperfections (e.g.oles and leakage to other structures), several tools were used for
subsequent manual editing, such as mask erosion, dilation, expansion, smoothing, and a manual
pen. Careful revision in all planes ensured that the mask was of good quality, meaning that it
fully covered the structure of interest and only the structure of interest. The 3D surface of the
anatomical structure was calculated with a Mimics proprietary algorithm. The raw 3D models

were further smoothed using proprietary Mimics functions (Appe@dikable a).
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3D LiveWire
Target: Automatic contour:
) <lew Mask> v |l

Parameters
Apply parameters to all contours

Gradient magnitude: 0%
Attraction: -3

Apply parameters to range:

Figure4.3. Screenshot of the use of the Mimics Livewire tool (red line) drawing
contour around the ulna.

4.2.5.2 Digitization & Registration
After bone segmentation, segmented models were imported-Muti8s software
(Materialise, Belgium)Seven landmarks were identified on the scans of the NM trial (neutral
wristin mid-pronation; sedable 4.1). All points of interest listed on table 4.1 for the radius,
ulna, and metacarpal were digitized using this software, except for the metacarpal centroids. The
landmarks of all participants were digitized by the same researcher, alersge eor

difference in repeatedly identifying the sabwny landmark was 1.14 0.35 mm(Dang A.,et

al., 2016)
Subsequently, each of the three bones in condition NM and all their digitized points were

registered (i.e. superimposed) onto theeo eight scans of the same subject. Maintaining the
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same relationship between landmarks on the same bone in all scans for each participant was
important for accurately calculating the local or anatomical coordinate systems (CS). The
registration processvolved two methods. First, thepoint registration rotated and translated

the NM bones (e.g., a radius and the three previously digitized points on it) onto another scan of
the same participant. This type of registration was used for gross alignmeeébeegistered
structures. A second type of registration, called global registration, was then performed to
provide a finer alignment between registered structures. The global registration was iteratively
performed until the error between both segmentefhces was minimized, in terms of both

location andbrientation Figure4.4). The original coordinates of the NM sedigitized points or
landmarks, as well as the coordinates of the same landmarks registered onto the other eight scans
of each subject, we exported as text files, to be used in the calculation of anatomical coordinate

systems (CSs) with respect to the radius of each scan (See Section 4.2.6.1).

DorsalUInar Notch

Radial Styloid

PalmarUlnar Notch

Figure4.4. . Example of two superimposed radii from two sce
of the same participant, along with the digitized points (blue
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4.2.5.3 Centerline and Centroid Calculations

Numerous functions in Mimics were used to obfamrearm centroids, and entire centerlines
of the FDS flexor digitorum superficialistendons (seconftburth digits), and FDRflexor
digitorum profundustendons, and the third metacarpals. Conceptually, the centerline is a
continuous centroid of a tubulatructure along its length, which in essence tracks the
instantaneous location of the geometric center of each slice throughout its length. Note that parts
of centerlines that were generated using partly imaged structures,-tutubar bony shapes,
were el i minated from analyses. The xyz coordina
were saved as text files and used to calculate telodationsand orientationgto beexplained.

For the metacarpalnec e nt er | i n e 0 sandthenstatamenus durvatare (essed,
to determine proximal and distal metacarpal centroigsgsaved. The instantaneous curvature
was important in this context because it helped the researcher identify the tubular portions of the
metacarpal. The metacarpal is relaly straight at the shaft in the frontal plane and has a slight
posterior curve in the sagittal plane. Observed instantameousture values within the shaft
portion were <0.05, whereas portions near the base or the distal enigiadvaluesThe
proximal centroid of the metacarpal was determined by selecting a point which coincided with
the first point ofcurvature< 0.05 and distal to the base of the metacarpal. The most distal point
along the metacarpal centerline with curvature <0.05 was sekestée distal metacarpal
centroid. The researcher visually inspected the centerline to ensure that the proximal and distal
centroid points were well outside both the partially scanned areas at the distal end and the base of
the metacarpal at the proximalde(of the metacarpal shaft).

Segmented forearm structures were exported from Mimics #Mat&s, where distal and

proximal forearm centroids were calculated. First, a transverse contour was generated to cover
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the perimeter of the proximal surface oé 8D forearm model, andcarcle was fittedhrough it
(Figure4.5); the center of the circle was considered the proximal forearm centroid. A similar
approach was used to calculate the distal forearm centroid. The proximal and distal forearm
centroids inarn were used to create the longitudinal axis of the forearm, which was used to

calculate the local CS for each scan.

Distal

Proximal (Level of RS)

Figure4.5. Sample of forearm centroid calculations. Theximal and distal cross
sectional areas of the forearm were selected (orange), and circles fit through
The centers of the circles (red) were selected as the centroids. Red line repre
the longitudinal axis.
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4.2.6 Mathematical Analyses
4.2.6.1 Coordinate Systems
The CSs of the radius, ulna, and metacarpal were created. All calculatioibeugéxbal
coordinates of the seven digitized landmarks on the NM scan, the superimposed landmarks on
the other eight scans of each participant, and the metacarpal and forearm centroids. The
anatomical CSs were calculated with custom programs createdlabMatlab8.10.604
(R2013a) The MathWorks, Inc., USA). All postures and tendocationsand orientations were

expressed with respect to the radial CS with its origin at the radial stligicré4.6).

3rd

Metacarpal
z

X

z
Ulna
Radius

Figure4.6. Coordinate systems of the
radius, ulna, and 3rd metacardaadius
andmetacarpalx dorsal, y proximal, z
ulnar. Ulna: x radial, y proximal, z
dorsal.
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The radial CS was created in flo/lowing manner. Firstthe two points on either side of
the ulnar notch of the radius (dorsal and palmar), were used to determine the ulnar notch (UN)
| ocation. The i nterim vect orwadwdalcutatedeby medi ol at e
subtractingheglobalxyz coordinates of th&JN from those otthe radial styloid of the radius
(RS), and then the axis was normalized. The longitudinal axis of the tadu#s calculated by
subtracting theoordinates of thdistal forearm centroid frortnose of thgroximal forearm
centroid, and was subsequently normalized. These points were used to create the long forearm
axis because an axis aligned with the fareaather than the radial base, would be more
anatomically relevant. The anteroposterior axiwas calculated as the cross product of the
medi ol ateral and | ong axes angdandsthebaxesquere nt | y n
not necessanlorthogonal to each other, a correction was made by crossing the two normalized
vectorsw andw . An orthogonal radial CS with unit vectors was obtained, where
() pointed dorsally¢ pointed proximdy, anda pointed ulnarly. A 3x3 rotation
matrix to rotate from the global CS (i.e., the CS of the scanner) to the rad¥al W created
(AppendixH, Section 1).
The ulnar CS was determined using a similar approaath tBe radiugnd ulna shared
the same long axi® . The interim mediolateral axise of the ulna was created by
subtracting theglobalxyz coordinates of thelnar styloid from theoordinates of theadio-distal

prominence across from it, and wassequently normalized. The anteroposterior axigas

calculated as the cross product betvween andw . Finally, the corrected mediolateral
axisw was calculated as the cross produabof and & . The ulnar CS was an
orthogonal CS, where@ pointed radially pointed proximally, and the

pointed dorsally. This CS was expressed as a 3x3 rotation matrix (App&nsbetion 2).
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Finally, the third medcarpal CS was determined similarly. The interim mediolateral axis
Oce was created by subtractinigetglobal xyz coordinatedorseulnar corner of the metacarpal
head from the metacarpal stylmdordinates whi ch was then noifongal i zed
axisw was created using the distal and proximal metacarpal centroids, and was normalized. The
anteroposterior axi® was calculated as the cross product betwgeen  andw , and
was subsequently normalizedfiAal correction of the mediolateral axis was done by taking
the cross product between andw . The metacarpal CS was an orthogonal CS,
where thaw pointed dorsally, the pointed proximally, ad theg pointed

ulnarly. The metacarpal CS was also expressed as a 3x3 rotation matrix (Apgeselttion 3).

4.2.6.2 Posture Calculations

The posture of therrist was calculated as the orientation of the third metacarpal with
respect to the radi CS. A rotation matrix was first calculated to rotate and align the metacarpal
to the radial CS, and Euler angles were calculated using an xyz sequence, according to Winter
(2005) (AppendiN, section 1)Wrist radial/ulnar deviation was defined gk ard wrist
flexion/extension ag3.

Similarly, forearm pronation and supination angles were calculated by determining the
orientation of the ulnar CS with respect to the radial CS. This was accomplished by calculating
the product of their respective matri¢@ppendixl, section 2). Euler angles were obtained using
the xyz sequence (as mentioned above). In this case, however, only the rotation of the ulna with
respect to the radius (i.e., forearm pronation/supination), defing?] ass of interest. The x
andz axes of the ulnar CS were not aligned with the radial CS, thus pronation/supination angles

had to be normalized to the NM trial of each participant (Appehdection 3).
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4.2.6.3 TendonLocationsand Orientations

4.2.6.3.1 Centerline Transformation from Global to Radial CS

The tendon centerlines of the FDS and FDP, from section 4.2.5.3, were further processed
in a custom made Matlab program. The centerline coordinates were initially sa\wezas: X
coordinates with respect to the MRI scanner (global CS). Eacbrterhterline was translated
and rotated, so that each sample point on every centerline was expressed with respect to its radial
CS. This was accomplished by subtracting the RS global coordinates from each of the centerline

points, and then multiplying eladranslated point by the radial rotation matvix(AppendixJ).

4.2.6.3.2 Line Fitting through Tendon Centerlines

In order to estimate angulagjectories eachtransformedendon had to be defined as a
line. At the proximal enda 3D line of best fit wasalculated to padsom the tendon location at
the RS to the tendon location at y=15 mm, proximal to the RS (App&ndbhis iterative
process systematically translated and rotated the line, joining all possible connections between
two grids of+5 mm alang theantereposteriorx andmediclateralz axes around each of the
identified tendon centerline points at y=0 and y=15, in 1 mm increments. The fit was tested by
averaging the perpendicular deviations of all original centerline points from the linendlog¢
best fit then yielded two new proximal and distal points, and another series of finer iterations was
performed, usingt0.5mm grids around the new points and 0.1 mm increments (App&ndix

A similar procedure was performed to fit a line atdistal end from the CT. This line
started at the y coordinate corresponding to the y value of the metacarpal styloid (MS), and

ended 15 mmidtal to its start, along the longitudinabyis. Analyses associated with measures
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to describe tendon movementregions proximal and distal to the CT will be addressed

separately in the last few sections.

4.2.6.3.3 Tendon Displacements and Rotational Movement

4.2.6.3.3.1Tendon Displacements

Changes in all tendon positions at the level of the RS (indicated by coordinates at y=0)
were sed to estimate displacements of the tendons proximal to the CT as a function of forearm
andwrist postural change. Frontal displacements indicate changes in the z coordinate of the
tendon centerlines at the level of the RS (with posture change), andlgagiie displacements
indicate changes in the x coordinate.

Tendon displacements distal to the CT as a function of forearmwrstgpostures were
estimated by measuring the tendonds positiona
f or e arsm8 mentoored above, sagittal and frontal displacements were estimated similarly,

from changes in x and z coordinates, respectively.

4.2.6.3.3.2Tendon Angles
The proximal angles of each of the estimated tendon centerlines were measured with

respect to théongitudinaly axis in the frontal (Eg4.1a, andrigure4.7.) and sagittal (Edt.1b)

planes, as follows:
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(Eq.4.1a)

— YoHhE —— YeE —— (Eq.4.1b)

Where:

— represents the angle between the tendon centerline and the long axifoddha

in the frontal plane (subscripts denote the pianghich the angle was measured)

— represents the angle between the tendon centerline and the long aximodaha

in the sagittal plane (subscripts denote the plane in which the angle was measured)
ni &1 @ Qiepresentthe zcoordinate of the proximal and distal points of the tendon
centerline (at y=18nmand Omm respectively)

ni &1 @ Qrepresentshe x coordinate of the proximal and distal points of the
tendon centerline (at y=Ifim and Omm respectively)

: 6=tan“=(2prx - Zdist)'Y

y=15mm

> Z

0=(0.0)
Figure4.7. Anterior view of the radius and a sample
tendon, depicting the calculation of frontal tendon anc

with respect to the fore
CT. Positive angles open ulnarly at the proximal end.

The angle of the distal fitted | ine with re

using the same convention described in Eq. 1a and 1b. Subsequently, the planar angles (sagittal
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and frontal) of each tendon were calculatedgisheir respective fitted lines at their proximal

and distal tendon portions (sEmgure4.8).

Proximal Tendon
Portion (blue line)

Radial angular
deviation of
distal portion

¥ coordinate of MS Distal Tendon in Red.
Dorsal angular (15mm along y axis)

Distal Tendon in Red.

(15mm along y axis) deviation of distal L Black line represents prosimal wrt proximal
Black line represents portion wrt proximal tendon orlentztion. (-ve angle)
proximal tendon (+ve angle)

Figure4.8. Tendon angles represented by the angle between the proximal and distal tendc
portions (labelled), in the sagittal (left) and frontal (right) planes.

4.2.7 Statistical Analyses

To validate postural change and detect potential interactions of postures across different
planes, tweway (3x3) repeated measur®SOVAS were performed on posture data measured
from the MRI.The combined effect of forearm andist posture on frontal and sagittal tendon
displacement angles proximal to the GF (and— respectively), was evaluated usimgpt
way (3x3) epeated measures ANOVASIgnificant differences were further evaluated with

Bonferronicorrected, multiple comparisons, adjusting the critical p value according to the
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number of individual comparisons (e.g., 0.05/3 comparisdhsd27, to avoid inflatinghe
chance of a false positive (type | erjor)

The effects ofvrist and forearm posture on distal tendon displacements at the level of the
MS, and on tendon angles between the proximal and distal portions of the tendons just outside
the CT, were also ayzed with tweway (3x3) repeated measa®NOVAS. Bonferront
corrected multiple comparisons were used for further evaluation of significant findings.
Summary statistics were used to document the amount of tendon movement occurring in the
forearm (proximbanalyses) and at the CT and distal to it (distal analyses).

The results of the current study are preseintédo chapterstheir results and
discussions are address=parately based on measurement Gitapter Soresents and
discussesendon movemenheasured proximal to the CThapter 6 elaborates on tendon
movement measured distal to tB& and modeled tendon angular trajectories within the CT

based on measurements at the proximal and distal ends of the tunnel
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5 CHAPTER 5: STUDY Il: PROXIMAL RESULTS AND DISCUSSION
Finger Flexor Tendon Trajectories Proximal to the Carpal Tunnel as a Function of
Forearm and Wrist Posture: Results and Discussion.
5.1 Results
This chapter presentse postures achieved during data acquisitmid results of the
tendon diplacements and angulsweep as a function of forearm and wrist postural change,
proximal to the CTFPL tendon displacements and angular sweep were presented in this chapter,
howeverchanges seen in this tendon may not accurately represent changescam®ma dfwrist
or forearm posture, because we did not control thumb posture, which may affect FPL

displacementData from four participants were analyzed (Table 5.1).

Table5.1. Participant demographic information.

Sy, Age Height Weight Handedness
(Years) (m) (Kg) Left Right
F 1 34 1.83 66 1 0
M 3 235(+2.1) 176(0.06) 72.7(+9.9) 1 2
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5.1.1 Posture
The researcher originally intended to acquire data from postural catialois of 30 of
extension, straight (§), and 30 of flexion of the wrist, along with 40of pronation, neutral mid
(0), and 60 of supination of the forearm. However, the average ranges of motion observed were
24.9 at the wrist and 68.7at the forearmboth of which were lower than expected (66d
100, respectively) (Table 5.2).
Table5.2. Means and standard deviatior
of each wrist and forearm postures,
achieved during scan acquisition, of all
scans for all participants. Forearm

pronaton/supination values presented w
normalized to the NM condition of each

Wrist Posture
Mean SD -
(deg) (deg)
RU -1.7 56 36
Extension 17.3 6.3 12
Neutral 6.8 6.7 12
Flexion -7.6 6.8 12
Normalized Forearm Posture
Mean SD v
(deg)  (deg) ;
Pronation 16.8 7.8 12
Neutral -43 7.7
Supination -51.9 8.1 12

Although radial and ulnar deviations were not controlled during acquisition, movement in
the frontal plane was minimal. The average range of motion at theiniiss plane was 4.3as
a function of wrisflexion/extensiorand 4.4 as a function of forearm pronation/supination. The

average ulnar deviation was 1atross all conditions (Table 5.2).
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The ANOVAs tested for interactions between movements in lame @mnd measurements
in another. The relative angle in the radial/uld@aectionof the metacarpal with respect to the
radius was not significantly affected either by wrist flexion/extension or by forearm
pronation/supinatiorSimilarly, the relative arlg of the metacarpal with respect to the radius in
the sagittal plane was only affected by wrist flexion/extension and not by forearm
pronation/supination. The relative angle of the ulna with respect to the radius was only affected
by wrist flexion/extengin, but not affected by wrist flexion/extensidinese results suggest that

these postures were independently controlled by the researcher.

5.1.2 Tendon Displacements

5.1.2.1 Sagittal Displacements

Sagittal displacements were changes in tendon locations along tiseat e level of
the RS. (Recall that positive x points towards the dorsum of the hand.) Only wrist
flexion/extension had an effect on the sagittal location of all finger flexor tendons except FPL
and FDP2, whereas forearm pronation/supination did n@ &a effect on the sagittal location of
any tendon (Table 5.3). Average locations alongatitereposterior xaxis of all tendons (except
FPL) across forearm postures, within each wrist posture, showed that tendons were located more
volarly in wrist flexon (-16.8+ 2.1 mm), and more dorsally in wrist extens{et3.0+ 2.2 mm),
compared to neutral wristl3.9+ 2.2 mm)(Table 5.4Figure5.1). There was more change in
location between flexed and neutral postures (2.9 mm) than between neutral anddextende

postures (0.9 mm) (Table 5.5). See Appendi®r pairwise comparisons.

110



Table5.3. Results of the effect of forearm and wrist postures on the gnbsterior
tendon location (along the x axiand on the mediateral location (along the z axi
at the level of the RS values are shown for Bonferreadjusted pairwise
comparisons, unless denoted with the superscript c.

Wrist Forearm
Post Hoc Post Hoc
a a
¥ ok p Comparisons E ot p Comparisons
FPL 1331 (2.6) 0.332° ns 1.536 (2.6) 0.289° ns
0.048* ext vs flx 0.280 Dro Vs sup
FDS2 25.100 (1_00533_014)"' 0.009* neut vs flx 6.728 (2.6) 0.175 mid vs sup
0.309 ext vs neut 0.507  pro vs mid
0.066 ext vs flx
FDS3 15.235 (2.6) 0.002*  neut vs flx 0.652 (2.6) 0.555° ns

0.656 ext vs neut

0.070 ext vs flx
FDS4 17.908 2.6) 0.013* neutvsflx | 4.941 2.6) 0.054° ns
0.445 ext vs neut
0.368 ext vs flx
FDP2 5950 2.6) 0113  neutvsfix | 2.152 2.6) 0.197° ns
1.000 ext vs neut

1.000 ext vs flx

FDP3 5.347 (2.6) 0.033* neut vs flx 0614 (2.6) 0572¢ ns
0.394 ext vs neut
0.047* ext vs fix 0.098 DYO Vs sup

FDP4 15.888 (2.6) 0.022*  neut vs flx 5.711 (2.6) 0.664 mid vs sup
1.000  extvs neut 0576  provsmid
0.065 ext vs flx

FDP5 18.195 (2.6) 0.014%  neut vs flx 3.844 (2.6) 0.084° ns

0.517  ext vs neut

Wrist Forearm
0.233 ext vs flx

FPL 5472 (2.6) 0.073 neut vs flx 0.285 (2.6) 0.761° ns
1.000 ext vs neut

0.111 D¥O Vs sup
FDS2 0.669 (2.6) 0.547° ns 15.293 (2.6) 0.070 mid vs sup
0231  provsmid

0.065 Dro Vs sup

FDS3  2.286 2.6) 0.183° ns 29.443 (2.6) 0.016*  mid vs sup
0.222  provs mid
0.295 ext vs flx 0.16 Dro Vs sup
FDS4  7.059 (2.6) 1.000 neut vs flx 37.472 (2.6) 0.032*  mid vs sup
0.063 ext vs neut 1000  provs mid
FDP2  0.686 2.6) 0.539° ns 2.326 (2.6) 0.179° ns
FDP3 2974 2.6) 0.127° ns 4524 2.6) 0.063° ns
FDP4 4571 (2.6) 0.062° ns 4.562 (2.6) 0.062° ns
0.233 ext vs flx 0.223 Yo Vs sup
FDP5  6.587 2.6) 0.226 neut vs flx 6.307 2.6) 0.264 mid vs sup
0.312 ext vs neut 0.621 pro vs mid

*Bonferroni corrected p value, unless specified with the d superscript
l’Spheu:icity violated, Greenhouse-Geisser Corrected

SANOVA priori tests p vahie

*Denotes significance
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Table5.4. Means andtandard deviations of tendon locations in the sagittal and fro
planes at the level of the radial styloid. Positive values in the sagittal and frontal
correspond to dorsal and ulnar displacements, respectively. Different letters denc
significance in tendon location as a function of wrist posture (sagittal location), an
forearm posture (frontal location), at p<0.05 Bonferroni corrected for multiple
comparisons.

Means and Standard Deviations of Location in the
Sagittal and Frontal Planes (Proximal to Tunnel)
Sagittal Frontal
Location Location
(x at y=0) (z at y=0)
n=12 n=12
Tendon Flx Neutral Ext Prone Neutral Sup
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

FPL -15.82 1.5| -16.62 20| -15.52 1.7 12.02 24| 11.82 15| 1242 0.8
FDS2 | -19.22 1.8 | -15.9° 19| -14.5° 27| 14.92 21| 1422 22| 17.52 3.0
FDS3 | -20.52 21| -17.2b 24| -15.42b 25| 17.3% 24| 16.72 22| 20.1° 25
FDS4 | -18.92 2.1| -16.2b 24| -15.02b 2.7| 22.3%b 22| 2252 20| 256 1.6
FDP2 | -16.6% 32| -12.92 23| -13.02 20| 16.92 1.8| 16.42 14| 1742 14
FDP3 | -14.52 24| -12.7° 2.1 -12.820 1.7 22,08 1.7 22.0 1.5 23.32 14
FDP4 | -1342 1.7| -11.2b 23| -10.7° 1.8 26.62 26| 2642 20| 27.8 1.6
FDP5 | -14.72 15| -11.4b 1.7 | -10.02b 20| 28.52 28| 28.12 23| 29.82 1.7

Table5.5. Average linear displaceentsat the level of
the RS and angular sweep of all FDS and FDP tendc

(top) and FPL tendon (below).

Average Linear and Angular Tendon Displacements
Proximal to Tunnel

ALL TENDONS OF DIGITS 2-4
. Ak . -5 Frontal Angle
Displacements | Displacements
Sweep (deg)
(mm) (mm)
Pro-Neutral 0.3 04
Forearm | Sup-Neutral 22 6.5
Pro-Sup 2.5 6.04
Ext-Neutral 0.9
Wrist | Flx-Neutral 29
Ext-Fix 3.8
FLEXOR POLICIS LONGUS
. AP . i Frontal Angle
Displacements | Displacements
Sweep (deg)
(mm) (mm)
Pro-Neutral 0.3 0.3
Forearm | Sup-Neutral 0.7 6
Pro-Sup 04 6.3
Ext-Neutral
Wrist | Flx-Neutral

Ext-Flx
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Sagittal (x) FDS/FDP2 locations at the level of
the RS as a function of wrist F/E
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Figure5.1. Significant effects of wrist posture on tendon sagittal locations
level of theRS for all FDS and FDP tendons of tHe @), 3¢ (b), 4" (c), and &'
(d) digits. Asterisk denotes significance at p<0.05 Bonferroni corrected fol
multiple comparisons. Error bars represent SD.
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5.1.2.2 Frontal Displacements

Frontal displacements were changes of tendon locations alongethelateralz axis at
the level of the RS. (Relt@hat positive z points towards the ulna.) Wrist posture did not change
the frontal locations of any tendons, but forearm pronation/supination had an effect on FDS3 and
FDS4 (Tables 5.3, 5.4)\verage locations along tmeediclateralaxis of these twaenhdons
acrosswrist postures, within eaclorearmposture, showed that tendons were located more
ulnarlyin supination (22.% 2.0 mm)than inpronation (19.8 + 2.3 mmand neutral forearm
(19.6+ 2.1 mm)(Table5.4,Figure5.2). The average location clg@s of these two tendons were
larger for supinated and neutral postures (3.3 mm) than for pronated and neutral postures (0.2
mm) (Figure5.2). See Appendik for pairwise comparisons. However, even though other
tendon displacement values did not reachiBgg@mce, they also exhibited a similar pattern. The
average location differences of all tendons showed that forearm supination tended to shift
tendons more ulnarl2.2 mm) thamadially with pronation 0.3 mm) from the neutral forearm

position(Table 5.5.
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Frontal (z) FDS/FDP2 locations at the level of the RS
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Figureb5.2. Significant effects oforearm posturen frontal locationsat the level o
the RSfor all FDS and FDP tendoms the 29 (a), 39 (b), 4" (c), and %' (d) digits.
Asterisk denotes significance at p<0.05 Bonferroni corrected for multiple
comparisons. Eor bars represent SD.
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5.1.3 Orientations

The findings revealed that significant angular changes only occurred in the frontal plane.
Neither forearm pronation/supination nor wrist flexion/extension had a significant effect on the
sagittal angle ofray tendon Sagittal angles did not change much between postures, with an
average angle 68.2 (a proximal angle opening palmarly) for all tendons (except FPL), across

postures (Table 5.7).

5.1.3.1 Frontal Angles (zy)

Recall that tendon angles were measurddiwvi r espect to the forearn
proximal to the RS, and positive angles open to the ulnariBigeré5.3). Forearm
pronation/supination had an effect on the frontal plane angles of all tendons, whereas wrist
posture did not have an effect on arpntal angle (Table 5.6). Forearm supination consistently
shifted the angle of all tendons towards th&a Figure5.4, Table 5.7). Frontal angleerages
of all tendons (except FPL) across wrist postures, within each forearm posture, showed that
supinaton tended to elicit ulnar angles{4.2 ), whereas neutratZ.5+ 3.7 ) and pronation-38
+33) tended to elicit radial angles Tadle tendons
5.7).

A relatively large tendon sweep (i.e., the angular diffeedvetween postures) was
observed between neutral and supinated posture$ {gh&n comparing average angles of all
tendons (except the FPL). The average tendon sweep of superficialis and profundus tendons
separately highlighted that tendon movement warerpronounced in superficialis tendons
(8.6), than in deep tendons (5){Table 5.7). Compared with all other tendamall postures,

the FDS3 had the most radial angle, and the FDP5 had the most ulnar angle (Table 5.7). The
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FDS3, FDS4, and, to a lessxtent the FDS2, exhibited greater radial angles in pronated and
mid-pronated postures than did other tendons. The FDS3 however, came in close alignment with
the forearmds | ong axis in supination, and th
ulnar side by a few degrees (Table 5.7). The FDP5, FDP4, and, to a lesser extent the FDP3, on

the other hand, exhibited larger ulnar angles in supination than other tendons. The FDP4 and

FDP3 nearly aligned with t he ndnidpenatedpgpstures,o ngi t |

whereas the FDP5 maintained a small ulnar angle even in full pronation (Table 5.7).

Forearm Long Axis

Radial Side Ulnar Side

74 Ulnar Angle = Positive

A 4

RS

Figureb5.3. Frontal angle polarity: angles opening to the ulnar side were
positive, and angles to the radial side negative. Examples of tendornbevitt
most radial angle in pronation (FDS3), and the most ulnar angle in supine
(FDP5), are illustrated.
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Table5.6. Results summary of the effect of forearm and wrist posture, on the frontal tenc
angle,proximal to the carpal tunndP values are shown for Bonferreadjusted pairwise
comparisons unless denoted with the superscript c.

Wrist Forearm

Post H Post H
r dof e ost Hoc N dof e ost Hoc

Comparisons Comparisons

0.129 D¥O VS sup
FPL 0.003 (1,1053,046)t 0.997° ns 8.654 (2.6) 0.008* mid vs sup

1.000 pro vs mid

0.069  pro vs sup
FDS2  0.567 (2.6) 0.595° ns 17.349 (2.6) 0.004*  mid vs sup
1.000  pro vs mid

0.067 DO VS sup
FDS3 0.783 2.6) 0.499° ns 16.21 (2.6) 0.002*  mid vs sup
1.000  pro vs mid

0.043*  provssup
FDS4 2236 (2.6) 0.188° ns 31.285 (2.6) 0.002*  mid vs sup
1.000  pro vs mid

0.244 Do Vs sup
FDP2 0.736 (2.6) 0.518° ns 6.332 (2.6) 0.017*  mid vs sup
1.000  pro vs mid

0.311 Do Vs sup
FDP3  0.643 (2.6) 0.599¢ ns 6.882 '1.019.3.057) 0.003*  mid vs sup
1.000  pro vs mid

0.071 DYO Vs sup
FDP4 1425 (1_00833_025)" 0312° ns 24.117 (2.6) 0.003*  mid vs sup

1.000  pro vs mid
0.022*  pro vs sup

FDPS 1948 (2.6) 0.223° ns 17.795 (2.6) 0.54 mid vs sup
1.00 pro vs mid

*Bonferroni corrected p value, unless specified with the d superscript
PSphericity violated. Greenhouse-Geisser Corrected

SANOVA priori tests p vahe

*Denotes significance
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Frontal (yz) angles of the FDS/FDP2 proximal to the RS
as a function of forearm rotation
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Figure5.4.Significant effects oforearmposture on frontalendon anglgproximal
from the carpal tunnetf all FDS and FDP tendorms the 29 (a), 3¢ (b), 4" (c), and
51 (d) digits Asterisk denotes significance at p<0.05 Bonferroni corrected for
multiple comparisons. Error bars represent SD.
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Table5.7. Means and standard deviations of sagittal and frontal

tendon angles proximal to the carpal tunnel.

Tendon

FPL

FDS2
FDS3
FDS4
FDP2
FDP3
FDP4
FDP5

Tendon Angle Means and Standard Deviations with Respect to the
Longitudinal
Axis of the Forearm (Proximal to RS)

Sagittal (yx) Frontal (yz)
Angle (deg) Angle (deg)
n=12 n=12
Flix Neutral Ext Prone Neutral Sup
Mean SD | Mean SD | Mean SD | Mean SD | Mean SD | Mean SD
-6.72 21| -6.82 41| -6.62 44| -89% 42| -86° 29| -2.6 3.5
-5.00 28| -6.00 25| -4.6* 39| -55% 39| -4.1° 23| 222 42
-8.22 38| -8.82 3.0| -8.52 43| -84% 34| -69° 34| -04* 42
-11.82 33| -12.0® 22| -1042 3.8| -6.12 3.1| -5.820 48| 4.0° 5.1
-5.92 29| -7.12 22| -5.6* 34| -2.6® 25| -2.1° 41| 2.0 44
-9.72 30| -9.92 15| -7.90 43| -04%® 47| -1.0® 39| 46* 39
-9.92 29| -10.92 2.5| -8.82 28| 0.1® 34| -02* 32| 7.12 39
-6.68 32| -652 29| -732 29| 2.1@ 22| 24% 40| 82 39
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5.2 Discussion

Understanding the anatomical impact of forearm pronation/atipmon tendons crossing
the wrist is important; and yet, it has not been studied. The wrist, particularly the CT, is a
vulnerable area because it contains a large number of structures in a small space. Changes of
posture may displace internal structuresvays which increase internal loading. This study is
novel because, for the first time, the impact of forearm pronation/supinatienaon
kinematicss evaluated. This study is a step towards understanding the role of forearm
pronation/supination omjury, so that internal exposures can be modeled based on external
posture measurements. The purpose of this study was to investigate the effect of forearm
pronation/supination and wrist flexion/extensionondhes pl acement s and tendo
(angular megement of the tendorf finger flexor tendondt was hypothesized that finger flexor
tendons would exhibit angular changes and displacements just proximal to the CT, with greater
changes with increased forearm pronation or supination compared tepgomaded position.
Findings showed thagenerally, forearm rotation affected frontal plane tendon movement,
whereas wrist flexion/extension affected sagittahel Tendon movement implications is

discussed in the following sections.

5.2.1 Sagittal Displacements

Forearm pronation/supination did not have an effect on sagittal displacement. However,
wrist flexion/extension had a consistent effect on the sagittal displacement of all tendons.
Tendons were located more volarly in flexed wrist postures, and more gansattended wrist
postures, when compared to neutral. The average tendon displacement from extension to flexion

was 3.8 mm (Table 5.5), slightly lower than that seen by Keir & Wells (1999). They found volar
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displacements from extension to flexion of 5 niewever, in the current study, the observed
range of wrist motion was only 24.@Trable 5.2) compared to their larger range achieved at the
wrist of approximately 57

Recall that generally, larger displacements were seen between neutral and flexes post
than between neutral and extension (Tabl e 5.
observations indicate that tendons move towards the flexor retinaculumgwditblough it may
allow some movemedtprimarily functions by constraining tend®to prevenbowing(Loudon,
J.et al, 2013) This suggests that increased volar contact may occur, which may also affect
contact forces around the median nerve, further supporting their conclusion that flexion may

increase the risk of developing CTS.

5.2.2 Frontal Displacements

Although forearm pronation/supination had a significant effect only on the frontal
displacements of the FDS3 and FDS4 tendons, other tendons showed a similar pattern. Tendon
movement was larger in superficial tendons than in the FPL anddfidBrts Figure5.2, Table
5.4). The location change of the FDS2 between neutral forearm and supine approached
significance. However, it is possible that the FDS2 tendons exhibited the least movement of all
FDS tendons, because the FDS2 is the only buridilesomuscle originating on the anterior
radius.

Additionally, recall that displacements between neutral and supinated forearm were greater
than those seen between neutral and pronated forearm. However, this difference could be due to

the different rangef motion achieved in either direction; participants achieved approximately
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20 of pronation and 52of supination. Théorearm pronation/supination postures in the
methodology of this study were selected because they were within a comfortable anatomical
range of motion, and may be replicated in manual work activities.

The larger displacements seen in supination may suggest that the FDS musculature is located
on the ulnar side of the forearm in this posture, rather than directly on the anterior Jinigce.
change in musculature location with respect to the CT could increase tendon tension, as muscle
bundles elongate to reach the tunnel, resulting in a pull on the ulnar tendon. These findings could
have potential clinical relevance, because when teral@nsnder tension and are located more
ulnarly, compression of nearby structures against the tunnel walls might increase in the direction
of the movement. Thus, structures such as the common tendon sheath-syrmbsidl tissue on
the ulnar side, near thoximal end of the CT, may be at risk of increased MSK loading.

Activities requiring supinated postures, particularly with intermittent finger actions (such as
guitar playing at the fingerboard), may increase the risk of developing ulnar pain or digcomfo

or eventenosynovitis (on the ulnar side).

5.2.3 Frontal Angular Deviations

Angular changes in the frontal plane of all tendons were affected only by changes in forearm
posture. The largemgular deviations of the FDS compared to FDP tendons may have occurred
because the FDP tendons originate more distally than the FDS tendons. Generally, angles tended
to shift more ulnarly with supination than with npdonated or pronated postures. (Rettedt
the FDS3 had the most radial angles in all pestuand the FDP5 the most un&iven that the
third digit is not the most radial digit, it seems reasonable to suggest that digit location along the

radio-ulnar axis probably does not have an eftacthe frontal angular orientation proximal to
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the CT. Instead, it seems that tendons have different angle orientations, depending on their
respective radiulnar location proximally into the forearm.

Each of the FDS and FDP muscles are normally coresicgngle muscles; however, each
one is a bundle of four muscle bellies (for the seddtiddigits). Thus, recognizing the
magnitude of the angular shifts associated with each particular digit in various forearm postures
may be important for identifyinfavorable/unfavorable postures for each finger.

On one hand, increased angular bends in the radial or ulnar direction may increase contact
against nearby structures in the direction of the bend. Because the FDS3 and FDP5 had the
largest angular deviatioms pronation and supination, respectively, they probably experienced
higher contact forces against the adjacent carpal walls on their respective sides. The increase in
normal forces may in turn contribute to higher fricabwork performedy tendonsganst
nearby structuresn activities with repetitive finger motion of those digits.

On the other hand, friction experienced by a tendon bent over a trochlear surface could elicit
some loss of muscle force distal to the trochlea, causing a slight inoreasestional demand on
the muscle bundle, because more force will have to be produced to create a given torque at the
respective joints. Further increases in normal force between the two surfaces, via displacement in
the direction of the bend or addeds®n, would further increase frictional work, aggravating the
loss of force distal to the trochlea and resulting in added muscular demand.

In addition, larger angle deviations could mean that individual muscle bundles are
lengthening, which may result areduced capability to produce force via fewer available -cross
bridges, and thus an increased exertional demand on the bundle. In light of this possibility,
activities requiring continuous/sustained exertions of finger tendons angularly deviated in

particular forearm postures may be at risk of muscular fatigue. For instance, uséhotittayit
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in sustained pronation could increase the exertion of the FDS3 busdtd;the fifth digit in
supination, on the other hand, could increasertional demandf the FPD5 (Table 5.7).

Because the orientation of these two tendons mirror each other, pronation may be favorable for
the FDP5 and supination for the FDS3. Thus, knowledge about individual angle deviations for
each of the FDS and FDP tendons in susthfosearm postures away from neutral may help
identify posture/action combinations likely to induce higher MSK loading.

Lastly, the individual angle sweep of each tendon may be relevant for identifying tendons
vulnerable to frictional work in actions requig repetitive forearm pronation/supination (Table
5.8). Recall that the average sweep among tendas$.5. Some tendons, such as the FDS4
(10), traveled larger angles when the forearm rotated from one end to the other, while others
travelled less thahalf that distance (e.g., FDP2). Tendons with larger angle sweep may be at
increased risk of abrasive wear when performing manual activities requiring repetitive forearm
pronation/supination in combination with sustained wrist flexion or extensionpdweribined
mediclateral translations with forearm pronation/supination, and volar or dorsal contact forces
with wrist flexion/extensiordeviatiors. For instance, continuous pinch grips of the second, third,
and fourth digitgwhich are tendons with therfgest sweep anglesglong with repetitive forearm
pronation/supination arglistainedvrist flexion, may increase frictional work against the flexor
retinaculum in the meditateral direction of such tendons. Thus, knowledge about the angular
sweep with foearm pronation/supination, for individual FDS and FDP tendons, combined with
an awareness of the implications of the combined effects of wrist posture, may help identify

tendons vulnerable to MSK loading in certain manual activities.
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Table5.8. Frontal tendon sweep of individual
finger flexor tendons, betweearkarm postures

degrees.
Average
Angular Sweep per
Individual Digit (deg)
Pro-Mid Mid-Sup | Pro-Sup

FDS4 03 08 10.1
FD53 15 6.5 g0
FDS2 14 6.3 77
FDP4 03 73 7.0
FDP5 03 58 6.1
FDP3 0.6 56 50
FDP2? 0.5 4.1 46

5.2.4 Sagittd Angular Deviations

Sagittaltendon trajectories showed that tendons waree palmamoreproximalto the RS
(in the forearm)but deviated dorsally as they approached the CT; these changes may reflect
some volar movement constraint at the proximal dridleotunnel. However, neither forearm nor
wrist posture had an effect on sagittal angles. Bulking of the flexor muscles due to contraction
during wrist flexion, along with volar tendon movement at the level of the RS in flexion, may

explain the lack of agular sweep in the sagittal plane as a function of wrist posture.
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5.3 Limitations

Although the amount of force was theoretically controlled during image acquisition, it was
difficult for some participants to maintain the force towards the end of thelsmaanclear if
these small fluctuations in force added noise in some of the scans. It is also unclear whether this
noise, along with segmentation and centerline calculations, affected tendon trajectories.
However, even if the tendon trajectories had kedacted, it is possible that the changes were
very small; the findings may be as accurate as the image resolution (0.3mm x 0.03mm x 0.8
mm).

Furthermore, betweesubject variability should be acknowledged. While the wigubject
variability (in terms éidentifying bony landmarks, which were used to create the anatomical
frames of reference) was reduced through the registration process, bstusgz variability
identifying landmarksparticularly for the radialistal prominence of the ulna across thear
styloid, may havéntroduced significant variability into the resul&ven though comparisons
between conditions for each participant were plausibéemagnitude of the differences in
orientations and locations between participants was not fjadnti

The centroids used to define the forear mds |
circles fitted through the proximal and distal forearm surfaces, which were perpendicular to the
gl obal l ong axis (al ong t btthe smroedfor every span, bdcéwse f or
forearm orientations varied. It is unclear, however, whether changes in the proximal and distal
surface orientation could have affected the location of the calculated centers, possibly resulting in
increased variabilitpetween the alignment of the calculated long axis and the respective

forearmbs | ong axi s.
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5.4 Conclusions and Future Directions

This study represents an important milestone in understatireffect of forearm posture
on tendon movement, relevant to uredandingthe contribution of forearm pronation/supination
to MSK loading of the upper limb; for the first time, tendon movement as a function of forearm
posture was documented at the proximal end of the forearm. In summary, wrist flexion/extension
postureonly affected tendon location changes in the sagittal plane, whereas forearm
pronation/supination only affected tendon movenee frontal plane. Small dorsal movement
was seen with wrist extension. These findings support previous reports of volacehspnts
with increased wrist flexion, which may increase anterior contact forces, potentially affecting the
median nerve. The relatively constant palmar angle across postures may reflect a movement
constraint at the CT, potentially having implicationstfee volar contact forces at the proximal
CT. Actions requiring constant wrist flexion, particularly under loading conditions, may increase
the risk of developing CTS. Wrist flexion combined with repetitive finger or forearm motions
may elicit axial or mdio-lateral frictional work against surrounding tissues.

Forearm pronation elicited minimal radial displacements, whereas supination elicited larger
ulnar displacements, in FDS tendons. Greater angular displacements of the FDS tendons were
seen when compad to the FDP tendons, in the frontal plane. Pronation increased the radial
angle of the most radial tendons, whereas supination increased the ulnar angle of the most ulnar
tendonsSmaller radial tendon displacements with pronation from neutral formagmeflect
radial constraints, which along with increased radial angles of radial tendons, may result in
further radial contact increasasthe proximal end of the CT

Large frontal angle deviations suggest increased contact with lateral carpal wradls in

direction of the bend in the proximal CT. Increased contact forces in any direction with repetitive
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motions (of finger and/or wrist) may contribute to MSK loading via frictional work of tendons on
nearby structures. Lastly, forearm deviated posturemed to affect muscular demands of flexor
muscles, via force reductions distal to the trochlear surface (due to frictional work and muscle
length changes).

Thus, forearm deviations from neutral posture could increase MSK loading. Frictional work
depends o the contact (normal) force of the tendons against other structures, and can induce
histological changes to eventually lead to pathologies (e.g., tendonitis/tenosynovitis).

In conclusion, wrist flexion together with forearm postures away from neutnagetihe
tendon locations and orientations proximal to the CT, which has the potential to alter the
relationship of tendons to nearby structuesg] potentially increaddSK loading. Further
investigation into tendon trajectories within the tunneldned e n drelatigndhips with other

structures is necessary, as is an evaluation of the tendons on the extensor side of the wrist.
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6 CHAPTER 6. STUDY Ill: DISTAL RESULTS AND DISCUSSION
Finger Flexor Tendon Trajectories Distal to the Carpal Tunnel as a Furiton of Forearm
and Wrist Posture: Results and Discussion.
6.1 Results

This chaptepresentdindings regarding changes in tendon locations distal t€ihend
angular deviations within the CT, in the frontal and sagittal planes, from data acquired in the
study described in chapter®endon location and orientatialata from the proximal and distal
ends of the tunnel are presensegharatelypecause they seem to have potential implications on
different regions. Findings at the proximal end of then@y befound to bemore relevant to
loading ofthe forearm, whereas findings on chapter 6, which indedeonlocations distal to
the CT, and estimated angle trajectories through the wristbmayore relevant tthe wrist.
Information on those who particiat in the MRI studys presented again for referer@able

6.1).

Table6.1. Participant demographic information

n 4
Age (vears) 27 (£ 6.29)
Height (m) 1.78 (+0.06)
Weight (Kg) 71.0(+8.72)
0 Right
F
e ! 1Left
. 1Right
M 3
2 Left
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6.1.1 Posture

Posture informations reported in this chapter for easier referef@anditions included a
combination of three wrist postures (3xtension, straight (§), and 30 flexion) and three
forearm postures (4(ronation, midpronation (0), and 60 supination). However, the observed
ranges of motion (based on relative bone motion) were only a#tBe wrist (radius with
respect to third metacarpal), and 6&7the forearnfradius with respect to ulna). Average
postures are shown in table 6.2. Although not controlled, radial/ulnar deviation motion was
minimal, with an average range of motion of 4aBd 4.4 as a function of wrist
flexion/extension and forearm pronation/swadion, respectivelyrindingsshowed no effect of
wrist posture on forearm pronation/supination, or vice versa, suggesting that these postures were

independent from each other.

Table6.2. Means and standard deviations of each wrist and
forearmposture, achieveduring scan acquisition, of all scans
all participantsForearm pronation/supinatisalues were
normalized to the NM condition of each participant.
Normalized Forearm
Posture
x(SD) n x(SD) n
Extension 17.3(+6.3) 12 Pronation 16.8 (+7.8) 12
Neutral 6.8(+6.7) 12 Neutral -43(+7.7 12
Flexion -76(+6.8) 12 Supination -51.9(+8.1) 12
R/U -17(+56) 36

Wrist Posture
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6.1.2 Displacements

6.1.2.1 Frontal Displacements

Frontal displacements were chasgn tendon locations along the mediolateadiu®
axis z, at the level of the y coordinate of the metacarpal styloid of the third metacarpal (MS). The
tendon remainedxpressed with respect to ttaglial CS, and the MS location was rotated and
translaed to be in the sanradialCS to obtain the y coordinate. (Recall that positive z pointed
towards the ulna.) ANOVA analyses revealed that forearm pronation/supination had an effect on
all FDS tendons, whereas wrist posture did not have an effect otit@ focations of any
tendon (Table 6.3). However, after performing a Bonfereahusted, multiple comparisons test,
differences between supination and neutral were significant for the FDS3 only (Talble6r8,
6.1). The average locations of the FOi®8dons across wrist postures within each forearm
posture showed that tendons were located more ulnarly in supinatior+(2@.31m) than in
neutral posture (174 2.8 mm) (Table 6.4). The average locations of all tendons across wrist
postures, within ezh forearm posture, showed that although most displacements did not reach
significance, a movement pattern similar to that of the FDS3 tendons was observed. Tendons
were generally located more ulnarly in supination (22200 mm) than in neutral (20162.4
mm) or pronation (20.2 2.8 mm) Figure6.1, Table 6.4). A range of movement of 62039
mm was observed across all tendons, with the FDS3 exhibiting the maximum frontal
displacement (Table 6.4). Average frontal displacements of all tendons shometl, dst
consistent, shift between neutral and supination of 1.4 mm, and an even smaller shift between

prone and neutral postures of 0.03 mm (T&B. See Appendii for pairwise comparisons.

132



Table6.3. Results summary of the effect fmrearmand wrist posture on the antepwsterior

tendon locatiorfalong the x ax)s and on the meditateral locationalong the z axis at the

level of the MS P values are shown for Bonferreadjusted pairwise comparisons unless

denoted with the superscript c.

Wrist Forearm
i Post Hoc i Post Hoc
¥ dat P Comparisons ¥ dof P Comparisons
0.029* ext vs flx 0.031* pro vs sup
FDS2 31.532 (2.6) 0.009* neut vs flx 13.281 2.6) 0.148 mid vs sup
0225 ext vs neut 1.000 pro vs mid
0.033* ext vs flx
FDS3 22.729 2.6) 0.003* neut vs flx 4410 (2.6) 0.066° ns
0.603 ext vs neut
0.026* ext vs flx
FDS4 30.890 2.6) 0.007* neut vs flx 3.390 (2.6) 0.082° ns
0374 ext vs neut
0.050 ext vs flx
FDP2 22.158 (2.6) 0.020% neut vs flx 0.329 2.6) 0.732° ns
0.460 ext vs neut
0.026* ext vs flx
FDP3 28.578 (2.6) 0.001* neut vs flx 3.257 2.6) 0.110° ns
0.629 ext vs neut
0.021* ext vs flx
FDP4 30.098 (2.6) 0.006* neut vs flx 5.147 2.6) 0.05° ns
0.351 ext vs neut
0.029* ext vs fix
FDP5 27.025 (2.6) 0.010* neut vs flx 4812 (2.6) 0.057° ns
0287 ext vs neut
- O eatyeMs
Wrist Forearm
0.077 Yo vs sup
FDS2 2.002 (2.6) 0.216° ns 17.197 2.6) 0.074 mid vs sup
0.131 pro vs mid
0.080 Yo Vs sup
FDS3 3.900 (2.6) 0.082° ns 20.558 2.6) 0.032* mid vs sup
0.732 pro vs mid
0.242 pro vs sup
FDS4 3.105 (1_004=3_011)" 0.119° ns 6.534 2.6) 0.184 mid vs sup
1.000 pro vs mid
FDP2 2455 (2.6) 0.166° ns 3.204 2.6) 0.113° ns
FDP3 3.527 2.6) 0.097° ns 1.643 (1 .006=3.019)b 0.290° ns
FDP4 1.072 (2.6) 0.400° ns 0.52 (2.6) 0.619° ns
FDP5 1.229 (2.6) 0357° ns 0.697 (2.6) 0.534° ns

*Bonferroni corrected p value, unless specified with the d superscript
bSphen'city violated, Greenhouse-Geisser Corrected

SANOVA priori tests p value
*Denotes significance
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z Coordinate (mm)

z Coordinate (mm)

z Coordinate (mm)

z Coordinate (mm)

Figure6.1. Significant effects oforearmposture on frontdbcations
at the level of thé/S, of all FDS and FDP tendon$the 24 (a), 3¢

(b), 4" (c), and %' (d) digits Asterisk denotes significaaat p<0.05
Bonferroni corrected for multiple comparisons. Error bars repres

SD.
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Table6.4. Meansand standard deviatiod tendon locations in the sagit(alcross

forearm posturesind frontal(across wist postures) planesat the level of thenetacarpa
styloid. Positive values in the sagittal and frontal planes correspaloidal and ulnar

displacementsgespectively

Tendon

FDS2
FDS3
FDS4
FDP2
FDP3
FDP4
FDP5

Means and Standard Deviations of Location in the
Sagittal and Frontal Planes (Distal to Tunnel)

Sagittal Distal Frontal Distal
Location Location
(x at y=MS) (z at y=MS)
n=12 n=12
Fix Neutral Ext Prone Neutral Sup
Mean SD | Mean SD | Mean SD | Mean SD | Mean SD | Mean SD
-1942 27 | -142° 25| -116° 24| 143* 33 1372 27| 164* 27
-1952 23 | -139° 2.7 | -115°® 25|178® 31 1742 28| 203®> 27
-180* 23 | -130° 26 | -109* 24| 2372 31| 236 27| 250 24
-1672 31 | -112° 31| 92% 23| 1542 23| 146> 22| 1632 16
-1442 25 96> 25| -78 182142 24215 19| 2200 13
-1342 21 -83% 23| 57 232592 28259 22| 262 16
-149* 19 97 20| -68 232772 29| 274 27| 2172 19
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6.1.2.2 Sagittal Displacemerst

Distal sagittal displacements were changes in tendon locations along theméetial
posteriorx axis at the level of the MS, as defined by the y coordinate of the MS. The tendon
remained expressed with respect to the radial reference frame, and tbealitsh was rotated
and translated to be in the same reference frame to obtain the y coordinate. (Recall that positive x
pointed towards the dorsum of the hand.) ANOVA analyses revealed that all tendons were
displaced in the sagittal plane as a funcbbmrist flexion/extension, whereas only the FDS2
was displacedagittalwith changes in forearm posture (Table 6.3). The average sagittal locations
of all tendons across forearm postures, within each wrist posture, showed that they were
generally more valrly located with wrist flexion-6.6 + 2.4mm), and to a lesser extent more
dorsal with extension9.1 + 2.3 mm), compared to neutrall(1.4+ 2.5 mm) (Table 6.4Figure
6.2). Bonferroniadjusted, multiple comparisons showed that only displacementsdaetveutral
and flexion (5.2 mm) and between extension and flexion (7.5 mm) were significant, whereas
displacements between neutral and extension (2.3 mm) were not (Table 6.3, 6.8).

Theantereposteriormovement of the FDS2 as a function of forearm
pronaton/supination was considerably smaller than the movement observed as a function of
wrist posture. On average, the FDS2 tendons were more dorsal in supifi8i8r .4 mm)
when compared to pronatiorlb.7 mm+ 2.6 mm) or neutral-£5.6+ 2.5 mm)(Appendix M).
Multiple comparisons showed that only FDS2 displacements from pronation to supination (1.9
mm) were significant. More of this displacement occurred between supination and neutral (1.8
mm), than between pronation and neutral (0.13 mm) (TableSe8xppendixN for pairwise

comparisons.
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Sagittal (x) FDS/FDP2 locations at the level of the
MS as a function of wrist F/E
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Figure6.2. Significant effets of wrist posture orsagittallocations at the level of the MS,
of all FDS and FDP tendoms the 29 (a), 3¢ (b), 4" (c), and %' (d) digits.Asterisk denote
significance at p<0.05 Bonferroni corrected for multiple comparisons. Error bars rep
SD.
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6.1.3 Orientations

All sagittal and frontal tendon angles used for comparisons were defined by the angular
deviations of the distal portion of the tendon with respect to the proximal portiese Tio
portions were represented by two straight lines that best fit the tendon centerline coordinates in

their respective tendon sections.

6.1.3.1 Frontal Tendon Angles

Frontal angles describe the angular deviation of the distal end of each tendon with respect
to the proximal portion in the zy plane, as illustrated in Figure 6.3. Positive angles deviated
ulnarly. ANOVA analyses revealed a main effect of forearm posture on the frontal angles of all
tendons, and an effect of wrist posturetlve FDS2, FDS4, aneDP3tendons without
interactive effects (Table 6.5).

Multiple comparisons among forearm postures showed significant angle sweep
differences in frontal angles, between supination andprodation in nearly all tendons (except
FDP2, 5). Differences betwegronated and supinated postures were only significant for the
FDS4 and the FDP3, 4, 5 tendons (Table 6.5, Appadfixenerally, tendon angles shifted
ulnarly from pronation to supinatiofigure6.4, Table 6.6). When averaging the frontal angular
displacement of all tendons, shifts of 9y8ere seen between supination and pronation (8.1
which occurred between supination and neutral, andbkfiveen ponation and neutral (Table
6.8).

Tendons of the most radial digits (second and third) tendedhtbiebarger radial

deviations in pronation10.2 average for both tendons) and rpicbnation {7.8 ), and became

almost straight in supinatior0(2 ) (Table 6.6 Figure6.4). Angles of both tendons of the second
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digit remained slightly deviated radiglin supination{3.3), whereas those of the third digit
shifted into a slight ulnar angle (2)9Conversely, the more ulnar tendons (of the fourth and fifth
digits), exhibited ulnar deviations in all three postures. Greater deviations were seenatigupin
(13.1), than in neutral (4.4 and pronation (3.§. The tendons of the fourth digit became nearly
straight in pronation and migronation (0.9 and 1.5 respectively), whereas the FDP5 remained
with a relatively large ulnar angle in pronation arditnal (9 and 10.3 respectively).

Multiple comparisons among wrist postures showed significant differences in frontal
angles between extension and neutral in the FDS2 and FDP2u(d. 5.3 respectively), and
between neutral and flexion in the FDS47(%(AppendixN). In this case, angles of the FDS2
and FDP3 tendons angled more radially, and the FDS4 more ulnarly, with both wrist flexion and

extension (when compared to neutral).
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Proximal Tendon
Portion (blue line)

Z
RS y=0
¥ coordinate of MS alan
" ’ deviation of
Distal Tendon Portion distal portion
\/ . (green line) . wrt proximal
(15mm along y axis) (-ve angle)

Figure6.3. lllustration of whole tendon frontal angles, correspondiintpe angular deviation
of the distalportion(green line)of each tendon with respect to theximal portion (blue line)
in thezy plane. Positive angles in the frontal plane were deviated ulnarly.
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Table6.5. Results summary of the effect fmrearmand wrist posture, cangular deviations of
distal tendon portions with respect teithproximal end, in the frontal plane values are show
for Bonferrontadjusted pairwise comparisons unless denoted.

Post Hoc Post Hoc

i me P’ Comparisons 5 e P’ Comparisons
0238  extvsflx 0.074  pro vssup
FDS2 16232 (1,00&3_025)b 0401  rmeutvsfix | 16362 (2.6) 0.025* mid vs sup
0.001* ext vs neut 0310  pro vs mid
0.854  exrvsflx 0.073  pro vs sup
FDS3 9439 (2.6) 0221  neutvsflx | 15470 (2.6) 0.040* mid vs sup
0.062  ext vs neut 0415  provs mid
1.000 extvsfix 0.033*  pro vs sup
FDS4  5.726 2.6) 0.037* neutvsflx | 29.029 (2.6) 0.010* mid vssup
0.371  ext vs neut 1.000  pro vs mid
0.095  pro vs sup
FDP2 4.994 (2.6) 0.053° ns 12.204 (2.6) 0.062  mid vs sup
0930  pro vs mid
1.000 extvsfix 0.045*  pro vs sup
FDP3 10661 (2.6) 0.066 meurvsflx | 29432 (2,6) 0.010* mid vs sup
0.031*  ext vs neut 1.000  pro vs mid
0.004*  pro vs sup
FDP4  3.769 (2.6) 0.087 ns 74828 (2.6) 0.001* mid vs sup
1.000  pro vs mid
0.003*  pro vs sup
FDP5 2328 (2.6) 0.179° ns 12754 (2.6) 0.158  mid vs sup
1.00  provs mid

*Bonferroni corrected p value, unless specified with the d superscript
bSphen'city violated, Greenhouse-Geisser Corrected

SANOVA priori tests p value
*Denotes significance
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Frontal angular deviation of the distal portion of the FDS2/FDP2

with respect to their proximal portion, as a function of forearm P/S
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Figure6.4. Significant effects oforearmposture orfrontal angular deviations «
thedistal tendon portions with respect to their proximal portiohg)l FDS and
FDP tendonef the 249 (a), 3% (b), 4" (c), and &' (d) digits. Asterisk denotes
significance at p<0.05 Bonferroni corrected for multiple comparisons. Erro
represent B.

142



FDS2
FDS3
FDS4
FDP?
FDP3
FDP4
FDP35

Table6.6. Means and standard deviations of sagittal (across forearm postures) and f
(across wrist postures) angular deviations of distal tendon portions with respect to tr
proximal endPositivevalues in the sagittal and frontal planes corresponlistal

deviations in the dorsal and ulnar directions, respectively.

Means and Standard Deviations of Sagittal and Frontal Tendon Angles, Across the

Carpal Tunnel, as a Function of Wrist and Forearm Posture.

Tendon Sagittal Angles Tendon Frontal Angles

n=12 n=12
Flix Neutral Ext Prone Neutral Sup

Mean SD | Mean SD | Mean SD | Mean SD Mean SD | Mean SD
-9.32 59| 35 73| 124° 6.6 -12.0 5.9 -8.5> 33 | -2.8 37
-1142 39| 29 38| 98 58| -8.6® 4.8 5.1 26 1.82 5.7
-19.82 55| -3.8° 45| 53> 42| 0.22 44 14> 27 | 1.0°% 53
-13.32 40| -09® 59| 10.3c 6.0| -15.32 7.9 -12.62 5.0 | -3.88 7.2
-17.72 39| -13* 44| 98 79| -49 3.9 -522 33 [ 400 54
-2142 59| -6.0® 50| 3.3* 54| 1.6° 6.0 160 49 | 112° 438
-1942 94| -2620 44| 3.8 34| 9.0° 8.6 1032 58 [ 17.0® 95

143



6.1.3.2 Sagittal Tendon Agles

Sagittal angle displacements refer to the angular deviations of the distal end of each
tendon with respect to the proximal end, on the xy plane, as illustrated in Figure 6.5. Positive
angles deviated dorsally. ANOVAs revealed an effect of wrist ppstu the sagittal angle of all
tendons, whereas forearm posture did not have an effect (Table 6.7). The average sagittal angles
of all tendons across forearm postures, within each wrist posture, showed larger palmar
deviations in flexion{16 +5.5) than in neutral {1.2 +5.0) as well as dorsal deviations with
extension (7.8+5.6 ) (Table 6.6, Figure 6.6). Pekbc analyses showed that the FDP5 was not
affected by wrist posture, although significant angle differences for the other tendons were found
between wrist flexion andeutral(14.6 average angular difference) and between flexion and
extension (24average angular difference) (Table 6.6, 6.7). However, angle changes between
extended and neutral were only statistically different for the FDRbten(11.3) (Table 6.7).
Pairwise comparisons are availaléAppendixN.

Although the FDP5 displacement did not reach significance after the Bonferroni
corrected multiple comparisons test, it exhibited a patieniiar to other tendonsAverage
angula deviations of the FDP5 across participants showed larger palmar angles in flexion (
19.41 +9.37) when compared to neutraR(61 +4.41), and dorsal angles in extension (3.76

+ 3.44). Average displacements across all tendons are shown in Table 6.8
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¥ coordinate of MS

Distal Tendon Dorsal angular
Portion (green deviation of distal
line) (15mm along portion wrt proximal
¥ axis) : (+ve angle)

Figure6.5. lllustration of whole tendosagittalangles, corresponding
to the anglar deviation of the distal portion (greleme) of each tendo
with respect to their proximal portion (blliee), in thexy plane.
Positive angles in theagittalplane were deviatedorsally.
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Table6.7. Results summary of the effect fmrearmand wrist posture, on angular deviations of
distal tendon portions with respect to their proximal end, isadlgétalplane. P values are shown

for Bonferrontadjusted pairwise comparisons unless desbty the supscript c.

Forearm

P

Post Hoc

Comparisons

dof

Post Hoc
Comparisons

FDS2

55444

(2.6)

0.010*
0.011*
0.061

ext vs flx
neut vs flx
ext vs neut

1.286

(2.6)

0.343

FDS3

48.424

(1.021,3.064)

0.018*
0.003*
0.121

ext vs flx

neut vs flx
ext vs neut

0.198

(2.6)

0.826

FDS4

50.623

(2.6)

0.014*
0.002*
0.126

ext vs flx
neut vs flx
ext vs neut

2.086

(2.6)

0.205°

FDP2

75.681

(2.6)

0.005*
0.018*
0.025*

ext vs flx
neut vs flx
ext vs neut

1.604

(2.6)

0.277

FDP3

30.468

(2.6)

0.031*
0.004*
0.161

ext vs flx

neut vs flx
ext vs neut

0.774

(2.6)

0.502°

FDP4

31.086

(2.6)

0.031*
0.006*
0.171

ext vs flx

neut vs flx
ext vs neut

1424

(2.6)

0312

FDP5

17.739

(2.6)

0.055
0.088
0.235

ext vs fix
neut vs flx
ext vs neut

3.849

(2.6)

0.084°

*Bonferroni corrected p value, unless specified with the d superscript
bSphen'city violated, Greenhouse-Geisser Corrected
SANOVA priori tests p value

*Denotes significance
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Sagittal angular deviations of the distal portion of the FDS2/FDP2

Dorsal with respect to their proximal portion, as a function of wrist F/E
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Figure6.6. Significant effects ofvrist posture orsagittalangular deviations of th
distal tendon portions with respect to their proximal portions, of all FDS and
tendonsof the 29 (a), 3" (b), 4" (c), and ' (d) digits. Asterisk denotes
significance at p<0.05 Bonferroni corrected for multiple comparisons. Error |
represent SD.
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Table6.8. Averagefrontal and sagittal tendatisplacenents at the
level of theMS (top) and angular swegpottom), of all FDS and
FDP tendons.

Average Linear Tendon Displacements at the Level
of the MS
ALL TENDONS OF DIGITS 2-5
AP M-L
Displacements Displacements
(mm) (mm)
Pro-Neutral 0.3
Forearm Sup-Neutral 14
Pro-Sup 1.1
Ext-Neutral 23
Wrist Fix-Neutral 52
Ext-Fix 7.5
Average Angular Tendon Displacements at the Level
of the MS
Pro-Neutral 7
Forearm Sup-Neutral 8.1
Pro-Sup 9.8
Ext-Neutral 9.0
Wrist Flx-Neutral 10.2
Ext-Flx 19.2

Figures 6.7 and 6.8 are a representation of the tendon trajecéoriess participants, as
they passhrough the wrist ithe frontal and sagittal planes. Frontal angles are shotimea

forearm postures, and sagittal angles are shown in three wrist postures.
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Figure6.7. Plots of individual whole FDS and FDP tendon frontal trajectories, based ¢
average locations of the gtand end points of the proximal and distal portions, across
postures.
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Figure6.8. Plots of individual whole tendon sagittal trajectories, based on average
locations of the start and end points of pineximal and distal tendon portions, across
wrist postures, for individual FDS and FDP tendons.
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6.2 Discussion

This study evaluated the effect of forearm pronation/supination and wrist flexion/extension
postures on tendon displacements distéhéoCT and on tendon angles as they entered and
exited the tunnel. Understanding and quantifying tendon displacesnergortant, because
changes in the anatomical relationships of tissues can modify the contact forces among
structures, and thesentactforcescould lead to tissue damage and injMéhen modelling
tendons as a pulley/belt system, tendon angular displacement from neutral meadistieat
structures may be loaded (i.e. increased contact force) in the presence of axial tendon tension.
The novelty of this study is that, for the first time, the contribution of forearm
pronation/supination teendon movement at the wrist was taken into consideration, and its
potential effect on MSK loading was explorédthough previous research has evaduabthe
effects of wrist flexion/extension on MSK loading, the loads may not have been appropriately
estimated because the effect of forearm posture was not considered. In fact, forearm movement is
essential for hand activities, and potentially intensifiesloading elicited by wrist postures.
Because it includes the effects of forearm pronation/supination on MSK loading, this study is a
step towards developing internal exposure measures from external exposures, in order to estimate
the risk of developingpper limb injury associated with particular work tasks. In the following
sections, a discussion of the changes in tendon locations and angles, as a function of posture, will

be presented, and the implications of these changes will be addressed.

6.2.1 Frontal Displacements
All FDP and FDS tendons showed small displacements in the frontal plane, with significant

ulnar displacements exhibited only by the FDS3 tendons when supination was compared to mid
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pronation. Although the FDS2 tendons were not significaaftigcted by forearm posture, frontal
locations between migronation and supination, and between supination and pronation
approached significance. A similar pattern was observed in the FDS2/3 térafuh$o a lesser
extent in all other tendons, as they vycated more ulnarly in supination when compared to
pronation and migronation. Frontal locations were essentially the same foipnaidation and
pronation, with an average displacement of 0.03 mm of all tendons. Even small ulnar
displacements with supation have the potential to increase contact of tendons against
surrounding structures ulnarly at the distal CT. It is possible that differences in the magnitude of
frontal displacements in each direction were linked to differences in the ROM achiartteim
direction; participants supinated their forearm approximd&@2lyand pronate@o .

Furthermore, the lack of frontal displacement betweenprotiation and pronation may be an
indication of radial constraints whéime forearm is pronatedhese costraints in turn may
indicate radial compression of the median nerve and synovial tissue. However, the FDS2/3
displacementsbservednay be of particular clinical relevance, becausediiendonsnay come
into direct contact with the median nerve.

At boththeMS andRS, the FDS tendons displaced more than the FDP tendons. However,
the average amount of frontal movemehbserved distal to the CT, across all FDS and FDP
tendons, was considerably smaller than that seen at the RS (1.1 mm vs 2.5 mm regpéttevely
reduced frontal movement at the MS compared to the RS could be a reflection of constraining
effects medidaterally, due to the smaller cressction of the distal tunnel compared to the
proximal endBower, et al.;Keir, 2006) recall that the MS is just distal to the tunnel. Both the
smalle crosssection and the rigid adjacent carpal walls may contribute to rieei@l motion

constraints, which can affect medateral contact forces within the tunnel.
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In forearmdeviated postures, tendons may be pressed against adjacent structures; the
addition of tendon excursions elicited by repetitive finger and/or wrist flexion/extension may
lead to frictional work between the tendons and the surrounding structures, contributing to
histological changes and subsequent pathologies. Similarly, #eaelial frictional work can
also be elicited by combining sustained wrist flexion/extension with repetitive forearm

pronation/supinationsich asvhenusing a wrench on a horizontal surface

6.2.2 SagittalDisplacements
Recall that all tendons were located meo&arly in flexion compared to both neutral and
extension, and that displacements between neutral and extension were not significantly different.
Because sagittal displacements represented movement with respect to the radial CSug follow
analysis was pérmed to obtain a better estimate of tendon sagittal displacements at the level of
the MS: for each tendon, the x coordinate of the MS location was subtracted from the x
coordinate of the antefposterior location. The results revealed average displatsmhin the
hand of 4.6 mm between flexion and extension (3.4 mm of which occurred between flexion and
neutral, and 1.3 mm between neuttatl extension). Although these findings provide a better
representation of sagittal displacements at the hargladesments were measured along the
radialantereposterioraxisd thus were noactuallyperpendicular to the metacarpidbwever,
the results were similar to findings by Keir and Wells (1999) (5 mm), particularly when taking
into account two differences:dlturrent study evaluated a smaller range of motion during scan
acquisition than theirs did (24.9s 57), and the two studies measured displacement differently.
The current study, as well as oth@eir & Wells, 1999 Chapter 5, this thegishas found

volar flexor displacements with increased flexion (for tendon locations proximal, within, and
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distal to the CT), which may increase volar contact forces between tendons and anterior
surroundings. In addition, gradual deformation of the median nerve withas®ul wrist flexion
has been observédeiss,et al, 1989) It is possible that median nerve deformation could be
influenced by tendon movement, potentially demonstrating a mechanism of injury for CTS.
However, he current study did not evaluate either nerve deformation or the location of the flexor
retinaculum with respect to tendons.

I n addition, anterior displacements at Dboth
that somewhere within the tunnektk is a point of high volar contact, given that the tendons
may be contained volarly by the flexor retinacuéua concept supported by Armstrong et al.
(1984), who identified greater vascular, synovial, and nerve damage near the wrist crease, which
approximately corresponds to the medrpal joints in the tunnel.

Furthermore, volar contact forces with wrist flexion (or dorsal contact forces with wrist
extension), in combination with other movements, may increase frictiarél(for tendons
moving medielaterally when combined with forearm pronation/supination, and axially when
combined with finger movements), between tendons and anterior or posterior tissues. Frictional
work in turn may lead to histological changes in tissues, potentially leading toicosditich as
tendonitis, tenosynovitis, and tendinosis.

The effect of forearm pronation/supination on the sagittal motion of the FDS2 tendons
consisted of a small dorsal movement (1.9 mm) from pronation to supination. The FDS2 is the
only muscle bundler@inating on the anterior mithdius, thus it is possible that the dorsal
displacements occurred due to increased tendon tension as the forearm moved into supination.

Due to the magnitude and direction of the displacement, it may not have clinical celevan
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although it will probably increase contact force against the trochlear surface of the carpals, this

surface has a large radius of curvafuss it is an unlikely source of injurious MSK loading.

6.2.3 Frontal Angular Deviations

Almost all tendons were affesd by forearm posture, and some were affected by wrist
posture as wellThe magnitude and direction of the angular deviation of each tendach
forearm posture ar i ed ac c or d iocagorsinthe redidatetaledinedtionfFigude
6.7). Terdons anglesre generallynore radidly curvedin pronation, and shifted ulnarly with
supinationThemost radiatendons (ofligits second and thijghowed large radial angular
deviations in pronation, and became straighter in supination, whereas thalnsrtendonof
fourth and fifth digits) exhibited large ulnar deviations in supination, but these angles reduced as
the forearm moved intpronation The tendons of the fourth digit were nearly straight in
supination, whereas the FDP5 remained atlaar@angle. These findings suggest that supinated
postures are favourable for tendons of the second and third digits, but not for tendons of the
fourth and fifth digits, angrronation may be favourable for tendons of the fourth and fifth digits,
but not tothose of the second and third digits

In pronated postures, increased radial angles of the tendons of the second and third digits
may increase the contact forces against the radial savplandothermore radial structures.
The forces may be furth@rcreased when the tendons are under tension. Given the close
proximity of the FDS2/3 to the median nel\Zeiss et al.1989) the radial contact force they
elicit may compress the median nerve radially; the compression may be further increased if
combined with volar contact forces from wrist flexion, both of which can potentially increase the

risk of developing CTS.
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Activities requiring repetitive finger movements of the middle and index fingers would
cause their tendons to glide axially during normal tendon excursion. Frictional work on the radial
side may occur when these movements are combined with radial contastdbcited by radial
angles of these same tendons, perhaps increasing the risk of tissue damage radially.

Sustained pronation, which occurs in activities such as flute playing (top hand) may require,
finger exertions, and wrist flexion. In these actegtithe median nerve may face tendon contact
from anteriortendon displacement causedvayst flexion, and radiatontactfrom radial angular
shifts in pronatiod along with frictional work due the combination of (volar and radial) normal
forces and movenm (e.g..finger tendon excursiorduring finger actions Thus, such activities
may result in a high risk of developing CTS, due to the additive efiéthese tendon
movements

Supinated postures, on the other hand, may increase MSK loading atathendn
particularly on the tendons of the fourth and fifth digits. Sustained supination with repetitive
movement of these digits, (seen in violinists or guitar players, for example), indleadéSK
loading at the ulnar side of the tunnel. The combegféetts of ulnar contact forces, possible
volar contact if wrist flexions present, and tendon excursions due to repetitive finger
movements may lead to increased frictional work at the ulnar/volar aspect of the common tendon
sheath, posing a risk of ddeping tendonitis and tenosynovitis in that area.

Additionally, the loading ofendonswith greater angular deviations in the frontal plane from
forearm deviated postures may pose a risk of muscle overexertion. For example, a sustained
pinch grip, with thesecond and third digits in pronation, may require increased activity of ulnar
deviators to maintain wrist posture due to the added radial deviation torque potential elicited by

the change in the moment arm of those tendons at theinvpsination
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The angular sweep of all tendons ranged from 8105, with thetendons of theecond and
fourth digits showing a larger relative angular sweep than the other tendons of the same muscle
(FDS or FDP). Recall that mediateral tendon linear displacements athfe were only
significant for the FDS3, and nearly so for FDS2. Although linear displacements were small, the
mediclateral angular sweep of most tendons suggests that somewhere along the tendons, further
away from the CT, larger medlateral movement mayave occurred between forearm postures
(Figure6.9). This tendon movement could lead to an increase in niagil frictional work

within the tunnel with repetitive pronation/supination.

Note: Lines 1 and 2 denote the
proximal and distal tendon
locations where displacements
were measured (RS and MS).

15 mm

Approximate Location
of the Carpal Tunnel

J 15 mm

Hand

Note greater tendon
movement at the hand level

Figure6.9. Anterior view of a radius and a tendon, in three foreari
postures: pro (pink), mid (green), asup (blue), indicating with the
two horizontal lines the levels of proximal and distal displacemer
measurements. Proximal and distal angles were measured proxi
and distally to the RS and MS respectively. It can be observed tF
most movement occursitside of the carpal tunnel.
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6.2.4 Sagittal Angular Deviations

The sagittal anglesf all tendons deviated volarly with wrist flexion, and dorsally (to a lesser
extent) wih extension, as illustrated ingeire 68. Angular changes were more pronounced
between neutral and flexion, than between neutral and extension.

Most tendons tended deviate more palmarly in all postures compared to their respective
joint angles, as illustrated in Figurel@. In wrist flexion, distal tendon deviation angles with
respect to their proximal portion ranged from 8616.9% of joint angle. The only teowls
unable to reach 100% of the joint angle were the FDS2, FDS3, and the FDP2 (falling short by
1.6, 0.03, and 2.0, respectively). In extension, tendon angles were-60/8% of the joint
angles, with only the FDP2, and FDP3 slightly exceeding theiectisp joint angle by 0.7and
0.6 respectively Figure6.10). Conversely, Keir and Wells reported that FDS and FDP tendons
of the second and third digits achieved anywhere betwe&3%0of joint angle in both flexion
and extension. Their observed tendi@viations with respect to joint angle were somewhat
smaller (more dorsal) than in the current studytliertendons athose two digits. Although both
studies estimated tendon angles using two straight lines on either side of the CT, it appears that in
their study the joint angles were been manually measured from scans; however, they did not
explicitly report what method they used. Differences in posture angle calculation methodology
could have contributed to the discrepancies in the findings. Furthertnigrpossible that the
greater range of motion achieved in their study (24s%7 in the current study) had an effect
on those differences.

The larger palmar angles of most finger flexor tendons, when compared to joint angles, may
have occurred fawo reasons. One explanation is that the tendon at the proximal end is coming

from a volar location in the forearm, and becoming more dorsal as it enters the CT, further
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increasing the volar angle of the tendon trajectories. Second, it is possible dbasteray be

raised by volar, deep, musculature (such as the transverse and oblique heads of the adductor
pollicis and lumbrical muscles) at the level of the MS. Note that the lumbricals may have

affected only the FDS tendon angles, and not thedFBétauseéhese muscles are deep to the

FDS tendons and lie at the same depth as the FDP tendons. The bulky palmar musculature could
have contributed to increased tendon angular deviations at the distal end. Furthermore, larger
palmar deviations in more ulnar tendarould have been due to the increased metacarpal

mobility of the most ulnar digits as they held the hand grip dynamometer during the scans. This
observed palmar tendon angle bias with respect to joint angle may be advantageous in extension,
butitisdetr ment al in flexion; 1t would decrease t he
increase it in flexion.

The main effect of volar tendon angular shifts with wrist flexion on MSK loading appears to
be the increased volar contact forces of tendonssighe suksynovial tissue and more anterior
structures. This finding further supports a possibility previously discussed in the sagittal
displacement section: that a point of high anf@weterior contact force may exist somewhere
within the tunnel inlexion, since the tendons appear to be contained volarly by the flexor
retinaculund creating a pulley system. Activities requiring sustained flexion, in combination
with repetitive forearm pronation/supination and/or finger movement, could increase the
frictional work done by tendons against nearby structures, and potentially lead to tissue damage.

Finally, increased palmar angular deviations represent an increased moment arm of the
finger flexors, producing a flexor torque at the wrist. The main purpase dinger flexors is to
produce flexion at the metacarpophalangeal and proximal interphalangeal joints, with wrist

flexion being a byproduct of the FDS and FDP action; they both have to cross the wrist to reach
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their respective digits. Because wrisiiten is produced by the activity of the finger flexors, a
counteracting force is required by the extensors to maintain wrist posture during manual
activities. Thus, increased palmar angles in wrist flexion, which result in an increased moment
arm for wristflexor torque, may in turn increase the exertional demand of the extensor side. This
increased demand could increase the risk of muscle fatigue during prolonged activities,

potentially increasing the risk of developing epicondylitis and extensor musale pa
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Note: In most tendons, T@ > Pe—in Flexion and Te< Pein Extension

3rd Metacarpal
Iypical

Tendon E>

<1 3rd Metacarpal

Volar
Musculature

Byphel ,-)
<::|Radius <:|Radiu5
Flexion Extension
Tendon-Posture Angle Proportion
FDS2 | FDS3 |FDS4 |FDP2 | FDP3 | FDP4 | FDP5
% 88.7 997 | 1114 86.1 | 1144 | 1075 | 116.9
Flexio
" deg -12.7 -14.3 | -16.0 | -12.4 | -16.4 | -15.5 | -16.8
Fdirisson % 855 657 | 86.2 | 107.1 | 1056 | 87.8 | 60.6
deg 124 9.8 5.3 10.3 0.8 3.3 3.8
Posture Flexion -14.4
Neutral 0.0

Extension 10.5

Figure6.10. Average ratios of tendejoint angular deviations from neutral acros:
participants, for individual tendonblost tendons deviated more palmarly than t
respectie joint angle, except FDS2/3, FDP2flexion, and FDP2/3n extension
Tendon palmar orientation proximal to the CT angsoulaturaunder theFDSmay
contribute to this tendon palmar shift. Average wrist postures are given below

table.
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6.3 Limitations
This study sharesome limitations withStudy 1l: Proximal Results and Discussi@hapter
5). First,someparticipants were unable to maintéutl force towards the end of the scan. It is
unclear if this indaed noise in the scans, and whether it could have affected tendon trajectories.
Additionally, the registration process reddedthin-subject variabilityby essentially
maintaining thesameCS for each bone across conditions for each participant. However,
betweenrsubject variability should be acknowledgé@dnaybe responsible for the increased
variability of theCS orientation with respect to the bo(@dthuson the magnitude of posture
and tendon measurementsinally, it is unclear if scammg theforearmoff axis (with respect to
the long axis of the scanp@ould have hadffectedthe forearmcentroidcalculations, since the
centroids were calculated as the ceséfitted circles through proximal and distébrearm
surfaces, which were perpendii | ar t o t h e dsnotaetessanlydostifetearm g a x i s
The following limitations pertain only to findings of the distal end. First, tendons were
represented by two linesieasured outside the tunn€here was ninformation about tendon
trajecbries within the tunnel, or about instantaneous curvatures along the tendon. Because of
this, the identification of sites wittmallerradius, hence higheontact forceswere not
identified. Tracking of the flexor retinaculum was difficult, thbe curent study wasinable to
uncover the nature diie relationship between the tendons and the flexor retinaculum.
Second, movement of tligth metacarpa{and maybe th&urth) could have occurred when
accommodating to reach the handgrip dynamaterduringimage acquisitionAlthough
participants were instructed to maintain a straight haagiftal metacarpal movement was not
controlled, thus someetacarpal movement could have occumile pushing the

dynamaneter, potentially affecting the trajectoridslmose tendons
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Recall that tendon displacements were measured with respect to the radial CS. Frontal
displacements in the radial CS were assumed to represent frontal plane movement at the level of
the MS. Although radial/ulnar movement was minimal,aiswot taken into account for frontal
displacement measurements. Although the afmesteriortendondisplacements were adjusted
to better estimate sagittal tendon movement with respect to the metadesgatements
remainecexpressed with respecttive radial CS, thudisplacement measurements dat
represent movement perpendicular to the metacarpal. Information absagittalangular
changegprovided aetter understanmag of theimplications of tendon kinematics &MSK
loading at thewrist.

Lastly, recall thatvrist flexion/extension posture had an effect on frontal tendon angles. This
movementdoes noappear to have anatomical relevarimrause tendons moved in the same
direction with flexionandextensionThis finding could be the resutif planar perception on the
yz plane, an effect which we were unable to contagher than actual rotation of the tendon

about the anterposterior axis.
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6.4 Conclusions and Future Directions

This study shed light on the combined effect®ooéarm ponation/supinationdwrist
flexion/extension postures drontal and sagittal flexor tendon movement, which may affect
MSK loading within theCT. Its unique contribution lies in taking into account the effect of
forearmposture on anatomical changes witthe CT, and thdorearm postureffecton MSK
loading Althoughforearm pronation/supinatiarften accompanies manual activities, and has
been previously linked to injury, its role in injury development had not been investigated. The
current study quaified the effect oforearm pronation/supinaticandwrist flexion/extension
postures on tendon locations at the level of the MSpanendon orientations within the tunnel.
The mplications of these changes on contaates frictional work, and exeminal demands
were discussed.

In summary, there were no interactiongatarmandwrist posture on tendon movement.
Rotation only affected frontal plane displacements and angular changes, wirgseas
flexion/extension only affected anteposterior diplacements and angular changesndon
frontal angles shifted ulnarly with supination, and radially with pronaSomall tendon ulnar
displacements with supination from pronation and-prighation were observed, whereas radial
displacements with pronatidrom mid-pronation was negligibl&’he magnitude of the angular
deviations of each tendon varied per digit. Pronation caused greater angular deviations of the
secondandthird digit tendons radiallywhile only small deviations of the tendons of tioeirth
and fifthdigits were seen. Supination caused the opposite effect, with greater ulnar angles of the
fourth and fifthdigit tendons, and smaller angular deviations ofsémndandthird digit
tendonsWrist flexion elicited volar tendon displacementslamgles, whereas extension elicited

smaller dorsal displacements and angular deviations.
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Future directions include investigagitendon trajectories within the tunnel and
instantaneous curvatures order to identify tighter bends along tendons. Adddibyn an
evaluation of the relationship of tenddosiearby structures in the tunnel, including the flexor
retinaculum and median nerve, may be necessary to better understand the loading effects of
tendons on such structures. Lastly, given that tendehsalidisplace much medlaterally,
particularly between pronation and rpdonation it would be interesting to evaluate the
proximity of the carpal walls with respect to the tunnel, detgrminewvhether the internal
geometry of the tunnel changes witinearmposture.

In conclusion, radial angular shifts of tendons ofg¢eeondandthird digits and small radial
tendon displacements were seen with pronation. Thus, activities requiring sustained pronation
may add radial contabbrceand radial compregm to the median neryéhese changesay be
aggravated by volar contaat sustained flexion. Furthermore, ulnar angular deviations of
tendons of théourth and fifthdigits were observed with supination. Thastivities requiring
sustained supinatiomay increase loading of tissues on the ulnar side. Infoogarmdeviated
postures, because of the increased lateral cdiotaet repetitive tendon excursions caused by
finger and/omrist movement may elicit frictional work of tendons on adjacentsires (.e., on
themedian nerve radially, arah the synovium on both the radial and the ulnar sides). Activities
requiring repetitivédorearm pronation/supinatioon the other hand, when combined with
increased anterior or dorsal contéeith flexion or extensioprespectively may lead to medio
lateral frictional work at the site of contact, which could lead to histological changes and
subsequent pathologies.g.,tendonitis, tenosynovitis). Lastly, changes in the direction of the

torque potential iduced bytendonangular deviationsef thesecondandthird digits in pronation,

165



and of thefourth and fifthdigits in supination, may increase antagonist muscular demand (ulnar

and radial deviatorsespectively) to maintaiwrist posture.
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7 CHAPTER 7. STUDY IV
Frontal tendon angle estimates during a task involving repetitive forearm
pronation/supination
7.1 Introduction

Earlier studies from this dissertation were able to: a) provide insight into the potential for
Xsens IMUs to provide forearm pronation/swgiion measurements in the workplace, and b)
quantify the amount of tendon movement associated with postural change at the forearm and
wrist. Now that the effect of forearm rotation on finger flexor tendon trajectories has been
measured, tendon trajectesiduring continuous manual activities may be predicted from forearm
rotation measurements. Since the angle at which a tendon wraps around a joint affects the force
of the tendon exerted on a trochlear surface, tendon trajectories can provide valuahkioro
to estimate MSK loading associated with different activities (Armstrong & Chaffin, 1979). Thus
a main contribution of this research lies in its potential for improving the modeling of MSK
loading at the wrist during continuous manual activities.

Models that involve the finger flexor tendons often consider the tejodatrelationship
analogous to a befiulley system (Armstrong & Chaffin, 1978; 1979). For example, Armstrong
and Chaffin (1979) developed a model to estimate the normal fagcehéfta tendon exerts over
the entire contact area of a trochlear surface as a function of the tendon fpreedfhe angle
at which the tendon wraps the joint (d) (Eq.
as analogous to the jointdéds angular deviati on
allow the estimate of changes in the contagtes of tendons exerted on radial and ulnar carpal
walls as a function of forearm pronation/ supi

requirement of tendon angular displacement from neutral as a function of joint angle means that

167



to implement a sintar model as a function of pronation/supination requires a method of
converting joint angle to tendon angle. A method to quantify the frontal wrap tendon angle could
be derived from the observed relationship between frontal tendon angular deviatioreana for

posture from study Ill.

"0 O Q& (Eq. 7.9

Where: R is the total normal force of tendon on pulley
Fr is the tendon tension
—is the wrist angle (in degrees from straight)

According to the results from study I, it appethat selecting the amplitude probability
distribution function (APDF) levels (Jonsson, 1978) of forearm rotation measurements{e.g. 10
50", and 98 percentiles) during a continuous task may be appropriate for assessing forearm
posture in the workplce. The 10th and 90th percentiles (APDF) of the continuous posture
measurements can provide an approximation of the ROM associated with an activity, while the
50th percentile can provide an estimate of the mean posture during the entire task. Furthermore,
as Lagree et al . b6s findings (2016) showed, ev.
error of pooled Xsens forearm posture measurements was onfg@pared to the observed
average RMSE error df2.6 in study ).

Recall that forearm pronah/supination posture consistently affected the frontal plane
angular trajectories of the finger flexors; angular shifts towards the radius were observed with
increased forearm pronation, and shifts towards the ulna with increased supination. Also recall
that the magnitude of the tendon angles and their direction of bend (i.e. radial or ulnar) depended

on the tendonsd r es p"tandtd digits wate dgviated at greaterdadial s o f
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angles in forearm pronation, but were nearly straigbtpination, whereas tendons of tffe 4
and %" digits were deviated at greater ulnar angles in supination, but nearly straight in pronation.
Tendons of interest in the current study include the FDP2, FDS3, and FDS4, for several
reasons. First, these temdoshowed the largest angular sweep, with the FDP2 exhibiting the
largest radial angular deviation in pronation, while the FDS4 demonstrated a large ulnar
deviation in supination. These findings suggest that evaluating the frontal angles of these tendons
may be important, as they may provide an estimate of the relatively large angular sweep
fluctuations associated with a continuous, repetitive task. Additionally, because the FDP2 and
FDS4 tendons are located near the radial and ulnar carpal walls (reslpgciind because they
reach large angular deviations towards the nearest carpal wall (fattaly), they are likely to
wrap around the trochlear surface more tightly in certain postures, potentially leading to
increased contact force, possibly impmgithe synovial sheath. Lastly, angular deviations of the
FDS3 may also be important, as they may be relevant to CTS development, because this tendon
is commonly located just ulnar to the median nerve (Zeiss et al., 1998), and takes up most of the
force (H%) in a power grip (Hazelton, 1975).
Thus, the goal of this study is to develop a regression model based on the observed
relationship between forearm posture and frontal tendon angle of the FDP2, FDS3, and FDS4
tendons (from study I11), and apply the nebtb continuous forearm posture measurements from

Xsens, during a task requiring repetitive pronation/supination (from study ).
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7.2 Methods

A simple linear regression was calculated in SPSS to predict tendon angle deviation in the
frontal plane of eactendon (FDP2, FDS3, and FDS4) based on their respective forearm
pronation/supination posturlRI data fromall four participantg1 female, 3 malesh chapter 4
(described in section 4.2,1yere used for the regression analysestiree scans for each
participant for a total of 36 observations per terjdon

A Matl ab program was used to calcul ate the
forearm posture measurements during all trials of the handle turning task in &idypter 3)
across all participas (19 male participantas described in section 3.2.1) order to select two
conditionswith the largest difference IROMs, a onavay repeated measures ANOVA was used
to test the effect of trialumber(eachtrial was numbered according to the speabmbination
of material, vertical and horizontal locatior{$8 levels) on ROM across locations and materials.
The Greenhous6eisser correction was used due to sphericity violation. Then, Bonferroni
corrected multiple comparisons were used to detedatpest significant difference in ROM
between two trials across participants.

The APDF levels of the two trials with the largest significant difference in ROM, along with
the regression equations, were used to estimate the percent time spent at addfbedony
frontal tendon angles during a continuous task requiring repetitive forearm rotdtese trials
involved forearm posture measurements from two metallic hdaacieng trials (top and bottom
rows within the middle column, as described in sec8#®.3), across all 19 participants in
chapter 3 (section 3.2.1).total of 38 (2 conditions x 19 participaritem study ) posture

meaurement trials at the three APIHvels were transformed into frontal angles of each of the
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three tendons. Finallyedcriptive statistics were used to present the magnitude of the angular

deviations of each tendon (FDP2, FDS3, and FDS4) in the two conditions with different ROMs.

7.3 Results

The ANOVA revealed that the ROM of forearm rotation among trials were diffdfent (
(3.307, 59.533) = 2.772, p <0.05). Bonferronirected multiple comparisons showed that two
metallic trials had the largest significant difference in ROM ()3he top middle handle
elicited an average ROM of 103.88D=14.2), whereas the bottom middhandle elicited a
larger ROM of 117.1(SD=13.5).

The simple linear regressions predicting the angles of the three tendons during the handle
turning task produced significant results (F (1, 34) =16.382, p <0.05), (F (1, 34) =31.385, p
<0.05), and (FX, 34) = 42.609, p <0.05), with an R2 of 0.325, 0.480, and 0.556, for the FDP2

(Figure 7.1), FDS3 (Figure 7.2), and FDS4 (Figure 7.3), respectively.
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Frontal FDP2 Angle-Forearm Posture Relationship
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Figure7.1. Linear model to predict frontal FDP2 tendon angle as a function of
forearm pronation/supination posture.

Frontal FDS3 Angle-Forearm Posture Relationship
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Figure7.2. Linear model to predict frontal FEBtenda angle as a function of
forearm pronation/supination posture.
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Frontal FDS4 Angle-Forearm Posture Relationship
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Figure7.3. Linear model to predict frontal FD3éndon angle as a function ¢
forearm pronation/supination posture.

Applying the regression models to the two trials identified abowwjged frontal plane

angles for each tendon. Figure 7.4 shows the results for each of the three tendons for one trial.
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Forearm Posture Joint Angle)
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Figure7.4. (Above) Forearm rotation angle measured with Xsens while turning a metallic
placed at the top row, and middle column, from one participant in study | (Positive repres
supination). (Below) Predicted FDP2 (bIuEDS3 (green), and FDS4 tendon.

The posture APDF levels (050" and 98 percentiles) were estimated for both trials
identified and summarized in Figure 71L& .both conditions, participants achieved approximately
45 of pronation; the FDP2, FDS3, and FDS4, deviated radially 180= 1.3), 12.2 (SD=
1.1), and 5.3 (SD= 1.3) respectively in the top handle, and 2Q8D= 1.2), 12.5 (SD=1.1),
and 5.5 (SD= 1.2) in the bottom handle (Figure 7.4). The bottom handle elicited 1.6
supination (SD= 10.9, resulting in a small FDP2 radial deviation of 4SD = 1.7), a nearly
straight angle of the FDS3 (1.6Inarly, SD = 1.6), and a pronounced ulnangle of the FDS4
(10.5, SD =1.8). A much smaller ROM in the supination direction was elicited by the top

handle (36.4, SD = 6.8), resulting in the FDP2 slightly deviated radially (6.8D= 1.3), the
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FDS3 nearly straight (0.6adially, SD = 1.1I), and the FDS4 deviated ulnarly (8D = 1.3).
The median forearm posture observed in the top handle was in slight supination§D0=2
7.8), resulting in a radial deviation of the FDP2 (118D = 0.8), and to a lesser extent of the
FDS3 (4.4, SD =0.7), while the FDS4 had a small ulnar deviation (3SD = 0.9). The
median posture observed in bottom handle, however, was closer to neutraf igination,
SD = 9.8), resulting in a relatively large radial angle of the FDP2 (12.2, SD = Ué)ser

radial deviation of the FDS3 (5,55D = 0.8), and a small ulnar deviation of the FDS4 (2%D

=1.5) (Figure 7.5).
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Estimated Tendon Angles During a Task Involving WEDE2 <2
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10th -46.2 SD(7.6) -20.0 SD(1.2) -125 SD(1.1) -55SD(1.2)
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Figure7.5. Means and standard deviations of predicted frontal anfbe
FDP2, FDS3, and FDS4 tendons, from estimated ROM measutear(d0
90" percentiles), and mediamgture (58 percentile) calculated from Xser
measurements, during a handle turning task. C2 represents the top, mi
row handle, and c8 the bottom, middle handle (Larger ROM compared
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7.4 Discussion

The current study developed a model to estimate frontal angles of the FDP2 afDS3
FDS4, from forearm posture measurements during a continuous task. Estimating frontal tendon
angles as a function of forearm rotation can provide meaningful information in the quest to
eventually estimate MSK loading. When modelling tendons as ayfhélesystem, tendon
angular displacement from neutral (or straight) means that there must be loading on adjacent
structures (i.e. increased Normal force) in the presence of axial tendon force, as illustrated in
Figure 7.6. Any activities combining grasgi(which involves finger flexors) with forearm
postures eliciting deviations of tendons from neutral would be expected to increase MSK loading
on adjacent structur@sas the tendons wrap around the carpal walls in the direction of the

movement.

Netural ¥ ¥ Extension

Figure7.6. lllustration of two hypothetice
tendons loaded axially: one straight
(dotted line), and one deviated to the
dorsal carpal wall in extension (continu
line). Note that a component of the axie
force of the bent tendon results in a for
exerted over theochlear surface.
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Findings revealed that forearm posture was a significant predictor of frontal tendon angle in
all tendons, as forearm posture explained 33%, 48%, and 56% of the variance in frontal tendon
angles of the FDP2, FDS3, and FDS4 respectively. The tendonsedeargyularly similar
magnitudes per degree of forearm posture: FDP2 deviated 0,188S3 deviated 0.158, and
FDS4 deviated 0.145 respectively. This information could be useful in evaluating frictional
implications using the model by Moore et@991), although it is recognized that more
information (such as force in the tendon and radius of curvature within the tunnel) would be
needed.

The models allowed to estimate the tendon angles that could be elicited at the ends of the
ROM duringatumning as k. These results could be used in
(1979) to estimate the contact force of the tendon over the trochlea, if hand force was also
measured. Figure 7.5 displays continuous forearm posture data along with the estimated angular
deviations for each of the three tendons. It highlights how although each tendon shifts ulnarly
with supination and radially with pronation, each has a predominant bias: FDS4 remains more
ulnarly oriented than the other tendons, regardless of forearnrgdsSRS3 shifts radially and
ulnarly, while oscillating closer to zero; and the FDP2 remains predominantly shifted towards the
radial side. The 0and 9¢" percentiles of the tendon angles showed that the FDP2 had the
largest deviation overall, in thedial direction in pronated postures (20The ulnar deviation of
the FDS4 was approxi matel y ha)lTheserdsults duggesF DP2 06 s
that the FDP2 is wrapping around the lateral carpal wall (trapezium and scaphoid bones), which
may result in increased contact force between the FDP2 and the carpals, causing the tendon to
impinge on the synovial sheath. As depictedinE., according to Armstron

model, an increase in angular deviation (for a given force) woulét resacreased contact force
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(when the tendon is under tension). Additionally, because the FDS3 also showed relatively large
radial deviations in pronation, and because of its close proximity to the median nerve ulnarly,
pronated postures may result idied compression of the median nerve.

The current findings involve the evaluation of a repetitive task which approximates full
range of forearm rotation, as they were instructed to rotate a handldri8@s case, the
increased normal force against thelial walls may not be as much of a concern as the sweep
angle measured, given that the main source of friction may be the-tatdl movement when
the wrist is either flexed or extended and the tendons are under tension. Further inférmation
about thewrist posture, tendon radius of curvature, hand force measurements, and coefficients of
friction between the tendons and their respective shiatiesild be needed to estimate MSK
loading (frictional work).

The 9¢" percentile posture observed in the curteats is comparable to the 4af
pronation observed in a mouse task by Quemelo et al. (2013). Based on our findings, and
Armstrong and Chaffinds model, assuming a hyp
of Keiroés f i ndi nspsofthelF@P25vhile the writt was extemdedtai4b
with a straight index finger, a commonly adopted posture during mousing tasks) a reaction force
of 1.7 N on the FDP2 would be expected. A task requiring sustained pronation appears to
increase the riskf CTS, given that FDS3 would compress the nerve radially. Furthermore, if the
mouse task was cliekitensive, the task may result in increased frictional work, from both the
tendon excursion associated with the clicking and the increased normal fores dyaradial

carpal wall due to the sustained pronation.
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7.5 Conclusions and Future Directions

The current research is one more step towards future research goals. An immediate goal is to
evaluate a task using this model to estimate tendon angles imcoojuwith hand force
measurements, and then predict the contact force of tendons and the entire trochlear surface.
Further evaluation about the radii of curvature as they pass through the tunnel (in terms of
kinematic measures) is necessary to estimmatigohal implications of medidateral tendon
movement (Moore et al., 1991).

In conclusion, this study introduces a new model to estimate the frontal tendon angles of
three finger flexor tendons from forearm pronation/supination measurements. It makes va
predictions over a continuous, repetitive task, allowing the estimation of angular sweep for each
tendon, as well as the tendon angular deviations at the ends of the ROM in pronation and

supination. These tendon angles may be used in further modsisniate MSK loading.
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8 CHAPTER 8: SUMMARY
8.1 Discussion

Posture has been shown to alter the physical relationships among anatomical structures
(Armstrong& Chaffin, 1979; Armstrong & Chaffin, 1978; Bower, Stani&zKeir, 2006; Keir &
Wells, 1999; Loh, Nakashim&, Muraki, 2016; Moore, Wells, & Ranney, 1BPIt is an
important risk factor in the development of MSK injury, as it dictates the way force is
experienced. A large part of the current evidence has centred on the effect of finger and wrist
posture on loading of the distal upper limbs, disregaridiading effects associated with forearm

pronation/supination.

Although forearm pronation/supinatieftenaccompanies distal upper limb functioning
during manual activities and has been linked to MSK injury, ifteagientlybeen disregarded in
ergonome evaluations. In fact, tressociated mechanisroginjury have not been well
understood. The current dissertation works on minimizing these gaps by addressing two goals: to
identify a useiffriendly methodology to measure forearm pronation/supinatiomeimvbrkplace,
and to evaluate tendon movement, proximal and distal to the CT, as a function of wrist and
forearm posture. Adding the knowledge of tendon anatomical changes within the wrist due to
forearm pronation/supination to knowledge about wrist fielartensiormayfacilitate a greater

understanding of their combined loading effects.

The firststudyof this dissertation was geared towards finding an effective methodology to
quantify forearm pronation/supination. Given that widely accepted motioareagptstemsgsuch
as Vicon)are not feasible in the workplace, a search for a system which offered portability,
measurement validity, and ease of use was nece3smryXsens system is a type of inertial

motion unit (IMU) equipped with 3D gyroscopes, 3z@erometers, and 3D magnetometers.
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Due to the presence of a magnetometer, the effect of metal on measurements needed to be
studied. These IMUsfter portability and ease of use, and have been reported to demonstrate
good agreement (maximum average diffieeof 3.9) when comparing pooled data {1&d",

90" percentiles and number of turns) of forearm rotation measuretoeritton measurements

An experiment was designed to evaluateitiségantaneous agreement between Xsens
Vicon forearm pronation/supation measurementiiring a handle turning task, with and
without metal near the IMU#t was determined that instantaned{sensVicon agreementor
forearm pronation/supination measuremevdas lower thampreviously reported by Lagres al
Although ®ntinuous posture signals were highly correlatetthe current dissertatipan
average RMSE error of 9n the absence of metal, and TBMSE in the presence of metaére
observedInconsistencies in the signal tirsgnchronization appeared to be a majntributor
to such discrepancies. It should be recognized that these measurements were obtained during

motions that included high velocities, large ranges of motion, and the presence of metal.

In the second part of thlissertationchanges ithetendn orientations and locations,
proximalandd st al to the CT, were evaluated, and ch
were estimated by modelling tendon portions proximal and distal to thén&GTimmary, wrist
flexion/extension only affectechgeroposterior movement, whereas forearm
pronation/supination influenced medateral tendon movement, proximal and distal to the CT.

As proximal tendon angles in the sagittal plane were not affected by wrist posture, any sagittal
wrist posture effectsrowhole tendon angular trajectories was mainly a consequence of the

effects of wrist posture on distal angles. Frontal tendon displacements were considerably smaller
than sagittal displacements, and the former were smaller at the distal end than éat at th

proximal end. Proximal frontal displacements were nearly triple the displacements seen at the
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MS. Distal sagittal displacements, on the other hand, sreedler than those at the proximal end

by nearlyl mm

A regression model was developadhe laststudyto estimatdendon angles of the FDP2,
FDS3, and FDS4 from forearm posture measuremé&héese tendons were of particular
importance becaugbey presented the largest sweep (in study I11), and aldgeDRR and FDS4
showed the largest angular bemnalsheir respective lateral carpal wall (FDP2adial bend, and
FDS4i1 ulnar bend)Then the model was applied to forearm posture measurements of a
continuous task of repetitive nature, and it allowed to determine frontal angle sweep and the
more expecte radial and ulnar deviations in pronation and supination of the three different

tendons.

When modelling tendons as a pulley/belt system, tendon angular displacement from neutral
means that there must be increased contact force on the adjacent stiuther@resence of
axial tendon force). Any activities involving grasping along with forearm postures eliciting
deviations of tendons from neutral may increase MSK loading on adjacent structures because
deviated tendons would wrap around one of the cargli$ in the direction of the movement.
Because the largest movement with wrist flexion was observed at the wrist, it appears that wrist
flexion alone can elicit substantial mechanical loading. However, foreamatmon/supination
can have a substantedlditive effect on MSK loading when combined with wrist deviated
posturesRecognizing the individual effects of each forearm and wrist posture, on MSK loading
is important to understand their cumulative eff@dsture by itselfan increase contact fosce
flexion increases volar contact, extension increases dorsal contact (to a lesser extent), pronation
increases radial contact, and supination increases ulnar contact. These increases are the result of

displacements and/or tendon bends. Tension addexy toeat tendon can further increase
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contact forces. The addition of repetitive finger and/or wrist movement may result in frictional
work caused by tendon excursions occurring in the presence of contact forces8Rigure
summarizes various combinationstioése loading mechanisms in sustained forearm and wrist
postures, and describes specific sample activities. Although not explicitly identified in the
figures, any added excursions with finger and/or wrist repetitive motions will always add
frictional work, a risk factor for abrasive tissue damage.

Forexample, loading of the median nerve may involve several mechanisms. Certain wrist
postures have been recognized as risk factors for CTS, but loading on the median nerve can be
exacerbated through other rhaaisms associated with the forearm. For instance, volar
displacements and angular deviations in wrist flexion may be responsible for increased anterior
contact forces around the median nerve and its blood supply (Bidyr& hus, wrist flexed
postures l@ne pose an increased risk for developing CTS, because compression to the median
nerve is known to decrease neural conduction and has been recognized as a potential mechanism
for neuropathy developme(i{eir & Rempel, 2005)Moreover, this effect can be aggravated by
sustained pronation, which may add further direct cesgon to the median nerve radially
(Figure8.1, 8.2). Furthermore, the increased contact forces, volar and/or radial, may increase
normal forces between tendons and the median nervesyslial connective tissue (SSCT),
and their common sheath radialfigure8.1). Increased normal forces in turn increase the
potential for frictional work during normal tendon excursions in repetitive finger movement,
particularly in the second and third digits. Subsequently, frictional work on such structures may
leadto abrasive damage of the tissues involved and associated pathologies (e.g., CTS, tendinitis,
and tenosynovitis). Note that mechanical loading is likely to affect a general area, thus cluster

pathologies are not uncommon.
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In addition to the effects of page on contact force, posture deviations resulting in large
tendon bends may also increase muscular demands by increasing moment arms for movements
which are not necessarily the functional goal. For instance, pronation elicits great angular
deviations othe FDS and FDP tendons of the second and third digits over the radial carpal wall,
inducing torque potential radially. Wrist flexion increases the moment arm of all finger flexors to
flex the wrist. If the goal of a task is to pinch something with tise firee digits while in
pronation with a mildly flexed wrist, the functional goal of the finger flexors would be to flex the
metacarpophalangeal, and the proximal and distalpitalangeal joints. The force generated
by the muscle bundles of these tensl may create the desired flexor torque at the phalangeal
joints, but it will also produce a flexor and a radial torque at the wrist. As a result, increased
muscle activity of both ulnar deviators and wrist extensors is required to counteract thenchdial a
flexor torques at the wrist, so that a functional wrist posture is maintained. Activities requiring
comparable postures for substantial periods of time may increase the muscular demand to the
extent of posing a risk of developing forearm muscle fatigue.

Finally, the effect of repetitive forearm pronation/supination is similar to that seen by
tendon excursions in the presence of high contact force. Tendons in repetitive forearm
pronation/supination tend to shift medaderally, thus have the potentfal mediclateral
frictional work against structures in contact with moving tendons. The risk of abrasive wear is
higher when the wrist is deviated from neutral, because the volar and dorsal shifts with flexion
and extension create higher contact (norffmates, against the anterior and posterior carpal
walls respectively. Conversely, tendons are relatively straight in the sagittal plane in neutral
wrist, thus tendons may only minimally contact the surrounding tissues. Frictional work on the

median nerve uring medielateral tendon shifts of repetitive forearm motion, even in neutral and
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extended wrists, is a possibility, due to the contact of the median nerve with flexor tébeieas

et al., 1989)Zeiss et al. studied the anatomical relationships of the median nerve and the finger
flexors as a function of wrist fion/extension postureasing MRI. They reported that with a
neutral wrist, the median nerve was anterior to the FDS2 and in contact with the retinaculum; this
position elicited anterposterior compression of the nerve to a lesser extent than withnfledo

seen by some antepmsterior flattening. A similar relationship in extension was observed,
although the amount of nerve flattening or deformation in extension was less than in the other
two wrist postures. These findings imply that the median neaseexperience frictional work

during repetitive forearm pronation/supination regardless of wrist flexion/exténslioa to the
mediclateral tendon motion elicited with rotation, and contact in all wrist postures, as suggested
by Zeiss et al. However, bacse more nerve deformation was observed in flexion and less in
extension, greater frictional work may be experienced with increased wrist flexion. The
combined effect of repetitive forearm pronation/supination with sustained wrist postures is

illustrated n Figure8.3.
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Carpal Tunnel at the Hammate Level

Flexor Retinaculum

Visceral
Synovium

Synowvial Parietal
Fhuid Synovium

Adapted from Zeiss et al. (1989)

Figure8.1. Transverse view of the carpal tunnel. All tend
are surrounded by stdynovial connective tissue (SSCT)
within the tunnel. The median nerve (N) is frequently in
close proximity with or without contact with the FDS2/3.
Small tendon shifts with flexion

This research represents an importamhestone towards improving MSD risk estimates
during manual occupational tasks fiaslings arecritical for incorporating the effect of forearm
pronation/supination on MSbsk assessmentsf the upper limbThis research provided new
knowledge by contributing with numerous pieces of information to facilitate forearm rotation
guantification, ando estimate finger flexor tendon kinematics associated with forearm posture
two aras viich arecrucialfor determining why forearm rotation can be problemaiial which

have been previously overlooked
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The forearm rotation quantification findings led us to conclude that measuring forearm
postures with Xsens IMUs, and using their petdes(Jonsson, 1978provided accurate
estimates of pronation and supinat{@nth a maximum average error of 3)@uring continuous
manual tasksThis accuracy is bettéinan othetechnologiegreviously reported in the literature,
suchastorsiomeers whichhave showrerrors ofup to 7 when aligned with the axis of rotation,
and even gaater errors if misalignedResults from this researthok into accounalargerROM
(59 of pronation to 550f supination) thamhoseoften reported in the litature ¢45) (Lowe,
2004; Spielholz et al. 2001, Flodgret al. 206), high angular velocitiesapproximately+
500 /sec based on datd 9 participants)and magnetic disturbandecluded errors associated
with holding metal in the hanfisSThus Xsens INUs are a good choice to measure forearm

postures in the workplace, where magnetic disturbance may be present.

The currentindings on theevaluation of finger flexor tenddnajectoriesassociated with
forearm posturareof outstanding value, dBey ae a gateway tanderstanding forearm
r ot a tantobati@rsto injury developmenand to identifying potentiallinjurious forearm
movements angdostures an area nobeen previously evaluatelllore specifically, findings
from the MRI studiegan be usg asinputs to kinetic models to estimate MSK loading. For
exampleassuming that tendon tension has been estimated from gripterden angles in the
front al pl ane c oulvdriableé pshagittal angl® hien AAvmr msttr amg | &n c
Chaf f odel G879)Eqg. 7.1)in order toidentify contact foces againsan entiremedic
lateral tochlear surfacdn this proposed case, the tendon angle would be used to represent the
angle at which the tendon wraps a trochlear surface rhatgially, rathethan antere

posteriorly agpreviouslydone, giving estimates of radidnar contact forces.
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Similarly, one of the mdels used by Moore et al. (1991 estimate anterposterior
tendon pressure on surrounding structyres force per unit arez@puldbe adapted to determine
the effect ofaxialtendonmovemenbn tendommediclateralpressure on other structur@sg.
during typingi where the forearm is pronated (radial contact) and the index finger hits the keys
repetitively) In this proposed scenayitieiwrist anglev a r i wduld ke deplaced by the
frontal tendon angléestimated from forearm rotation postyra$ pressure estimates are based
ontendon axial excursion velocity (based on Armstrong and Chaffin, 1978) tendon force, wrist
joint angle tendon widthandsynoviumtendon coefficient of frictionEventually,the
knowledge of the normal pressuassuming changes in muscle lengtithe FDS and/or FDP

tendonswvere known, frictional work could also be estimag®dore et al. 1991)

Major contributions:

1. A new methodology to quantify forearm rotation of continuous tasks, using Xsens IMUS,
with an accuracy of 3.9f comparing percentile levels (Jonsson, 1978), with or without
metal.

2. Effect of forearm and wrist posture on locations and oriemis of finger flexor tendons
proximal to the CTand relevanimplicationsin the forearm.

3. Effect of forearm and wrist posture on locations of finger flexor tendons distal to the CT,

and orientations through the tunnel, and relevant implicatiotiseCT.

Lastly, in the process giursuingthe maingoals ofthisthesis, a series of new

methodologies emerged, which had not been previduglwn These include the following:
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1. A new arm Vicon model:

To measure forearm pronation/supination, a new mark@iguration wasreatedo
build two forearm segmentsothat the distal forearm segment could rotate with respect to
the proximalsegmetb out a f i xed ax.Tkempdelovagglly f or ear mod s
customized in Visual 3D because the software didprmtide options to measure forearm
rotation. The proximal segment was created using the medial and lateral epicondylar markers,
and a midpoint calculated between the radial and ulnar styloids. The distal segment was
created using the markers of the radiadl ulnar styloids, and a mpbint between the medial

and lateral epicondyles.

2. Methodologies to create anatomical coordinate systems (CS) for the radius, ulna, and

metacarpalusing Mimics and 3Matics

ThesemethodologiegreatedCSs orthree separate hes,by creating 3D segmental
models of each borend the forearmising Mimics and digitizing selective anatomical
landmarkson 3Matics. Digitization was done aihe neutral wrist and forearm scé&or each
neutral scanhonylandmarkswvere digitizedon each boneA registration process was used to
superimpose the digitized landmarks onto each of the other eight scans of the same
participant in order to minimize within subject variabilitiyastly, landmarks were used to
create the meditateral axes inlabones using a customized Matlab program. Longitudinal
axes of the radius and ulna for each scan were shared, and were determined by identifying the
proximal and distal axial centroids of segmented forearms. The longitudinal axes of the
metacarpals werebtained using centroids of their respective shaft. Thaxg@s and

orthogonality corrections were done through the use of -gashuct calculationslhis
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method wa®bserved to be intdester(from 0.812.972) and intratesterreliable(ICC 0.87%

0.993, when measuring wrist flexion/extension, and forearm pronation/supination

3. A methodology to generate tendon trajectories, and express them with respect to a radial

CS

Because tendon trajectories had to be expressed in anatomical termsd8IS of eght
finger flexor tendons werkrst segmented, and their centerlines generated in MirAics.
customized Matlab program was created to adaptnsformation (rotation and translation)
met hod from Winter (2004) t o inaordarnosekpessethenrand r 0
with respect to the radial C¥his method was initially usedtor ansf or m Vi con mar K

coordinates into an anatomical CS

4. A methodology tfit a 3D line through centerline coordinates

Tendons had to be defined as limesrder to measure their angular trajectories. Thus, lines
were fitted through the proximal and distal tendon portions of interestit@taiveprocess
systematically translated and rotated a line, joining all possible connections between two grids of
+5 mm along the antefposterior x and meditateral z axes around each of the identified
proximal and distal tendon centerline points, in 1 mm incremantsthen in @ mm
incrementsThe fitwas tested by averaging the perpendicular deviations ofigihal centerline

points from the line
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« Increased frictional work by FDS2
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radial and volar tendon bend, FDS3
radial shift, and tendon excursion

* Increased frictional work of all
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and SSCT

| * Moment arms of digit tendons
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+ Ex: Driving - hand at top of
steering wheel

* Increased frictional work by
FDS2 and FDP2 on MN and
SSCT due to radial tendon bend,
FDS3 radial shift, and tendon
excursion

« Ex: Piano playing
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« FDS2/3 radial contact on |

SSCT and possibly MN I

|« Moment arms of digit tendons
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! shift, and tendon excursion
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* Moment arm of all tendons shift
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» Increased frictional work of the
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4/5 shift ulnarly, thus increased
activation of radial deviators

|

|

|

|
required I
« Ex: Bottown hand shoveling |
|

|

|

* Increased frictional work of the
FDS4 and FDP4, 5 on SSCT on
ulnar side, due to ulnar tendon
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|
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| = Ex: Waiters while holding a tray
|
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| I
|

I
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I

I
|
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|
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Figure8.2. Summary of potential injury mechanisms associaiiéiu sustained forearm postu
deviated from neutral, #h three wrist postures, with finger static force or movement.
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Figure8.3. Summary of potential injury mechanisms associated mgjletitiveforearm
pronation/supinationwith three wrist postures, with fiyer static force or movement.
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8.2 Future Directions
Further work iscalled for,with the continued aimf modelng internalMSK loading with
pronation and supinatioAs this dissertatioonly took tendon movement outside tB€ into
accountinvestigating tendon trajectories within the tunise¢he nextogical step.This work will
includemeasuring the radii afurvature associated with the tendon in the tunnel and linking
these measuremeritsthe shape of the tunnéldditionally, evaluations will be performed on
the effect of forearm pronation/supination on kinetic relationships between structures, possibly
taking into account tissuesd0 mechanical prope!
Studying the effects dbrearm pronation/supination on MSK loading in terms of injury
mechanisms at the forearm and elbow should include the evaluation of trajectories of tendons
that do not pass through the tunnel, such as finger and wrist extensor muscles and wrist flexors.
Furthermore, changes in muscle length and muscle moment arms may provide meaningful

insight about the muscular demand associated with different forearm postures.
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8.3 Conclusions

In conclusion, wrist flexion and forearm postures away from neutraaserMSK loading
through various mechanisms. Although relating external exposures to internal loading is highly
challenging due to the numerous contributing factors, the current study has provided important
knowledgerelating combined forearpronation/sumationand wrist flexion/extension postures
on tendon movement, which megpact MSKloadingat the wristand forearm

The combined knowledge frothese studies brings the current state of research closer to the
goal of modelling the mechanical loadingsaciated with postural requirements of particular
manual tasks. This dissertation presents a method for the quantificattwaaym
pronatiorisupination in the workplace, reveals the most accurate variggdee(tiles and turns
analysi$ to use in a ptential model, and recognizes the extent of motion capture system errors in
the presence of metal. In addition, these studies have gathered new knowledge about the
combined effects of forearm pronation/supination and posture flexion/extensiendam
kinematics, and have outlined possikIEK loadingimplications Thus, there are new, relevant

tools to improve the estimation of MSK loading associated with work tasks.
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APPENDIXATLANDSMEEROGS MANDHL S |

Model 1 Model II

rzi o,

I' 2 approaches 0 with
largeq

Angle of
postural

change from
neutral

Figure Al. lllustration of the 2 and 29 Landsmeer model#4odel | assumes that the
tendon crosses the joint along therlisor
the same as éhdistance from the center of rotation to the tenddmoment arm)Model 11
on the other hand, assumes the tendon is restrained at a point, thus the angle of can
of the tendon corresponds to the angle between two straight lines on eithdrtisede o
restraint.
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APPENDIX B
1) ICC Pairwise comparisons.

Bonferroni-Adjusted Pairwise Comparisons of ICC Means

among Vertical Locations by Material
T - T . Mea:l
Material Ok en.ical A athal Difference | Std. Error Sigb 95% CI for Difference
Location | Location i)
Lower Bound | Upper Bound
Metal Top Middle 0.014 0.006 0.093 -0.002 0.03
Top Bottom 0.037 0.008 0.001* 0.016 0.058
Middle | Bottom 0.023 0.007 0.011* 0.005 0.042
Plastic Top Middle -0.001 0.001 1.000 -0.005 0.003
Top Bottom 0.006 0.002 0.057 0.000 0.012
Middle | Bottom 0.007 0.002 0.001* 0.003 0.011
Based on estimated marginal means
*The mean difference is significant at the .05 level.
bAdjustment for multiple comparisons: Bonferroni.
Bonferroni-Adjusted Pairwise Comparisons of ICC Means
Mean
Vertical ‘ , ) . % > :
e (1) Material Material D:ﬁzr;:)nce Std. Error Sig 95% CI for Difference
Top Metal Plastic -0.015 0.004 0.002 -0.023 -0.006
Middle Metal Plastic -0.03 0.006 0.000 -0.043 -0.017
Bottom | Metal Plastic -0.047 0.008 0.000 -0.063 -0.03

Based on estimated marginal means

*The mean difference is significant at the .05 level.

b.‘~\djustmeut for multiple comparisons: Bonferroni.
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2) RMSE Pairwise comparisons

Bonferroni-Adjusted Pairwise Comparisons of RMSE Means
among Vertical Locations by Material

i T, ‘ ,
Risbegat; |\ Vextieal () Netoal) Bcnn PRScnce - et vor| 528 95% CI for Difference
Location | Location (i-1)
Lower Bound | Upper Bound
Metal Top Middle -3.543 0.788 |0.001* -5.622 -1.465
Top Bottom -5.126 0.522 |0.000* -6.504 -3.747
Middle | Bottom -1.582 0948 | 0337 -4.083 0919
Plastic Top Middle -0.24 0.158 | 0442 -0.658 0.178
Top Bottom -1.1 0.281 |0.003* -1.843 -0.358
Middle | Bottom -0.86 0.203 |0.002* -1.397 -0.324
Based on estimated marginal means
*The mean difference is significant at the .05 level.
bAdjnsttnent for multiple comparisons: Bonferroni.
Bonferroni-Adjusted Pairwise Comparisons of RMSE Means
Vertical Mean Difference b .
i i i 95% CI for Diffe
focashe: (1) Material | (j) Material W Std. Error|  Sig o or Difference
Top Metal Plastic 1.62 0428 | 0.001 0.721 2:52
Middle Metal Plastic 4.924 0.791 | 0.000 3.262 6.5
Bottom Metal Plastic 5.645 0.732 | 0.000 4.108 7.1

Based on estimated marginal means
*The mean difference is significant at the .05 level.

t'Adjustment for multiple comparisons: Bonferroni.
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APPENDIX C

RMSE Bonferroni Pairwise Comparisons with Four Locations (Floor included), in metal only.

Bonferroni-Adjusted Pairwise Comparisons of ICC Means
- gy Mean
@V ert.:lcal @V er!:lcal Difference | Std. Error Sigb 959% CI for Difference
Location | Location Z
@-1)
Lower Bound | Upper Bound
Top Middle -2.73 1.04 0.103 -5.82 0.35
Bottom | -5.886* 1.52 0.007* -10.40 -1.37
Floor -5.495* 1.51 0011* -9.97 -1.02
Middle Top 2.73 1.04 0.103 -0.35 5.82
Bottom -3.15 134 0.183 -7.13 0.82
Floor -2.76 1.71 0.746 -7.84 2.32
Bottom Top 5.886* 1.52 0.007* 1.37 10.40
Middle 3.15 1.34 0.183 -0.82 7.13
Floor 0.39 1.85 1.000 -5.08 5.86
Floor Top 5.495* 1.51 0.011* 1.02 9.97
Middle 2.76 1521 0.746 -2.32 7.84
Bottom -0.39 1.85 1.000 -5.86 5.08
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APPENDIX D

INFORMED CONSENT FORM

School of Kinesiology and Health Science, York University

StudyTitle: Evaluation of Finger Flexor Tendon Jeatories at the Wrist, as a Function of
Forearm and Wrist Postural Change, Using MRI

Upper limb injuries are prevalent in the workplace and costly. Understanding of upper
limb injury mechanisms that are associated with work tasks is of crucial impeti@areduce
their incidence in the workplace. Epidemiological evidence has shown that that sustained
pronated postures and repetitive pronation and supination have been associated with upper limb
injury. However, it is unknown hoforearm pronation/supation, in combination withwrist
posture, contributes to musculoskeletal loading ofahearmandwrist. Thus, the purpose of
this study is to set a cornerstone to better understa@drmandwrist loading as a function on
forearm pronation/supinatigrostures, by measuring the magnitude of the deviations of tendons
passing though therist with differentforearm pronation/supinatiqguostures.

You will be asked to answer two questionnaires: In the first one, you will be asked questions
to gather infomation on height, weight, handedness, and musculoskeletal health. In the second
one we will ask you questions to screen whether it is safe for you to access the MRI room. You
will be asked to remove any metallic objects you may be carrying. The anatdineyyafurwrist
will be imaged using MRI, while you sustain thfeeearm pronation/supinatigrostures in
combination with threevrist flexion/extension postures. During this process, you will be
required to lie completely still on the patient bed thatesliinto the bore of the MRI scanner. No
dye will be required. You will be able to communicate with the MRI technologist and researcher
through an intercom, and will have an emergency bulb that you can squeeze at anytime if you
need to come out of the secem during the procedure. During the collection, you will be required
to wear a splint to hold youwvristin the desired posture. At the same time, you will be required
apply a constant light grip fordeand dynammeter, connectedo a monitor to give yoteedback
on the amount of force that you will need to keep constant during each semmcestimated
participation will take approximately 1.5 hours, one of which will be inside the scanner at the
neuroimaging laboratory at York University.

It is important to inform you that thes@ages are not intended to reveal any disease state, in
part because this MRI protocol is not designed for clinical diagnosis. Thusygetuimages
will not be routinely examined by a clinical radiologist. The persoanile Neuroimaging
Laboratory are not qualified to medically evaluate your images. However, if in the course of
collecting the images we have any concerns, we may show your scans to a clinical radiologist,
who may suggest that you obtain further diagiedssts.

At the investigat or 0 s wrdtimages and receive digitgl copiesiwfa y Vv i
them. However, you should be aware that structural images within the normal population can be
highly variable, and that it is difficult to drawyaoonclusions from your images; you should be
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aware of the potential distress or discomfort that may occur by viewing your own images. Do
not rely on this research® to detect or screen for aapnormalities.

Risks and Benefits
This study has beenviewed and approved by the Human Participants Review Sub
Commi ttee, York Universityds Ethics Review Bo.
Canadian THCouncil Research Ethics guidelines. The risks associated with this study involve
the following riks:

Metal: The MRI scanner produces a constant strong magnetic field, which may cause any metal
implants and/or clips within your body to shift position. The magnetic field may also cause any
implanted medical devices to malfunction. Thus, if you hawyeimplanted metal, clips or

devices, it is hazardous to your health to participate in this study. Please provide us with as much
information as you can, for example if you had surgery in the past, so that we may decide
whether it is safe for you to besabject. Metallic objects brought into the MRI environment can
become hazardous projectiles. Metal earrings, body piercings, and necklaces must be removed
prior to the study.

Pregnancy: Exposure to MRI scanning might be harmful to a pregnant femalermsan child.
Although there are no established guidelines at this time about MR and pregnancy, you should be
informed that there is a possibility of a yet undiscovered pregnancy related risk. If you know or
suspect you may be pregnant or if you dowant to expose yourself to this risk, we recommend

that you do not participate in this study.

Inner ear damage: MRI scanning produces loud noises that can cause damage to the inner ear if
appropriate sound protection is not used. Earplugs and/or heesdphdl be provided to protect
your ears.

Claustrophobia: When you are inside the MRI scanner, the MRI scanner surrounds your body
and your head will also be positioned inside a cfdsag scanning coil. If you feel anxious in
confined spaces you mapt want to participate. If you decide to participate and begin to feel
claustrophobic later, you will be able to tell us via the intercom and we will discontinue the study
immediately.

Burns: In rare cases, contact with the MRI transmitting anduviagetoil, conductive materials

such as wires or other metallic objects, or gkigkin contact that forms conductive loops may
result in excessive heating and burns during the experiment. The operators of the MRI scanner
will take steps, such as usingain pads when necessary, to minimize this risk. Tattoos with
metallic inks can also potentially cause burns. Any heating or burning sensations during a scan
in progress should be reported to the operators immediately and we will discontinue the scan.

Besides the risks listed above, there are no other known risks from the magnetic field or radio
waves at this time. Although functional MRI scanning has been used for more than 15 years,
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long-term effects are unknown. If new findings about the riskse@MRI technique become
available within a year of your participation, we will let you know about them.

All information obtained during the study will be held in strict confidence to the fullest extent
possible by law. In no case will your person&érmation be shared with any other individuals
or groups without your expressed written consent. Your images will be stored on secured
computer servers and will be archived indefinitely. The experimental data acquired in this study
may, in an anonymizefrm that cannot be connected to you, be used for teaching purposes, be
presented at meetings, published, shared with other scientific researchers or used in future
studies. Your name or other identifying information will not be used in any publication or
teaching materials without your specific permission.

Consent of Participant

| have read this form about the nature and procedures of the study have received a copy and
understand it in full. | agree to serve as a paxdict in the study. | have been assured that
Elizabeth Salas will respond appropriately to any questions that | may have. | understand that
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participation is entirely voluntary and | can refuse to answer any question, item, etc., and may
withdraw my consetrat any time by verbal declaration without prejudice to me either now or in
the future. | know that if | withdraw my consent any data already obtained will be destroyed.
Before giving my consent, | know that there would be no advantages or disadvémtages
depending on my decision and refusal to participate or withdrawal from participation will not
jeopardize current or future relationships with the researchers or York University. | know that
the university and those conducting this project subsdcdtihe ethical conduct of research and

to the protection at all times to the dignity, rights, interest and safety of its participants. | know
that any concerns or comments regarding my participation in this study can be addressed,
anonymously if | wishto Alison CollinsMr akas, York Universityos
Ethics,acollins@yorku.ca416736-5914, York Research Tower" %loor, or Dr. Anne Moore,
Biomechanics Profess@amoore@yorku.cg416)7362100 x 40498, School of Kinesiology and
Health Science, Sherman Health Science Research Centre 2024.

Print Name Signature of Participant

Dated at Toronto, Ontario Witnessed
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APPENDIX E

York University Neuroimaging Laboratory
Magnetic Resonance (MR) Safety Screening Form

Name Weight
Last First Ml Height
Date of Birth /. / O male DO remale

Month Day  Year

Do you have: Cardiac pacemaker or implantable cardioverter defibrillator (ICD) O Yes O No

Aneurysm clip 0 Yes O No
Are you: Claustrophobic O Ye: D No
Are you currently taking any medications? O Ye: O No

List:

Have you ever had an injury to the eye involving a metallic object or fragment? O Yes OO No
Have you ever worked in a metal thop? [0 Ye: O No

Poesibility of pregnancy? DO Ye: O No O Not applicable
| Brain/Head Surgery 0O Ye: O No Artificial Implants/Mechanical Devices |
List type/date List type/date 0O Yes O No
| Heart/Chest Surgery | 0O Yes O No Other Surgery]
List type/date  Retained pacer wires D Yes O No  List type/dare 0O Yez O No
O Yes O Ne Plerced body pans (earrings, etc.) O Yes O No
List type/dare Hearing aid or cochlear implant 0 Yes O No
Permanent retainer or braces 0O Ye: O No
Dentures or partials 0 Ye: O No
History of bullets, thrapnel or BB: O Ye: O No
O Ye: O No History of seizures 0O Ye: O No
List type/date Hair piece, wig or hair extensions 0 Yes 00 No

Medication or transdermal patch 0 Yes O No
Tattoo or permanent makeup OYe:ONo
Stent, filter 0 Yez O No

WARNING: Certain Implants, devices, or abjects may be hazardous to you andfor may interfere with the MR

procedure (Le., MRI, MR anglography, functional MRI, MR spectroscopy). Do not enter the MR system room of
MR environment if you have any questions or concemns regarding an implant, device, or abject. Consult the MRI
Technologist or Reseascher BEFORE entering the MR system room. The MR system magnet s ALWAYS on.

I attast that the above information iz correct to the best of my knowledge. | have read and
understood the contents of this form and had the opportunity to azk questions regarding the
information on thiz form and regarding the MRI procedure that | am about to undergo.

Signature of person completing form: Date ___/__/____
MRy

Form completed by: 0 MRI participant [ Other (specify),

Reviewed by: Pl of study
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APPENDIX F

Date:
Initial Questionnaire
Participant #:
Demographic Information
1. Date of Birth (mm/d/yr):
2. Sex: Femald] Male O
3. Handedness:
4. Height: m cm or ft in
5. Weight: Kor Lb

Health and Injury Information

1. Doyou currently have any health condition that could potentially be aggravated with

physical activity €.g.cardiovascular problems, high blood pressure, joint problems, etc.)?
Y N O O

If yes, please explain:

2. Have you ever been diagnosed with neurological disordegscérpal tunnel syndrome,
pronator teres syndrome)? [} N

If yes, please explain:

3. Have you ever received treatment for any of the following, please specify:

Fractures body part:

Dislocationsi body part:

Muscle Strains or sprains

Upper Back pain
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Lower back painr

Tendonitis/tenosynovitis

Other musculoskeletal disorder

. In the past year, have you had treatment for any musculoskeletal injury or disorder?

Please specify:

. Do you curently have any physical discomfort/pain?;L N
If yes, please indicate in the figure where you feel the discomfort/pain
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APPENDIX G

Mimics and 3-Matics Softwarecommands for segmentation, digitization, registration,
centerline and centroidalculations

4.3.a Commands used on Mimics for structure segmentation, and creation of tendon
centerlines. Centerlines and segmented models wpmeter for post processing in 3mat
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