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ABSTRACT
FOOT AND ANKLE MOTION ANALYSIS USING DYNAMIC
RADIOGRAPHIC IMAGING

Benjamin D. McHenry, B.S.

Marquette University, 2013

Lower extremity motion analysis has become a pawéobl used to assess the
dynamics of both normal and pathologic gait in aetg of clinical and research settings.
Early rigid representations of the foot have relydmen replaced with multi-segmental
models capable of estimating intra-foot motion.rr€at models using externally placed
markers on the surface of the skin are easily implged, but suffer from errors
associated with soft tissue artifact, marker plasmepeatability, and rigid segment
assumptions. Models using intra-cortical bone pinrsumvent these errors, but their
invasive nature has limited their application tee&ch only. Radiographic models
reporting gait kinematics currently analyze prognes static foot positions and do not
include dynamics.

The goal of this study was to determine the febssilmf using fluoroscopy to
measuren vivointra-foot dynamics of the hindfoot during the staiphase of gait. The
developed fluoroscopic system was synchronizedstaradard motion analysis system
which included a multi-axis force platform. Custatgorithms were created to translate
points of interest from 2D fluoroscopic image sptxglobal tri-axial space. From these
translated points of interest, a hindfoot speciiimdel was developed to quantify sagittal
plane talocrural and subtalar dynamics.

The new hindfoot model was evaluated and appliedgibot population of
thirteen healthy adults during barefoot and toerootker walking conditions. The
barefoot kinematic and kinetic results compareafably with barefoot dynamics
reported by other authors. As a result of thefoatestudy, it was concluded that inter-
subject variability in sagittal plane kinematicsstagher for the talocrural joint than the
subtalar joint. The toe-only rocker analysis waesfirst report of hindfoot kinematics
within a rocker sole shoe modification. Hindfoatdmatic inter-subject variability was
significantly lower in the toe-only rocker conditievhen compared to barefoot results.

This study represents the first use of fluorosdmpguantifyin vivo intra-foot
dynamics during the stance phase of gait. Talatamd subtalar dynamics of healthy
adult subjects are reported. The technology deeeldor this study is capable of
examining soft tissue and bony abnormalities assediwith the pathologic foot. Based
on the overall results of this study, it is recomahed that development continue for
further analysis within the clinical environmentdaexamination of complex vivo foot
and ankle dynamics.



ACKNOWLEDGMENTS

Benjamin D. McHenry, B.S.

The list of people who have guided my journey taigahe completion of this
dissertation is far too long to be succinctly madée experience has been a truly
humbling one. While proud of the personal accosfplient, it is with regret that only
my name adorns the cover of this text.

| would like to thank my dissertation director ¥erald Harris, a teacher and
mentor whose influence on my life has been far hdymcademic. | am grateful for the
ability to seek his council as | begin my career.

| would additionally like to thank the other membef my dissertation
committee—Dr. Jason Long, Dr. Philip Voglewede, Daly Gilat-Schmidt, and Dr.
Peter Smith. Your wide spectrum of expertise aftald illuminated my path, and your
encouragement during the final few months was uadalle.

| would like to thank my best friend Edyta Brarsaywoman who continues to
show me the true meaning of strength. | would walthlly like to thank Bill Powers, a
teacher and friend whose fellowship has been diettias | trudge the road of happy
destiny.

Finally, I would like to thank my family for theunconditional love and
encouragement—my father Richard, my brother Caed,my sister Colleen. Above all,
| would like to thank my mother Petronella, a wormdrose support for me goes far

beyond maternal.



ACKNOWLEDGMENTS ..ottt e et a e e e s e e e e e e eeennnneeeee s [
LIST OF TABLES ....ccoii ettt ettt e e e e ettt e e e e e e ntba e e e nnssneeeeeeeennnnees Y
LIST OF FIGURES ... ettt eeaan s Vi
SR I 14 oo 18 Tox 1 o] o PP PUPP 1
1.1 Statement Of ProbIem ...........oouiiiiiceee e 3
1.2 External Marker Based MOAEIS ...........commmueiiiiiiiiiiiiiiiiiieeeee e 3
1.2.1  SKin Motion ArtifacCt ........coeviiiieiie e 4
1.2.2 Marker Placement SENSItIVILY .........occeceeiuuiimiiiiiieieee e 5..
1.2.3 Rigid Segment ASSUMPLION..........coscocmmmmeeeeiiiis e e e e e e e e eeeeeeeeeeeeeeeannnnns 7..
1.3 Bone Marker Based MOEIS ........ccouuieeeeee e 8
1.3. 1 INVASIVE NALUIE ...ccoeeiiiiiiiiiiieeee ettt e n e e e e s 9
1.3.2 Gait Pattern AREration .............ooccoeeeiieiiiiiiiii e 9
1.4 FIuoroSCopiC MOEIS ......cccoee e ee e 10
1.4.1  Anatomic LIimMitatioNS........ccoviiiiiiiiiiieieeee e 11
1.4.2 Fluoroscopic Technology ...........uuuummmciiiiiiiiiiiiiiiieee e 12
1.4.3 Foot and Ankle FIUOIOSCOPY .........cieeeeeemiiiiiiiieee e 31
1.5 Hindfoot Specific MOdeliNg ..........uvuviceeemriiiiiie e 14
1.5.1  AXES Of MOUION......uuiiiiiiiiiiiiiiiiiiee e e e 14
1.5.2 Kinematic Methodologies ..........oooiieeeiiiiiii 15
1.6 KiNEtIC MOUEING ...uvueiiiiiiiiee e 17
1.6.1 Force Measurement TeChNOIOQY ........commmmmeeeeniiiiieeeeeeeeieeeeeeeeiieeinnnnns 17
1.6.2 Body Segment Parameters ............ueecceeiiiiiiiiiieeeeeeeeeeeseeeeeeennnnnnnnns 91
1.7 Hypotheses and SPecific AIMS .......ooiieceeeiiiiiieee e 20
2. A Mode for Assessment of In vivo Hindfoot Motion During Gait.................... 22
P2 A [ o1 (o To [§ ox 1 o] o NN TP PP PP PPPPPPR 22
2.2 Materials and Methods ................e s eeeeeiiiiii e 24
2.2.1  System Configuration...........ooooiiiiiiiieiiiiieee e 24
2.2.2  System SYNChronization...............ceceeeeeiiiieneneee e 26
2.2.3  IMage CONSIIUCHION ....uuuiiii i ece e e e e e e e e e e e e e e e eeeaaeeees 26

TABLE OF CONTENTS

2.2.4 Global ReferencCing ........coovvveiiiiiimeeeeieeeecsre e e e e e e e eeeeaaeeees 27



2.2.5 Kinematic MOUE........ocuiiiiiiiiiii i 28
2.2.6  Kinematic Model SENSItIVILY..........ceeririiiiieeieeeiiiceern e 30
2.2.7 KINEUC MOEL......coeeiiiiiiiiieee e e 31
2.2.8 Body Segment Parameters ... 43
2.2.9 SUDJECt SEIECHON ......ccoiiiiieeeeet e s e e e e e e e e e e e e e e e e eeeeae e 35
2.3 RESUIES ottt ———————— 36
2.3.1 Global REferenCing .........uuuuueuiiieeeeeiiae e 36
2.3.2  JOINt KINEMALICS .....coieiiiiiiiie it ceeeee ittt e e e e e 37
2.3.3  Kinematic Model SEeNSItIVILY..........ceereeiiiiiiieeiieiicren e e e 38
2.3.4  JOINt KINELICS ...eviiiiiiiiiie ettt 39
2.3.5 Kinetic Body Segment Parameter EffeCtS...cooeeeeeeeiiiiiiiiiiiinnnn... 40
2.4 DISCUSSION .. .ciiiiiiiiieittttiti s e e e e e e e eeeettbbbs e s s e e e e e e e aeeeeeeeeeeesssnannneeessnnnnns 41
2.5 CONCIUSION ..ttt ettt a7
Pilot Investigation: In Vivo Hindfoot Kinematics During
Normal Bar €f00t Galit ...........uuueuuuuiiiiiiaie ettt e e e e e 49
G 200 R [ 01 (o To 11 Tox [0 o PRSP 49
3.2 Materials and Methods ...............uuemmmmmmeeeeeeeeesiiiii e 51
3.2.1 SUbJECt SEIECHON .......cceiieieeeeet e s e e e e e e e e e e e e e e e e eeeeae e 52
3.2.2  TeStiNG ProtOCOI ........uuuuiiiiiie e eeeeeeiiii e 52
3.2.3  Statistical MethodsS ........ccooiiiiiiiiiieiie e 54
3.3 RESUIES ettt ——————— 56
3.3. 1 JOINt KINEMALICS ....vvveiiiiiiiiieie s mmmmm ettt 56
3.3.2  SHALISHICS wevvvreiiiiiiiie e 58
3.4 DISCUSSION .. .ciiiiiiiiiietittiii s e e e e e e e et eeett b e s e e e e e e e e e e eeeeeeeeeesssnnnnneesssnnnnns 60
3.5 CONCIUSION ..ttt ettt 65
Pilot Investigation: Comparing Barefoot and Toe-Only
Rocker Soled Shoe Hindfoot KinematiCs..........oooovvviiiiiiiiiiiiiiciieee e 67
o R | 01 { o To [ To{ 1o o U PPUPURPPPPRRP 67
4.2 Materials and Methods ...........oooiicmmmmmre e e 70
o RS 10 | o =T ox S Y= [T o o o USSR 70

4.2.2 TeStiNg ProtOCOl ........ooiiiiiiiie et 70



4.2.3 Statistical MethodsS .........oooeiiiiiiiiiii e 72
4.3 RESUILS ...ttt 74
4.3.1  JOINt KINEMALICS ......cceiiiiiiiiiiiitceeeee it e e e e e e eee e e e 74
4.3.2  SHTALISTICS .uuiiieeee ettt eeeeee ettt e e e e e e e e e e e e eeeeeeb b bnnnnneananees 77
.4 DISCUSSION ...uuuutitiiitttieieetteteeeeseeeeeetteaaaaeaaaeaaaa s s s s s s s ebbbbbbbesaseeeeeessssaaaanns 80
4.5 CONCIUSION ..ttt e ettt e e e e e e e e e e e s s rn e e 82
5. CONCIUSION ..t e e e e e e e e e e e b 85
5.1 Summary Of FINAINGS ....cooviiiiiiiiiiiiiiee e 86
5.2 Limitations and Future Dir€CliONS .......cccceeriiriiiiiiieeeiiieieeeeciiivvieeee 89
2] o] oo =T ] 1 |20 91

F N ] 01 [0 [T



LIST OF TABLES
Table 2.1 Equations used for global referenCing ceu......ccooeeeeeeeieeiviiieeeiis 28
Table 2.2 External marker I0CAtIONS ........ o cerrereriiiiiiiiieee e 29
Table 2.3 Segment coordinate system axes definition..............cooevvveiiiiiiiiiiininn. 29
Table 2.4 Body segment Parameters ........coooeeeeeiiiiiiiiieiiiiiiire e e e e e e 34
Table 2.5 Fluoroscopic and bone pin KINEMatiCSam.vvvvverrrruriiiiiiiieeeeeeeeeeeeeeeeeeeeen, 38
Table 2.6 Kinematic model SENSILIVILY ... eeeeeeeeeeeeiiiiiiiiiiinianseeeeeeeareeeeeeeeeeees 39
Table 2.7 Kinetic body segment parameter effects............oouuvviiiiiiiiinnenee, 40
Table 3.1 Talocrural KinematiC STatiSTICS ....cceeeviiiiiiiiiiiiiiiiiiiee e 59
Table 3.2 Subtalar KinematiC StatiStiCS. ....ccccuerrrriiiiiiiiiiiiiieeee e 59
Table 3.3 Temporal spatial StatiStiCS......cccoceeviieiiieeeeicr e 59
Table 3.4 Fluoroscopic and bone pin KINEMatiCSa ..cvvverrrrrriiiiiiieeeeeeeeeeeeeeeeieeeen, 62
Table 4.1 Kinematic statisticS during LR ....cccuaeuiiiiiiiiiie e 78
Table 4.2 Kinematic statisticsS during MSt......ccc..oiiiiiiiiiii i 78
Table 4.3 Kinematic statistics during TSt.........ccooviiiiiiiiiiiccree e 79

Table 4.4 Temporal spatial StatiStCS...... oo 80



Vi

LIST OF FIGURES

Figure 1-1 HINdfOOt @natOmY...........cooiiiiceeeee et e e e e e e e e e e e e e e e eneeeeeeeeennnne 2
Figure 2-1 System configuration ...........cooeeeeeeeiiiii e e e e e e 25
Figure 2-2 Typical fluoroSCOPIC IMAGE .......coeeeeeiiiiiiiiciiee e 27
Figure 2-3 Virtual marker I0CatioNS.........co oo 28
Figure 2-4 Calcaneal segment centroid lOCUS..............uuvvveiiiiiiiiiieeeeeeeeeeeeevieeeeee 33
Figure 2-5 Global referencing MatriX ........cceeeeuueuiiiiiiiiiiiee e 36
Figure 2-6 Global referencing error based on pasiin capture volume........................
Figure 2-7 Sagittal plane KInematiC r@SUIS ceeeeevvvieeiiiiiiii e 38
Figure 2-8 Sagittal plane KiNetiC reSUILS. ...cccccr i oo eeeiiiieeeeeeree e 40
Figure 3-1 Talocrural sagittal plane KinemMatiCSu.......cceevieiieeeeeeiiiiiiieeiiieiiiieneaaeeens 57
Figure 3-2 Subtalar sagittal plane KinematiCS............ccoovviiiiiiiiiiiiiiiiii e 57
Figure 3-3 Sagittal plane KInematiC r@SUIS ceeeeevvviiiiiiiiii s 61
Figure 4-1 Toe-0nly roCKer SNOE............o e e e e e e e 71
Figure 4-2 Sagittal plane kinematic results dutifRy............cceeeeeerviiieeiiiiiiiiiiiieeeenn. 75
Figure 4-3 Sagittal plane kinematic results dutMi8t ..., 75
Figure 4-4 Sagittal plane kinematic results duffi® .............cccceeiviiniiiiiiiiiiiiiiiiiienens 76
Figure A-1 Raw KinematicS: SUDJECE 1 .......ucueeeeeiiiiiieeeeeiiiciie e eeeeee e 106
Figure A-2 Raw KinematicS: SUDJECE 2 .......uceeeeeeeiiiieeeeeeeeieie e eeeeee e 107
Figure A-3 Raw Kinematics: SUDJECE 3 ... 108
Figure A-4 Raw KinematiCS: SUDJECE 4 ... 109
Figure A-5 Raw Kinematics: SUDJECE 5 .......ueeeeeeeiiiiieeeeeeeieee e eeeeeeeee e 110
Figure B-1 Raw Kinematics: SUDJECE 1 .......ceeeeeieeeeiiiiiiiiiiie e e e e e eeeeeeeee e 112
Figure B-2 Raw KinematicS: SUDJECE 2 ... ieiiieeiiiiiiiiieie e 113
Figure B-3 Raw Kinematics: SUDJECE 3 ... 114
Figure B-4 Raw KinematicS: SUDJECE 4 .......oeeeeeeeeeeeeeiiiese e eeaeeeeee e 115
Figure B-5 Raw kinematics: SUDJECE S .......ceeeeieeeeeeieiiceie e eeeeeeeee e 116
Figure B-6 Raw KinematicS: SUDJECL 6 ... iiiiiiiiiiiiiiiiiiie e 117
Figure B-7 Raw KinematiCS: SUDJECE 7 ... eiieiieeiiiiiiiiiiiie e eeeee e 118
Figure B-8 Raw kinematics: SUDJECE 8 ... eeeeiieeeeeieiiieiee e eeeeeeeee e 119
Figure B-9 Raw kinematics: SUDJECE 9 .......cmeeeeiieeeeeieiiirie e eeeeeee e 120



Vii

Figure B-10 Raw kinematics: SUDJECE 10 .....commeeerriiiiiiiiee e e 121
Figure B-11 Raw kinematics: SUDJECE 11 .....comeeeeeiiiiiieeee e eeeee e 122
Figure B-12 Raw kinematics: SUDJECE 12 ... 123

Figure B-13 Raw kinematics: SUDJECt 13 ... 124



1. Introduction

Gait analysis has become a powerful tool used ibjc@ns to assess the
kinematics and kinetics of patients, both pre- post-operatively, for both rehabilitation
and research purposes. Early lower extremity nsodetd external markers to define a
segmental chain that often defined the foot as@leirigid segment at the end of the
lef*®. These rigid segment representations of theffoletd to recognize the shank-foot
complex as the intricate, multi-joint mechanisnt ihis!®’. As motion capture
technology became commercially available and coerguiocessing speeds increased,
more advanced models were introduced that subdivite foot into multiple segmeffts
19 Over the years, these customized models havedutpted for clinical use, and
standards set for reporting their rediitts Unfortunately, most of the segments defined
by these models were derived not by clinical reheea but by their ability to repeatedly
locate anatomic features that define the segmeéftsle these models are efficient in
reliably and repeatedly tracking marker motion, ititer-segmental joint results they
estimate may lack significant clinical meaning, eleging on the model assumptions,
joint anatomy, and pathology being analyzed.

The subtalar joint (Figure 1-1) is clinically sifjoant in many pathologies
including pes planovalgus and tarsal coalition,l®dause talar position cannot be
tracked via externally mounted skin mark®rén vivo subtalar joint motion cannot be
defined by their use. In fact, all clinically rent multi-segmental foot models using
skin mounted markers combine the talus with attleas additional bone (usually
calcaneus) in a lumped “hindfoot” segment. Hindfiotra-segmental motion is either

not reported or is attributed to a neighboringmsegmental joint. The only way to



guantify and describe true vivo
subtalar joint motion is to define the
talus and calcaneus as individual
segments within the model. This Talocrural Joint
cannot be accurately accomplished

with skin mounted external markers §

The use of intra-cortical bone

Figure 1-1 Hindfoot anatomy. The hindfoot is
mounted markers (markers affixed tcomprised of two articulations. The talocrural

joint defines the motiobetween the talus and
the end of surgically implanted bonetibia while the subtalar joint defines the motion

between the calcaneus and talus.
pins) is one way to distinguish the

bones of the foot. Multiple studies using thistaque have described lower extremity
bony motion in normal adult populatidtts'”. Of these studies, two report talocrural and
subtalar joint motion normalized over stance pttasé though neither include a kinetic
analysis. While intra-cortical bone pin methodaésgappear to circumvent many of the
limitations associated with skin mounted externatker use, their invasive nature and
gait altering potential prevents widespread appboan pathology or pediatrics.
Radiography offers an alternative, non-invasivethoeé to determine the position
of individual bones within the foot. Several exdegpof static foot position radiographs
used for gait analysis appear in the literaturedkbot coronal alignment (calcaneus
relative to tibia), is often determined via staticay in the evaluation and treatment of
pathologic conditiort¥”. The Milwaukee Foot Model (a clinically used ninsigmental
foot model) requires static radiographic imagesraate correction matrices for aligning

marker-based segment orientations to the undertyimy anatom§!. There have even



been studies reporting hindfoot and/or ankle kineraising static radiographic
techniques (fluoroscopy, MRI, C5%Y, but to date there have been no ankle and/or foot

studies in which radiographs were used to quanatyral dynamic gait.

1.1 Statement of Problem

Current foot models, including multi-segmental msdthat use externally
mounted skin markers for lower extremity gait asayaccept known limitations from
skin motion artifact, misplacement errors, anddigggment assumptions. Foot models
that use bone mounted markers, meant to circuntliese errors, are invasive and have
the potential to alter normal gait patterns. Cufrradiographic models reporting gait
kinematics only analyze static foot positions ancdt include dynamics. The purpose
of this study was to determine the feasibility eing fluoroscopy to quantifin vivo

intra-foot kinematics and kinetics of the hindfoloiring stance phase.

1.2 External Marker Based Models

The most frequently used method for measuring humavement involves
attaching markers (passive or active) to the serédche skif?. Multiple markers
(three or more) are positioned to define a bodyrssd, and the collective movement of
these markers is meant to infer a change in posstia/or orientation of the body
segment being analyzed. This requires the syncedicapture of each marker position,
which is typically accomplished through stereoplgodonmetry. Errors associated with

reconstruction of marker position are known asrureentation errors and, if not properly



accounted for, can have a significant impact ond&mumovement analysfs.
Fortunately, these errors can be minimized thrqugiper calibration, filtering, camera
placement and use of redundant markers. The ethans associated with external

marker use are not as easily accounted for.

1.2.1 Skin Motion Artifact

The shifting effect of externally placed markersefation to the underlying
anatomy has long been reported in lower extremiion®. These artifacts are
independently caused by inertial effects, skin defition, and muscle contractioh
Multiple studies have attempted to verify and eat@rthis motion using a diverse
spectrum of techniques including cadaveric, bone g@iternal fixator, and radiographic
methodologied” 23" Cappozzo et al. reported greater trochanterdhepicondyle,
fibula head, and lateral malleolus displacementeéen 10-30 mm using external
fixatord?®.. In a 2D roentgen study by Tranberg et al., tition was quantified and
found to be up to 4.3 mm when placed near the rhedifieolu$®. A recent hindfoot
study used single-plane fluoroscopy and reporiustational soft tissue artifact at the
calcaneus ranging from 5.9 + 7.3 mm at heel stoki2.1 + 0.3 mm at toe-&f. While
the discrepancies between these studies can Hmittt to their methodologies, it is
generally concluded that soft tissue artifact exrotroduced by skin mounted external
marker use are larger than instrumentation erask-tlependent, and not repeatable
among subjects!. Because of the high task variability in softie artifacts among
subjects, it is difficult to define an inter-subjeorrection algorithm that will also

account for the variations associated with pathplog



In light of these difficulties, existing lower egtnity models are unable to correct
for soft tissue artifacts. Thus, the resultingnbéhanical analysis reflects these artifact
errors as they propagate through the kinematicyaisal For large segments like the thigh
and shank, skin motion artifact error is minimizegtause the markers used to define the
segment are placed at greater distances from e¢aeh where the distance between them
preserves their spatial relationships. In mulgreental foot models, however, inter-
marker distances are small, resulting in anglenitefn sensitivity*?. Because this
study’s proposed foot model uses fluoroscopy tineédhalar and calcaneal position, skin

motion artifacts have been eliminated as a soureeror.

1.2.2 Marker Placement Sensitivity

Due to the cyclic nature of the gait cycle, trmkiial inter-segmental dynamics
have fairly low variability once external markers @laced on a subject. This low intra-
subject kinematic variability was first quantifiadd reported by Kadaba et al. as
“within-day” repeatabilitf*®. Kadaba also reported intra-subject “between-day”
repeatability that was always lower than “withingtland attributed to “uncertainties in
the reapplication of markers on successive di¥is’Although great care is taken when
placing markers on palpable anatomic landmarksplacements are inevitable. Della
Croce et al. attributed these misplacements te@thrain factors: (1) anatomic landmarks
are surfaces, not points, which can be large aedutar in shape; (2) landmarks are
covered by a soft tissue layer of variable thicknmsd composition; and (3) anatomic
location identification depends on palpation prared?. Because the anatomic

locations associated with foot models (e.g., méllewetatarsal heads) are generally



more superficial than other landmarks used ingaatlysis (e.g., iliac spine, greater
trochanter) the misplacement error is minimizeceksjite this, foot intra and inter-
examiner precision (RMS distance from the meantipogivalues as high as 10.3 and
21.5 mm respectively have been repdfféd

Similar to the displacement errors associated sothtissue artifact,
misplacement errors influence the position of laardinate frames which propagate
through the kinematic model and are reflected enrédported analysis. Because of the
non-linear dependency between reported kinematidsaaatomic locations, the effects
of misplacements are unpredictaffle Empirical quantifications of errors associated
with marker misplacement are difficult to identdynong other error sources (soft tissue
artifact/instrumentation), though most multi-segtaéfoot models are vetted for
repeatability where the only variation tested iskeaplacement (both intra and inter-
examiner). In a four-segmental foot model develiope Carson et al., inter-segmental
angles as high as 6° and 6.5° were reported fer-ohty repeatability and inter-tester
repeatability, respectively (using 95% confidentervals)’. In a similar study applied
to a five-segmental foot model Caravaggi et aloreppaveraged variability as high as
11.4° and 11.5° for different day and examiner eﬂa@leilit)}%]. In general, joint angle
sensitivity to variations in local coordinate systposition (derived from marker
placement) have been shown to be higher amongstigleundergo small variatidifs
Because of this, foot models are especially sugadepd kinematic variations due to
marker misplacement. The proposed foot model avibidse misplacement errors by not

using external markers to define the calcaneadlar tocal coordinate systems.



1.2.3 Rigid Segment Assumption

Any skin mounted external marker based multi-sedaidoot model that defines
multiple bones as a single rigid segment is makilegassumption that the bones do not
move with respect to one another. Any violationha rigid body assumption results in
overestimated inter-segmental motion or unreparigd-segmental motion. Verifying
the rigid body assumption is difficult, as the noatblogies required are beyond the use
of external markers. Determining the motion betwienes is the only way to confirm
or refute the rigid body assumption. Cadaver sidre useful in determining and
quantifying the motion between bof&s but it is difficult to ascertain from these stesi
if the motion observed would arise during naturalght-bearing gait. There have been
in vitro bone pin studies reporting kinematics in which vadia feet were attached to
walking simulator§® 2% Three of these studies report on the validitthefrigid body
assumptions by multi-segmental foot motfé1£% “° Nester et al. measured the
kinematics of 22 anatomical foot joints and coneldithat many of the rigid body models
used to reporiin vivokinematics may fail to capture the site of artitiola>®'. In a later
study, Nester et al. reported specifically on tirereassociated with rigid body violations
of mid and forefoot segments and concluded thaietivas clear evidence of how
different bone groupings influenced a segment'skiatic'”. In a similar study on ten
cadaveric feet, Okita et al. reported statisticaignificant segment angular deviations
compared to the underlying bone for both the hintlémd forefoot segmeitd. These
studies would suggest that rigid body assumptioadaing violated in current multi-
segmental foot models that group bones togethsegments which are assumed to be

rigid.



The only way to correct for rigidity violations wiih a multi-bone segment via
external markers is to subdivide the segment furtBefining a segment requires the
placement of three non-collinear markers, but asdlsegments become smaller and
smaller, or deeper within the foot (lacking palgalaindmarks), finding locations to place
three non-collinear markers becomes increasindficdit. In light of these difficulties,
current multi-segmental models using externallg@thskin markers struggle in
deviating from the rigid body assumptions that hbeen shown to contain error. The
four most commonly reported multi-segmental footels subdivide the shank/foot
complex among four and nine rigid segments. lolhese models, at least three
segments are composed of multiple b8f€s Because of the fluoroscopic nature of the
proposed study, the foot can be divided into irdiral bone segments, eliminating the

need to make rigidity assumptions between bones.

1.3Bone Marker Based Models

Bone marker based multi-segmental foot models pik@nt the known errors
associated with external markers by surgicallychiteg markers directly to the bone.
This eliminates errors associated with skin mo#difact and marker misplacements as
no external markers are directly attached to the sk addition, assumed rigidity
between bones is avoided as each bone can defiaeit segment. Many studies appear
in the literature quantifying and reiterating thethodological differences between bone
pin and skin markef$*". While there are obvious advantages to directgasnring
bony motion via intra-cortical pins, their invasinature and gait altering potential

prevent widespread clinical use.



1.3.1 Invasive Nature

Insertion of intra-cortical pins requires the asgise of an experienced
orthopaedic surgeon and is done under sterile tipgreondition§ ¥, Local
anesthesia is used and care must be taken to menids and blood vesséfg+ 17}
After pin removal, subjects are given antibioticsl@r pain medicatidtt** 1! and
some methodologies describe suturing of skin ino&i”. While none of the studies
report clinical complications, they all report sedtj pain and/or walking with a limp up to
one week post analy§is** "1 While these methodologies were approved forarese
purposes on healthy male subjects, there is yet @ bone pin study of the female foot,
or based on the pediatric or pathologic foot. Gteently proposed fluoroscopic study
methods are non-invasive and achieve the same godlsne marker based systems

without the need for an invasive procedure.

1.3.2 Gait Pattern Alteration

Perhaps more concerning than the invasive natupersé marker methods is their
reported potential to alter gait. In a 2007 studgster et al. compared the stance time,
ground reaction forces, and tibial kinematics betwskin mounted, plate mounted
(markers attached to plates mounted onto the skimd) bone anchored markers on six
subject§®. Three statistically significant intra-subjecffeliences in stance times were
reported, and all were associated with bone imptant (one bone vs. skin, two bone vs.
plate). For the seven ground reaction force par@meneasured, 24 statistically

significant intra-subject differences were repoyted of which were associated with bone
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pins (eleven bone vs. skin, six bone vs. plate)d Anally, the intra-subject difference in
range of tibial motion in the major planes wasistigally different in 25 instances.
Eighteen of these were associated with bone pemshidne vs. skin, eight bone vs. plate).
While it cannot be inferred from the results theg implantation process was the cause of
the reported differences, it was the only methoglphith invasive procedures. In
addition to the reported differences, the methddaast bone marker based studies
contain a period of time for subjects to acclintatevalking with markers implanted prior
to testing***". This designated period implies that normal bait been altered in some
way through the marker implantation process, bathmrestored after an adjustment
period. Artifact errors associated with skin mashéxternal markers prevent
guantification of the kinematic deviation from niatluigait caused by pin insertion.
Advances in radiographic models may be the keyeasuring this deviation, if it exists.
In addition to the potential for directly alteringtural gait, bone pin positions
may be affected by soft tissue artifacts as walithors have reported an uncertainty as
to whether the protruding pins have an anchorifecebn surrounding skitf!, but
methodologies describing the extension of incisiams skin no longer restricts pin
motiort*¥! suggest that if care is not taken, skin can affecie pin position. Because the
current methodology does not require the invasigerition of any device to define

hindfoot segments, gait pattern alterations ofking are avoided.

1.4Fluoroscopic Models

Dynamic radiography has emerged as another posshlgon to the problems

associated with skin mounted external marker basdtd-segmental foot models. A
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dynamic radiographic method, such as fluoroscolbgwa for the collection of
radiographic images during dynamic motion. Numerstudies using this technology to
characterize knee kinematics appear in the lite#atid®, and the knee joint has received
the most attention using this technology to H8teThe application of dynamic
radiography on the foot and ankle has proved chgilhgy for multiple reasons and it does

present the added challenge of ionizing radiation.

1.4.1 Anatomic Limitations

Quantifying bony kinematics via radiographic imagas be difficult, as bones
have smooth, rounded contours making feature detedifficult!*”). The foot
specifically is problematic because it involves muous bones which overlap each other
when viewed radiographicalf$, making the selection of a single view to capftse
motion difficult. A transverse view may be apptiape for isolating the motion of the
cuboid, navicular, and cuneiforms, but the tibéd$ and calcaneus would be stacked on
top of each other in the radiograph, making itidifft to identify anatomic points of
interest. Compounded with the difficulty in selagta suitable view is the contralateral
foot swinging through the field of view during métiance. It is noted in the literature,
however, that lateral projections would show thest@nd calcaneus cledff}}, and may

be appropriate for quantifying hindfoot sagittedmp kinematics.
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1.4.2 Fluoroscopic Technology

The use of fluoroscopy on the foot during natueat gould require construction
of robust walking platforms, as commercially aviBiéafluoroscopy units are nearly
impossible to use at ground 18] Commercial fluoroscopic systems are C-arm in
nature, with emitters mechanically and electromycithered to image intensifiers.
These C-arm systems capture motion in a small éeldew, and obviate recording of
natural motions such as d&it Most C-arm systems sample at 25*Azmaking the
accurate acquisition of high speed motion impossilflluoroscopic images also suffer
from ‘pin-cushioning’ effects which must be corretttfor to ensure accurate linear
tracking. This is typically done using polynomiahctions which measure the distortion
of a uniform marker array attached to the imagerisifier surfacé®>*". Most of these
limitations can be accounted for, as is done inréperted knee studies.

The use of ionizing radiation is also of concerrewlising fluoroscopy, though it
poses a low radiation hazard to the patféntEffective dose is a measure of the risk to
the whole body due to ionizing radiation exposed-oniformly to the body. Organs
have different weighting factors when computingefive dose. A typical fluoroscopic
protocol of 20 seconds exposes the patient to &B@uiSv of radiatidf’’. Because the
stance phase of gait in normal subjects occursrwmiesecond, 80 uSv would be the
effective dose of approximately 20 stance phasalyzed, or four uSv/trial. Eighty uSv
exposure is approximately equivalent to the sotgosure during a 12 hour flight from
London to Toky&Y, and according to the USNRC (United States NudRemulatory

Commission), whole body annual occupational lirais 5 rems (50,000 pSv).
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1.4.3 Foot and Ankle Fluoroscopy

While the difficulties involved with using fluorospy on the foot and ankle are
recognized, they are being overcome and thereocane mited reports of its use in the
literature. The first pioneering study using flascopy on foot biomechanics was done
by Green et al. in 1978, Fluoroscopic images were captured on 16 mm dihu
anatomic bony motion (non-quantitative) was desctibs subjects moved their foot
from maximal pronation to maximal supinafidh Since the work of Green et al., there
have been several studies measuring both the a&Sedur*>") and soft tissyg %
characteristics of the foot and ankle. Of the bfdmgroscopic studies, two describe
ankle joint kinematics associated with gait. 2080 study by Komistek et al., sagittal
plane ankle kinematics were reported for ten subjeetween static dorsiflexion and
static plantar flexion positioffs. Because of the static nature of the study metiony,
only ranges of motion could be reported. In albiRpr (dual-orthogonal fluoroscopy)
study by de Asla et al., talocrural, subtalar, albidcaneal (calcaneus with respect to
tibia) kinematics were reported among three stadgitions (heel strike, mid-stance, and
toe-offf*%. Similar to the Komistek et al. study, staticitiosing of the foot limits de
Asla’s reported results to ranges of motion. Wittikese studies are valuable first steps,
kinematics should be determined from foot positidesved with the subject walking at
a freely selected pace in order to capture alkti#leties associated with gait. In the
currently proposed study subjects are instructedai®& naturally, and kinematics are

reported the entire time the foot is within theoflascopic field of view.
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1.5Hindfoot Specific Modeling

Hindfoot motion is typically defined as that betwehe calcaneus and tibia,
anatomically encompassed by two articulations. takecrural joint defines the motion
between the talus and tibia while the subtalartjdefines the motion between the
calcaneus and talus (Figure 1-1). A clear undedstg of these articulations is critical in
diagnosing/treating foot pathologi€®¥, designing ankle prosthesis/implafits”, and
describing gait abnormalities. Recent literatwafems that quantifying the individual

and combined motions of the talocrural and subfalats is a challenging ta$k ™.

1.5.1 Axes of Motion

The talocrural and subtalar joints work in unisomptovide a smooth transfer of
ground reaction forces to the rest of the bodye 3équence of events required to
achieve this smooth transition are quite complekraquire an understanding of each
joint. Conceptually, it is easiest to considertbitte talocrural and subtalar joint motion
occurring about fixed axes, but neither axis igytfixed. In a cadaver study conducted
by Inman, the angle between an empirical axis eftétocrural joint and the midline of
the tibia in the coronal plane was measured insg&timens, and found to be 82.7° +
3.7° (medial sidé§". In the transverse plane, the talocrural joinaisrally and
posteriorly directed 20-36%. This axis can be reasonably represented by ctingehe
ends of the two malleoli. The obliquity of thedalural axis results in the foot internally
rotating when plantarflexed, and externally rotgtivhen dorsiflexed. During the stance

phase of gait, when the foot is static, this isepbsd as an external tibial rotation during
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plantar flexion, and an internal tibial rotationrihg dorsiflexiof®. These articulations
are independent of subtalar motih

The subtalar axis is described by an inclinatiogl@from the horizontal plane,
and a deviation angle measured from the transygase to the midline of the fo&t".
Several early studies quantified the angle of mation around 42° and the angle of
deviation between 16-23°, depending on the dedinitif the midline of the fobt"". It
is also noted in the literature that some of theadity in subtalar axis location is
accounted for by variations in foot type (pronatsmpinationy?. Difficulties in tracking
bones, such as the talus, make quantification liadar motion during gait
challenging®, but early studies noted initial pronation follaiey supination towards

the end of stan&g "8l

1.5.2 Kinematic Methodologies

Investigators initially modeled both the talocruaald subtalar joints as simple
fixed hinges, and used various methodologies tatéand describe their orientatiBhs
73.74. 78801 Multiple subsequent studies have demonstraisdagisumption to be
invalid®®” 883 |n an eight subjedh vivostudy, Lundberg et al. concluded the non-
uniform pattern of rotation in the talocrural jointlicated a shift in joint axis positi6iH.

In a 15 specimem vitro study on both talocrural and subtalar motion, [Bieet al.
concluded that neither the talocrural nor subtaiat act as fixed ax&s!. With the
advancement of more sophisticated 3D modeling igales, the hinge joint assumptions
have been eliminated, but differing opinions &iIst as how to best model the talocrural

and subtalar joints.
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The current methodologies used to model hindfodianare the Euler angle
method, the Joint Coordinate System (JCS) methudlttee helical axis method. Studies
using the Euler angle method to describe hindfoation®* ** 8* 8kequire definition of
three orthogonal axes for both the proximal anthdisones of interest. Because angular
motion is defined about these fixed axes, rotascsequence dependéft and care
must be taken when using them. The Euler angléodetlso requires the addition of a
position vector to estimate translations, as dtrily capable of rotational descriptiétis
A modified Euler angle method known as the JCS otktbeveloped by Grood and
Suntay, uses non-orthogonal axes to define joiotdinate systems, is sequence
independent, and accounts for both rotational eamstational movemefitl. The JCS
method was adopted by the International Socie®iamechanics (ISB) as the standard
for reporting joint kinemati¢%’, and several studies using this methodology tatifya
hindfoot motion appear in the literatffe®” 8% The JCS method is quite useful in
describing joint kinematics, but the non-orthogagalf axes can present a serious
problem when joint forces and moments are to berdgted*. The final method for
determining joint kinematics is the helical axisthe&l. This method describes the
movement between bones as the rotation about anslation along a unique aXf
Several examples of its use in hindfoot motion apfrethe literaturg? 13 17 67. 69,88, 89,
93961 While the helical axis method is capable of antimg for both rotational and
translational movement between bones, the parasnaterdifficult to interpret clinically,
and may be less useful in describing joint kineos4f].

In a recent study by Choisne et al., the three auslior determining joint

kinematics (Euler, JCS, and helical axis) were stigated for detecting subtalar and
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ankle joint instabilitf’®. The study concluded that both the Euler angte S methods
led to the same conclusions in detecting instgbititit the helical axis method was only
suitable for detection of plantar/dorsiflexion isiity at the talocrural joint, and
inversion/eversion at the subtalar j&ifit(the major motions associated with these
joints). Because the JCS method is ISB recomméHethd the results easily

interpreted, it was used for the current study.

1.6 Kinetic Modeling

Lower extremity kinematics are used to quantitdyiassess the segmental
motion associated with activity. Kinetic analysigolves the forces associated with
loadbearing and inertial motion of limbs, and ifohd in understanding why deviations
are occurrin®. An understanding of both kinematics and kineosssential in the
comprehension of gait abnormaliff@d, but kinetic results are limited in multi-
segmental foot models due to force measuremenmtotests'®? 1°?and inherent
modeling assumptions. Given the results of modetchniques such as intra-cortical
bone pin and dynamic radiography, which are capattividing the foot into its
individual bones, attempts should be made at estiméhe inter-segmental dynamics.

None of the aforementioned bone pin or radiograptodels include kinetic analysis.

1.6.1 Force Measurement Technology

The ability to accurately measure ground reactayoes (normal and shear) under

discrete subareas of the foot is critical in theali@oment of kinetic multi-segmental foot
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models, and can improve our understanding of fadtankle functiof®.
Unfortunately, traditional force platforms are oclpable of reporting a single resultant
force vector and its locH8®. Several researchers have developed miniatuterous
sensors® %! and even custom built transducer arf4ys°"!suitable for measuring
normal and shear forces under foot subareas, batngocommercially available has
been developed. Plantar pressure mats measuieal/pressure only and are incapable
of determining shear contributidH$’. In light of these difficulties, a limited numbef
investigators have explored methods to discretinargl reaction forces using
commercially available technology. Scott and Wisiteovered subjects’ feet with
carpenter’s chalk and used the superposition dreétargeted trials on a miniature force
platform to estimate ground reaction forces at seliferent loading sites under the
footl'®]. This method was admittedly time consuming byatthors, and required
laborious measurement over many trials. Otherstigators used pressure mats in
conjunction with standard force platforms to prdjmmally estimate subarea for€e&®!
While these methods are less arduous, concernghmieaccuracy exist’ 1% More
recent investigators have used adjacent platforrdgargeted trials in which part of the
foot is in contact with each platform during stdifte This approach limits the number
of subareas being analyzed to two, and may notdipal for pathologic patients
unable to perform targeted walking.

The proposed fluoroscopic system uses a single foletform and ground
reaction forces were measured under the entirecfatectively. This method allows for

an isolated kinetic analysis from heel strike tlylodoot flat as the calcaneal segment is
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the only segment in contact with the force platfauning this time. After foot flat

occurs, all force contributions are assumed t@macdhe calcaneal segment.

1.6.2 Body Segment Parameters

In conjunction with ground reaction force data, psdgment parameters are used
to determine intersegmental forces and momenigioglinverse dynamics. These body
segment parameters include mass, center of mass, lmed mass moments of inertia. A
variety of methodologies exist for measuring thesemeters. Some investigators make
estimations by modeling body segments as geomstape's'®. Other models are based
on cadaveric speciméfie' ' orin vivomass scanning techniqifé*®

There is no consensus in the literature on theenite these estimated parameters
have on reported kinetics during gait. Some ingasirs suggest they cannot be ignored,
and can lead to significant variations in repodgdamic§*® '*"! Others minimize the
effect misestimating these parameters can havénetikresult§*8??! |nterestingly,
authors from both groups suggest body segment gaeasmat the ankle joint play little
role during stance phase. Ganley and Powers ra®MSE (root mean square error) of
0.005 for stance phase ankle kinetics when comgawo different body segment
parameter methods in which foot mass and mass ntavharertia differed by over
35%™8. |n a similar study by Rao et al., the role oflpsegment parameters from six
different models on gait inverse dynamics was arel}'”. In Rao’s study, the largest
difference in body segment parameters among madelsred at the foot (42.84 +
16.77%), but accounted for less than 1% of mean SRibrmalized root mean square)

moment at the ankle during stance pHa8e Several additional authors have suggested
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that lower extremity kinetics are dominated by grdueaction forces, and body inertial
effects play a minimal rof&® 2% 21 part of the current study aims are to deterrtiire
role talar and calcaneal body segment parameteesdratalocrural and subtalar joint

kinetics during the stance phase of gait.

1.7 Hypotheses and Specific Aims

The purpose of this study was to determine thebigig of using fluoroscopy to
guantifyin vivointra-foot dynamics of the hindfoot during stantage. Itis
hypothesized that:

1. Fluoroscopic sagittal plane dynamics of the talcadrand subtalar joints during
barefoot stance are similar to those reported ustingr approaches (external skin
marker, bone pin).

2. Talocrural and subtalar sagittal plane kineticscamminated by ground reaction
forces, rather than talar and calcaneal body segpsgameters.

3. Fluoroscopic sagittal plane kinematics of the talcal and subtalar joints during

stance are different in barefoot and toe-only rockaditions.

In order to validate the above hypotheses, theviotlg specific aims were
accomplished:
1. Develop a safe, portable single gantry fluoroscayistem capable of capturing
gait dynamics during stance in normal adult subject
2. Synchronize a multi-camera video motion analysistesy with the fluoroscopic

system.
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. Synchronize a multi-axis force platform with thedtoscopic system.

. Calibrate and quantitatively evaluate the combisystems.

Develop a biomechanical model of the hindfoot &dot¢rural and subtalar sagittal
plane dynamics.

Investigate the kinematic model sensitivity.

Investigate the role of talar and calcaneal bodyrsnt parameters on talocrural
and subtalar joint sagittal plane kinetics during $tance phase of gait.

. Characterize the sagittal plane hindfoot kinemattsa population of normal
adult subjects when walking barefoot.

. Characterize the sagittal plane hindfoot kinemattsa population of normal

adult subjects when walking with toe-only rockethopaedic shoes.

10.Compare and contrast sagittal plane hindfoot kine®an the normal adult when

barefoot and wearing a toe-only rocker orthopashae.
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2. A Mode for Assessment of In vivo Hindfoot Motion During Gait

Fluoroscopic technology allows the direct visuaima of underlying bony
anatomy during gait, and circumvents the knownthtions in skin mounted external
marker multi-segmental foot models (skin motiorifact, marker misplacement
sensitivity, rigid body assumption). This studfraduces a fluoroscopic foot model
suitable for assessmentinfvivo hindfoot dynamics during gait. Sagittal planetalral
and subtalar kinematics of five healthy subjec&&2 4 years, 72.57 £ 4.1 kg, 177.3 £
4.1 cm), and the kinetics of one subject (25 ye@ifsl3 kg, 180.34 cm) are reported.
Minimum and maximum talocrural plantar flexion ashatsiflexion occur at 12% cycle
and 84% cycle respectively, with magnitudes of 1amd -8.4° respectively (ROM =
20.1°). Minimum and maximum subtalar plantar ftexand dorsiflexion occur at 96%
cycle and 30% cycle respectively, with magnitude4.9° and -4.4° (ROM = 9.3°).
Kinematic results compare favorably with reportetia-cortical bone pin studies.
Minimum and maximum talocrural moments occur at@ptle and 80% cycle
respectively, with magnitudes of -0.32 and 1.32 kign/Minimum and maximum
subtalar moments occur at 6% cycle and 81% cyslge@ively, with magnitudes of
-0.36 and 1.36 Nm/kg. Kinetic values are simitaother reported ankle/hindfoot

moments.

2.1Introduction

Gait analysis has become a powerful tool used injc@ns to assess the

kinematics and kinetics of patients, pre- and pp&ratively, for both rehabilitation and
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research purposes. Historically, most of the n®dsé&d by clinicians describe the lower
extremity as a system of rigid segments with skounted external markers, whose most

distal segment is a rigid representation of theefivot ™!

. Arigid body assumption of
the foot fails to take into account the known maudiculations, and can lead to errors
regarding ankle and subtalar joint biomechanigseeslly when applied to the deformed
foot 1?2123 Because of limitations associated with a simigjiel representation of the
entire foot, several multi-segmental models havenlmeveloped that divide the foot
from anywhere among two and nine segm&ntd® 1241281 \while dividing the foot into
multiple segments via external skin markers allfovdhe biomechanical analysis of the
major joints within the foot, doing so also intr@@s concerns about skin motion artifact,
marker misplacement errors, and the continued prolaf movement within an assumed
to be rigid segment.

In the last two decades fluoroscopy has emergednasans for directly
visualizing the movement or position of the undierdyfoot anatomy?®: > 861 127, 128]
The first 2D static kinematic model of the foot éd®on fluoroscopically collected
images was done by Komistek et al. in 2680 The study measured the range of motion
of ten ankles in the sagittal plane between twbcspmsitions (maximum
flexion/extension). The first 3D static kinematiodel of the hindfoot using
fluoroscopic images was done by de Asla et al0g62*”. The model used MRI
techniques to create a 3D model of the tibia, &btdlus, and calcaneus. The
fluoroscopic images were used to place the 3D nsadeghe same orientations as seen by

the fluoroscopic images. Coordinate systems wezated for the bones and a kinematic

analysis between different orientations was comeglefThe major drawbacks of de
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Asla’s study were the limited scope of gait studiealy heel strike, mid-stance, and toe-
off were analyzed), the static nature of the analf@ibjects stopped moving while the
fluoroscopic images were taken), and the limitabbthe analysis to kinematics only.
The purpose of this study was to develop the tegles needed to collect and
analyzen vivo hindfoot dynamics using fluoroscopy. The devetbfieoroscopic
system (FS) was designed to capture data as ssiliyatited at a natural, self-selected
pace. The planar fluoroscopic images obtained fitwersystem were corrected for foot
progression angle and used to determine talocamclkubtalar dynamic components in
the sagittal plane. A standard force plate was ts@neasure ground reaction force
information for the kinetic model. Results werengared to invasive implant

studie&? 4.

2.2 Materials and Methods

2.2.1 System Configuration

The system was set up so that marker motion datapscopic images, and
ground reaction force (GRF) data could be colleatesinchrony. The motion analysis
system (MAS) consisted of 14 infra-red camerasNiMotion Systems, Inc., Lake
Forest, CA). ) that tracked standard 16 mm mark&ree fluoroscopic images were
collected at 120 fps using a Basler Aviator avAld@@amera (Basler Vision
Technologies, Ahrensburg, Germany), XCAP imagintwsoe (XCAPTM, Buffalo
Grove, IL), and a reconfigured OEC 9000 C-arm fasaopy unit (GE, Fairfield, CT).

During fluoroscopic data collection, radiation l&ssearied from 90-100 kVp, and 0.5-1.7
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mA depending on patient-specific image quality ge@é. GRF data was collected using
a multi-axis AMTI OR6-5-1 force plate (AMTI, Wates/n, MA) embedded in a raised
walkway. All data processing was done in MATLABIorageJ.

Figure 2-1 illustrates the system configuratiome FS was reconfigured so that
the emitter and image intensifier (II) were no lengttached and could be set on

opposite sides of the walkway. Ir

order to maximize the size and
resolution of the foot in the
collected images, as well as the
size of the capture volume, the
emitter collimator plates were
altered so that the distance

between the emitter and Il could

. Global X
be increased to 32”. The Il was '
Force Plate
set parallel to the embedded
Image
Intensifier
AMTI force plate (global XZ Emitter ——
plane), and positioned to capture
heel strike and as much of stance
Global Y < ©
i . Global Origin
phase as possible. Subjects

Figure 2-1 System configuratian Embedded forc
plate with global coordinate system, emitter, image
intensifier (l1), and camera (behind ).

walked along the global X

direction.
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2.2.2 System Synchronization

The fluoroscopic images were synchronized to theSMi&ing a five volt TTL
pulse. The pulse was generated by the fluorosaofywhen activated, and sent to a
relay circuit where the output voltage and curtenéls were reduced to acceptable
levels for a computer's GPI (~3.3 volts, 200mA).isTlower voltage was then inputted
into the Vicon MX motion system as an external devanalog signal, as well as the GPI
of the computer with the XCAP imaging software, vehit was used to trigger the
recording of images. Code was written to analyme guantify the number of frames
between the five volt TTL trigger and force platgieation (heel strike). This number
corresponded to the number of images collecteddiampically before heel strike
occurred. High acceleration tests with an impastick were completed to ensure

reliable detection of heel strike (+ 1 frame at 12€).

2.2.3 Image Construction

The characteristic pin cushion distortion of thevdls mathematically corrected
using a standard grid as defined by Karau Bf'alThe correction algorithm determined
the coefficients required to alter the image sielt the calibration markers were at the
same pixel distance in the calibration grid imagese coefficients were used to correct

all collected fluoroscopic images in the procesgihgse of data analysis.
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2.2.4 Global Referencing

Global referencing was used in the system desigtida for coincident
identification of fluoroscopic points of interes well as external skin markers.
Equations 2.1-2.3 (Table 2.1) were used to tra@glaint of interest (POI) locations in

image coordinates (POIx’, POIz’)

to POl locations in global

coordinates (POIX, POIY, POIZ)

- , 3 ixel
within the foot progression plane i,,.}ppm = ;’Sffn; -

(vertical plane defined by subject

foot progression angle). Figure 2- (POLX, POIZ) ®

shows a typical fluoroscopic image
with parameters identified. In orde

to validate the use of Equations 2.!

2.3, experiments were done to  rjgyre 2-2 Typical fluoroscopic image. PO

. locations are translated from image coordinates
guantify the error between globally(pOb(,, POIZ’) to global (POIX, POIY, POIZ)

o _using an external marker’s image (Hx’, Hz’) and

referenced points in fluoroscopic  gohal (HX, HY, HZ) coordinate locations, as w
) , as the image pixels per millimeter (ppm)
images and their known global  magnification, subject foot progression angle (

, , calculated from external markers), and the
locations (Section 2.3.1). camera’s angular rotation from globg).(
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Table 2.1 Equations used for global referencing.

POIX = HX +

POIx' — Hx' POIz' — HZ'|
——— | cos @ + [———|sinf (Eq. 2.1)
ppm ppm

POIx' — Hx' POIz' — HZ'
POlY = HY + ||——|cosf + | ———

ppm ppm

lsin 9] tan 8 (Eq. 2.2)

POIx' — Hx' POIz' — HZ'
POIZ =HZ + |- |————|sinf0 + [——— | cos @

ppm ppm (Eq.23)

2.2.5 Kinematic Model

The model analyzes talocrural and subtalar joinékiatics, and therefore
requires local coordinate systems to be definedhi®@tibia, talus and calcaneus. The
tibia coordinate system is defined by external reeslas it remains outside the Il field of

view for much of stance phase. The

talus and calcaneus coordinate
systems are defined by virtual
markers. Virtual markers are
locations on fluoroscopic images tha
have been translated from image

coordinates to global coordinates

using global referencing (Table 2.1)
Each bone (talus and calcaneus)

requires two virtual markers to defin®
Figure 2-3 Virtual marker locations. V1 and V2
its local coordinate system i-axis. represent typical virtual marker locations for the
talus, while V3 and V4 represent typical virtual
The locations on each bone used tomarker locations for the calcaneus.
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derive the virtual markers needs to remain condtante to frame so that i-axes are
always defined using the same virtual marker loceti Figure 2-3 illustrates examples
of virtual marker locations on the talus and catzem After virtual marker locations are
translated to global coordinates via global refeieg, they are used in conjunction with
external skin marker locations (Table 2.2) to detfine local coordinate axes of the tibia,

talus and calcaneus coordinate systems (Table 2.3).

Table 2.2 External marker locations. Markers M1 and M2 ageduto define the foot
progression anglgs) in Equation 2.2. Markers M3-M6 are used to define axes of the
tibial coordinate system.

Marker Name Marker Location
M1 Calcaneal tuberosity
M2 Head of the % metatarsal
M3 Medial malleolus
M4 Lateral malleolus
M5 Medial femoral epicondyle
M6 Lateral femoral epicondyle

Table 2.3 Segment coordinate system axes definition. Vinwatkers have prefix V,
external markers have prefix M. All marker locasqvirtual and external) are defined
in global coordinates.

Segment i-axis j-axis k-axis
Calcaneus M (Kaxis X Laxis) (iaxis X (0,0,1))
|(V3 —V4)| | (kaxis X laxis)| |Gaxis % (0,0,1))]

Talus M (Kaxis X Laxis) (iaxis X (0,0,1))
|(V1-V2)| | (kaxis X laxis)| |Glaxis % (0,0,1))]

(MS +M6) (M3 + M) (<M3 - (24 M4)> x i,m-s>

Tibia ‘<(M5 + M6) _ (M3 ! M4)>‘ ‘(<M3 _ (M)) X iaxis)

(iaxis X jaxis)
I(iaxis X jaxis)l
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After local coordinate definition, kinematic anal/ss completed by using the
Joint Coordinate System method, and motion is tegdaas distal segment movement
with respect to proxim8&F®. In addition to the dynamic images collected, rtfadel is
applied to a static x-ray image with the subjeahdtng in single limb support with their
foot placed at the same progression angle obseweadg dynamic data collection and
the same virtual marker locations used. This r#edo quantify the angles between
segment coordinate systems during quiet standiingse measured angles during quiet
standing are used for clinical reference and regmtaseutral position for reported

kinematics.

2.2.6 Kinematic Model Sensitivity

The virtual marker locations used to define tafad ealcaneal local coordinate
system i-axes are subject-unique, and chosen ddatagprocessing. Specific anatomic
locations were not chosen so the model could bbeabiw a wider range of pathologies
in which model defined anatomic locations may retlkearly visible in lateral view
fluoroscopic images. The only requirement in dedgcvirtual marker locations is that
the locale selected be identifiable in the entyeainic fluoroscopic image sequence and
the corresponding lateral view static x-ray. Imgl, virtual markers should be selected
as far apart as possible. This increase in distaguces the sensitivity in angular
definition, and is similarly described for extermairker model§®®. Because the
proposed model uses subject specific virtual madaations and quiet standing defines

neutral joint angles, comparable kinematic ressiitsuld be obtained when different POI
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locations are used as virtual markers. Experimeste conducted to verify this

empirically (Section 2.3.3).

2.2.7 Kinetic Model

GRF data was collected using an AMTI force plabel standard center of
pressure equations were used to describe theaesudiaction force vector in global
coordinates. After foot flat occurs and multipntact points exist between the force
plate and the foot, GRF contributions distal todhkaneal segment are included in
estimating the force acting upon the calcaneal segnBoth the talocrural and subtalar
joint locations were calculated for each framendéiiest using global referencing (Table
2.1). Talus and calcaneus centroids, from thel@@rdscopic images, were used to
define origins of segment masses (as opposed teraamass locations). Centroid
locations were determined by outlining each bona single static x-ray image and then
using an ImageJ plugin (BoneJ) which outputted2lbecentroid pixel locations. In this
static x-ray image, relationships of the each b®rehtroid location and the virtual
marker locations used to track the bone were alestd used to mathematically

determine the dynamic centroid location){ dynamic images as described in:
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C;=Vy+ D(R,il+ R,D) (Eq. 2.4)
where (for the calcaneal segment),

Vd = V3d
D == |V3d - V4d|

R — V35 — Pl
173, — V4

|Cs_Ps| " Cszr_Pszr
IVBS_V4S| |Cszl_Pszr|

R2=

V4, — V3,
D

L

e d denotes points in dynamic images,

9%
Il

<
Il

e s denotes points in the static x-ray image, and

e 7' denotes the z-component of a point’s (x’, z¥gdicoordinates

Points G, V34, V4q, C,, V35, V4, and R for a typical static x-ray and dynamic
fluoroscopic image are illustrated in Figure 28imilar equations were used to
determine the dynamic talar centroid location Iplaeing point V3 with V1 and V4 with
V2 (Eq. 2.4). These centroid pixel locations wigren translated to global coordinates
using global referencing (Table 2.1) and becametlggns of segment masses in the
kinetic analysis. The masses themselves werendieted using a ratio of the area of the
bone of interest to the area of the entire bony fvom talus to distal phalanges) in the

static x-ray. This value was then scaled by 1.B%4'** to estimate segment mass.
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The mass estimation includes soft tissue weigtiteasame ratio as soft tissue to the
entire foot. Table 2.4 shows the estimated mag®thf the talus and calcaneus for a
typical subject.

The final step before
analyzing the hindfoot kinetically
was estimating the mass moments

inertia for the talus and calcaneus.

Each bone was modeled as a
cylinder whose centroid coincided
with the segment centroid, and
whose cylindrical axis coincided
with the local segment i-axis. The
length of each cylinder was

determined by measuring each bo

Figure 2-4 Calcaneal segment centroid locus.
Locus G in a dynamic fluoroscopic image (top)
was calculated from various points as described
_ o . in Equation 2.4. Bs the locus on line segment
Figure 2-2). The cylindrical radius V3.V4, where a line through locussC
perpendicularly interseci&3,V4. in a static x-

ray image (bottom).

using pixel locations and the

magnification of the image (ppm in

was determined by the relationship
between mass, volume and density,

where segment density was assumed to be equivtalererall foot density, was subject
specific, and calculated per Contini’'s methdd Once the mass, length and radius of

each cylinder was determined, mass moments ofangere calculated using standard



34

cylinder equations. Table 2.4 shows the estimatasls moments of inertia for both the

talus and calcaneus for a typical subject.

Table 2.4 Body segment parameters.

Mass Mass Moment of Inertia (0
Segment Int/Ext Abd/Add FIX/Ext
kg kg*n? kg*n? kg*n?
Talus 0.12 0.2782 0.7685 0.7685
Calcaneus 0.20 0.5550 1.9590 1.9590

Linear mass accelerations were determined usirgpomt numerical
differentiation. Euler angles were used to defiagment angular velocities and
accelerations, which were in turn used to estimb#age in segment angular momentum.
Residual moments were calculated for the distaingeq to the joint by determining the
forces acting on the segment and multiplying thenthie moment arm’s they acted upon.

The kinetic model followed the method of Vaughaalét?®.

2.2.8 Body Segment Parameters

A number of researchers have attempted to estilmats extremity body
segment parameters (mass locus, mass, mass mavhavegiaf*'°>**® but none report
talar or calcaneal specific data. For this rearor;omparisons could be made to the
inertial estimates in the proposed kinetic model(€ 2.4). Any variability in the
estimated body segment parameters are propagatejththe kinetic model and are
reflected in the reported results. In an atteramjuantify the role talar and calcaneal

body segment parameters have on talocrural andlaunlkinetics, analyses were done
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with and without their contributions. The diffecss when including and not including

these body segment parameters are presented inrb2@&.5.

2.2.9 Subject Selection

For the kinematic model, the right feet of five malibjects were tested after
institutional review approval and informed cons@néan age 22.8 + 4 years, mean
weight 72.57 + 4.12 kg, mean height 177.3 + 4.1.c@e of these subjects (age 25
years, weight 67.13 kg, height 180.34 cm) was ranygaselected and their right foot was
analyzed using the kinetic model. All subjectsevecreened for exclusion criteria, and

demonstrated a normal gait pattern.
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2.3Results

2.3.1 Global Referencing

POls were globally referenced with the FS and casp#o their known tri-axial
coordinates as determined with the MAS. Resolwioth accuracy of motion systems

have been established for both adult a

pediatric foot capture volumes in prior

studie€ 2 For evaluation, a global

referencing matrix of 81 equally spaced
radiopaque markers (2 mm DIA) was P N
imaged (Figure 2-5). The markers werg

located in a 9x9 matrix array (rows and

columns spaced at an interval of 25.4

mm). Each marker was globally P—
/A
referenced using equations 2.1-2.3
Force Plate
(Table 2.1). The 2D matrix was rotated Image ,I
45° Intensifie

in 5° increments in the global XY plane|  [mitter
and swept through a 90° angle (x 45°) i
order to approximate extreme variations

Global Y € D -
in foot progression angle. Figure 2-6 Sl Wigln

Figure 2-5 Global referencing matrix. The
shows the results of these tests for footfluoroscopic image of the global referencing

matrix (top) was taken at an angle of 45° to
progression angles seen during data  the global X-axis in the global XY plane

_ (bottom).
collection (neutral to 10° external
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rotation). As progression angle increased, averaggrker position error increased with
distance away from the point of rotation. At agression angle of 0° an averaged
marker position error less than 0.25 mm was no@uheh distal to the point of rotation,
and an error of 0.75 mm was noted 120 mm distdid@oint of rotation. As the
progression angle increased to 10° external ratativeraged marker position errors of
0.50 mm and 2.75 mm, respectively, were reportetistdnces of 40 mm and 120 mm

distal to the point of rotation.

4 —-10°
____50
’-\3 _Oc
£ et
el
o ; Lt o
& | e T T e
/_4;'-;:;* ----- ;
go 50 60 70 80 90 100 110 120
Horizontal Distance From Pivot Point (mm)

Figure 2-6 Global referencing error based on position in capuolume. Lines
represent tests at three different progressioreang|

2.3.2 Joint Kinematics

Sagittal plane kinematic results for both the talogl and subtalar joints are
presented in Figure 2-7. Standardized phasesithfavere normalized to stance, and
vertical lines represent divisions in phases. mMiesing fluoroscopic data between 97-
100% of stance phase corresponds to the subjectisécating the 1l field of view.
Comparison values displayed in Figure 2-7are ddrfk@m an invasive bone pin
study*¥. Table 2.5 presents the kinematic results ofltieroscopic study and that of

existing bone pin studies reporting talocrural anbtalar motiofi? 24 34
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Figure 2-7 Sagittal plane kinematic results. Black solid $imepresent mean angle of
all five fluoroscopic subjects. Dashed lines repre fluoroscopic subjects’ mean + 1
SD. The grey bands depict the standard deviatinges in Lundgren’s study of five
adult male$?.

Table 2.5 Fluoroscopic and bone pin kinematics.

Talocrural Joint

Fluoroscopic Bone Piff* ™ Bone Pift¥
(n=5) (n=3) (n=5)
Max (% Stance Phase) Max (% Stance Phase) MaxgteSPhase)
Plantar flexion 11.2° (11) 7.2° (13) -
Dorsiflexion -6.9° (85) -4.6° (80) -
ROM 18.1° 11.8° 15.3°
Subtalar Joint
Fluoroscopic Bone Piff* ™ Bone Pift¥
(n=5) (n=3) (n=5)
Max (% Stance Phase) Max (% Stance Phase) MaxgteSPhase)
Plantar flexion 4.8° (96) 1.5°(97) -
Dorsiflexion -3.6° (30) -1.3° (23) -
ROM 8.4° 2.8° 6.8°

2.3.3 Kinematic Model Sensitivity

Table 2.6 shows the mean and standard deviatitreaibsolute difference

between kinematic results of the same subject an £xaminer using different virtual

marker locations over five trials. All results agb-divided into standardized phases of
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gait: Loading Response (LR, 0-10%), Mid Stance (M8t30%), Terminal Stance (TSt,
30-50%), and Pre Swing (PSw, 50-60%%). Maximum talocrural angular difference
occurred during MSt, and was 2.37°. Maximum suaistahgular difference also occurred

during MSt, and was 3.32°.

Table 2.6 Kinematic model sensitivity. Absolute differencesagittal plane kinematic
results for the same subject using different virtnarker locations (n=5 trials). Mean
values and standard deviation in parentheses asemmed.

LR MSt TSt PSw
Talocrural 1.78°(0.82°) 2.37°(1.51°) 1.89° (1.00°) 2.04° (1.11°)
Subtalar 1.75°(0.97°) 3.32°(1.75°) 2.22°(1.67°) 2.08°(1.81°)

2.3.4 Joint Kinetics

Talocrural and subtalar kinetic results for anwlial subject are presented in
Figure 2-8. Each of the five trials is plotted.inMhum and maximum talocrural
moments occur at 8% and 80% cycle, respectivelyy miagnitudes of -0.32 and 1.32
Nm/kg. Minimum and maximum subtalar moments o@6% and 81% cycle,

respectively, with magnitudes of -0.36 and 1.36 kgn/
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Figure 2-8 Sagittal plane kinetic results. Black lines represndividual trials for a
single subject.

2.3.5 Kinetic Body Segment Parameter Effects

Table 2.7 shows the mean and standard deviatitreaibsolute difference
between talocrural and subtalar kinetic resulthefsame subject when including and not
including talar and calcaneal body segment parasietdaximum talocrural kinetic
difference occurred during PSw, and was 1.30e/kg. Maximum subtalar kinetic

difference occurred during MSt, and was 6.45\en/kg.

Table 2.7 Kinetic body segment parameter effects. Absolifferénce in sagittal plane
kinetic results for the same subject when includind not including talar and calcaneal
body segment parameters (n=5 trials). Mean vaundsstandard deviations in
parentheses are presented (units® Wen/kg).

LR MSt TSt PSw
Talocrural 7.75 (5.68) 4.48 (1.06) 5.69 (1.07) 11.00 (1.87)
Subtalar 3.58 (2.34) 6.45 (0.63) 5.52 (0.83) 3.92 (0.41)
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2.4 Discussion

The global referencing method used to translatealimarkers from a single 2D
image to global 3D space utilizes the foot progoesangle acquired from external
markers. The foot progression angle in conjuncivith a jointly known external marker
location, both in the FS and MAS, is used to deileenthe 3D coordinates of POls.
Errors can be introduced in the global refereneiqgations if a single image
magnification factor (ppm) is assumed for an objkat is not parallel to the 1l during
image collection. Such errors are measurable ustrdited in Figure 2-6. Typical
progression angles, as observed in our study @dotd0° external rotation),
demonstrate similar dynamic position errors to ¢hieported with other MAS systems
(1.42-2.96 mn§' *3 In determining POI loci, the error associatethvaissuming a
single image magnification factor is measurable rpeatable. Thus, correction
algorithms can be used for even lager progressigtea as well as POI locations more
distal to the known external marker location.

Most of the current kinematic models using extegkah markers report only
ankle joint motion, or that of a hindfoot segmetifwespect to a shank segment. There
are a handful of studies in the literature estintatalocrural and subtalar joint motion on
the basis of external skin marker locations andrassl anatomic relationshiff§: 3! |t
is generally accepted in the field of biomechatiied the talus cannot be accurately
tracked by markers attached to the surface ofkim®s Bone pin methodologies do
allow discrete talar isolation and are capableepbrting talocrural and subtalar motion

as noted in the current study.
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Results from these invasive studies compare falWptalihat of this work.

Figure 2-7 illustrates the results of the fluorgacestudy and estimates those of bone pin
work by Lundgren et dt*. The fluoroscopic and bone pin results show ghectural

joint going from neutral to plantar flexion durif@pd response followed by a return to
neutral and into dorsiflexion during mid-stance &inal stance. Both studies also
report talocrural joint motion going from dorsifiex to neutral/plantar flexion during
pre-swing. The fluoroscopic study and an earR&0@) bone pin study also illustrate
maximum plantar flexion during load response (T&bt. The bone pin study reports
maximum dorsiflexion during terminal stafée**#, whereas the fluoroscopic study
reports maximum dorsiflexion during pre-swing. Tive differ by only 4% of the gait
cycle.

A similar comparison for the subtalar joint revettat fluoroscopic results show
neutral to dorsiflexion during load response, while bone pin study shows a wider
region of motion gradually increasing from dorsiften to neutral. Both studies illustrate
subtalar dorsiflexion during mid and terminal s&nd he bone pin study depicts much
larger motion variation. The fluoroscopic resuslt®w a return to neutral/plantar flexion
during pre-swing, while the bone pin results rendorsiflexed (Figure 2-7).

Differences in kinematics between the two methogie® may be attributed to the
invasive nature of bone pin insertion effectingunalt gait or age differences among
study subjects. Westblad et al. have reportedepsmcies between magnitudes of
rotation when comparing superficial skin mounted bane anchored markers. Results
for tibio-calcaneal rotations inversion/eversiolanpar/dorsiflexion, and

abduction/adduction were 2.5°, 1.7° and 2.8° rethdyg!* . The authors hypothesize
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discrepancies may be the result of pain, anestbhesoft tissue impingement. In another
comparison of surface and bone-anchored foot mairkégster et al. reported differences
greater than 3° throughout the gait c¥cle

The fluoroscopic study group consisted of youngdniiduals (22.8 years) than
the bone pin kinematic studies (39.3 and 38 yEar¥] Oberg et al. has described
differences in gait kinematics with aging for 23satthy subjects aged 10-79 yé&f4
While these differences are small, the effectsgef @ponin vivo bony kinematics of the
foot and ankle have not been studied.

Another contributing factor in reporting kinematissnarker placement (virtual
or external). External skin marker placement regdahty is critical in models where
marker locations are used to define non-zero jpasitions during quiet standing. The
advantage of these models is they allow for measemé of foot deformity>”! as long as
markers are placed accurately on subjects andsgtg@mong subjects. The
disadvantage of these models is that if markersnasplaced, kinematic results can be
affected. In a four-segmental foot model develope@arson et al., inter-segmental
angles as high as 6° were reported for inter-dpgatability’’. Alternative models, like
the proposed fluoroscopic, define joint neutrahtyh a static trial. The ramification of
this is a potential offset in kinematic results wlsempared to models that define non-
zero joint neutrality. The advantages of usingetjgtanding to define joint neutrality in
the proposed fluoroscopic model are twofold. Tirst dvantage is virtual marker
locations are subject unique and can be defingdeasiost clearly visible and
distinguishable anatomic locations in the fluorgacomage sequence. The second

advantage is that because kinematic results aostegprelative to joint neutrality,
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different virtual marker locations will produce tekame kinematics results, as illustrated
in Table 2.6. The largest angular difference reggbwhen using alternate virtual marker
locations to analyze the talocrural and subtalatgovas 3.32° and occurred during mid-
stance of the subtalar joint.

The proposed fluoroscopic model uses subject unriqueal marker locations,
and kinematic results are dependent on these ufogagons being correctly identified
in subsequent images. Any variability in virtuaduer loci frame to frame would be
reflected in the kinematic results. Because tieer® way to determine the true position
of virtual marker locations frame to frame, quaytify this error is impossible. Itis
noted in the literature, however, that intra-raediability of several radiographic angular
and linear parameters of the foot have been repagéigh as R = 0.82~06%!.

The fluoroscopic kinetic results (Figure 2-8) canine directly compared to
literature as there are no reportedivo kinetic results regarding the talocrural and
subtalar joints. In a 1991 study by Scott and Wirtedocrural and subtalar joint kinetics
were reported on the basis of anatomic estimatésafpositiod>>. The talar locus was
mathematically estimated assuming two monoceningehjoints and tracking the tibia
and calcaneus with external markers. The errarces®d with the two monocentric
hinges was estimated at less than 4%t Despite methodological differences, the
reported talocrural results compare favorably whi fluoroscopic results, both in
morphology and magnitude. Scott and Winter repesak talocrural moment around
80% stance between 1.59 and 1.62 Nm/kg (after naimgtheir results to subject
weight). The fluoroscopic talocrural peak moment.i32 Nm/kg and occurs at 80%

stance. The subtalar results reported by Scoti¥énter, while morphologically similar,
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are smaller in magnitude than those of the fluaspscmodel. Scott and Winter report
peak subtalar moment near 75% stance at a valdd 6Nm/kg (after normalizing their
results to subject weight). The fluoroscopic slastpeak moment is 1.36 Nm/Kg and
occurs at 81% stance. Differences in reportedatabkinetics may be attributed to the
talar position being directly measured in the aotrfRioroscopic study, and estimated by
tibial and calcaneal position in the Scott and \Afirstud{*>°.

Other external skin marker studies report ankletjkinetics (kinetics between a
shank segment and an adjoining foot or hindfootread) which anatomically compares
to the talocrural joint. MacWilliams et al. repaxneraged minimum and maximum
hindofoot extension moments of 0.25 and 1.2 NmélspectiveIS?]. Bruening reports
averaged minimum and maximum ankle moments of Bd11a2 Nm/k§°%, while Dixon
reports averaged minimum and maximum ankle intem@hents of 0.2 and 1.46
Nm/kd***.. From these studies, minimum moments at the ardlesomewhat lower than
minimum talocrural moments in the current fluorgacanodel, while maximum ankle
moments are similar.

Differences in the reported kinetic results arelljkrelated to limitations in
current kinetic instrumentati@fi” or modeling assumptions. The biggest
instrumentation challenge has been measuring ceen@RF data for the subareas of the
foot. Each of the reported kinetic models hasffedint approach for doing this. The
fluoroscopic model assumes the calcaneal segmdat ito isolated contact with the
ground through load response and includes the fauo&ibutions of all contact points in
estimating the calcaneal reaction forces followmay response. The MacWilliams

model uses a pressure mat and proportionally dsvilde overall reaction force among
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each segment contacting the ground. Brueningtuwaeadjacent force plates and
targeting trials to isolate contributions betweamfoot and forefoot segments. The
Dixon study assumes a rigid foot until after hestr

In addition, assumptions in body segment paranestimation can play a role in
reported kinetic discrepancies. The proposed diswpic kinetic model estimates mass
locus, mass, and mass moments of inertia for lhahalus and calcaneus. In
conjunction with GRF data, these body segment patens are used to determine
intersegmental forces and moments during stanceeplitdizing inverse dynamics.
Table 2.7 suggests these parameters play an irtaldete in reported kinetics. When
not including body segment parameters, maximunedffces in talocrural and subtalar
flexion/extension moments of 1.10 e-3 and 6.45Navtkg, respectively, are observed.
These results compare favorably with current liteeon the influence of body segment
parameters in ankle joint kinetics. Ganley and &sweport a RMSE (root mean square
error) of 0.005 for stance phase ankle kineticswtmmparing two different body
segment parameter methods for which foot mass a3 moment of inertia differed by
over 35%8, In a similar study by Rao et al., the role oflpsegment parameters from
six different models on gait inverse dynamics waalyzed”. In Rao’s study, the
largest difference in body segment parameters ammmutels occurred at the foot (42.84
+ 16.77%), but accounted for less than 1% of meRMN (normalized root mean
square) at the ankle during stance ph&4e Both of the aforementioned studies show
large decreases in body segment parameter inflaemc@int kinetics from hip to knee
and knee to ankfg” 18 These large decreases can be attributed to se¢gimeasses

decreasing from thigh to shank and shank to fttas hypothesized that this further



47

reduction from foot to talus and calcaneus ma#iseiseason why body segment
parameters have an incidental role on the curreafigrted talocrural and subtalar stance
phase kinetics.

It should also be noted that while the fluoroscamd Scott study subjects were
of similar ages (25 and 24.3 years respectivetijexts in the other studies were much
younger (MacWilliams: 12.4 years, Bruening: 12.@rge Dixon: 14.4 years). Age
related kinetic changes using rigid foot modelsehagen reported in the literatifd,

but no such studies have been done on multi-seginaotdels.

2.5Conclusion

Talar anatomy does not accommodate external skikenplacemeft and has
challenged researchers and clinicians for yeafs regpect to subtalar joint dynamics
and hindfoot motion. Bone pin studies are capablsolating the talus and calcaneus,
although their invasive nature, risk of infectiardagait altering potential limit
widespread clinical application. The current flogzopic results are promising, and offer
a viable non-invasive method suitable for quamtifyialocrural and subtalar dynamics.

Study limitations include a narrow sample of adodtle subjects aged 18 to 28
with no reported gait deficiencies or prior bongtfinjury. The current study is also
limited to a single plane (sagittal) analysis afdfbot motion components. A further
limitation is the use of ionizing radiation withrcent levels estimated at 10 puSv/trial.
According to the USNRC, whole body annual occupetidimits are 5 rems (50,000

USv).
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It is concluded on the basis of the current stindy tontrolled fluoroscopy within
a motion analysis environment is appropriate feeasment ah vivo hindfoot bony
dynamics. The methodology has the potential feessment of othén vivo segmental
joints as well as high speed motion applicatiomssfiorts related activities. The
technology is also capable of assessment wivo bony motion with footwear and
pedorthics/orthotics. Further evolution of thehtealogy will allow 3D reconstruction

and examination ah vivo bony foot kinematics during natural gait.
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3. Pilot Investigation: In Vivo Hindfoot Kinematics During Normal Bar efoot Gait

Complex hindfoot anatomy makes quantificationno¥ivo talocrural and/or
subtalar motion during gait using standard surfaeeker tracking technology
challenging. This study uses fluoroscopy and aiptesly described hindfoot model to
overcome these challenges, and reportathesotalocrural and subtalar kinematics of
13 healthy subjects (22.9 £ 2.9 years, 77.2 + §,91K8.2 + 3.7 cm). Minimum and
maximum talocrural plantar flexion and dorsiflexioocur at 11% cycle and 85% cycle
respectively, with magnitudes of 11.2° and -6.%pextively (ROM = 18.1°). Minimum
and maximum subtalar plantar flexion and dorsifexoccur at 96% and 30% cycle,
respectively, with magnitudes of 4.8° and -3.6° [R© 8.4°). Kinematic results
compare favorably with reported intra-cortical bgme studies. In addition, summary
measurements (minimum position, maximum positiange) and sources of variability
are reported, as well as intra-class correlati@C{lvalues for inter-subject variability. It
is concluded that inter-subject variability for thagittal plane motion of normal subjects
is higher for the talocrural joint than the subtgtant. The fluoroscopic system is
recommended for continued clinical application ardansion to include three-

dimensional (3D) kinematics.

3.1Introduction

The kinematic sequence of events that occur imithd@foot during normal
ambulation are quite complex, and have long bedmabdenge for investigators to

quantify. Clinically, this is the motion betwedretcalcaneus and tibia, contributed by
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two articulations. The talocrural joint defineg timotion between the talus and tibia
while the subtalar joint defines the motion betw#encalcaneus and talus. A clear
understanding of these articulations is criticatlimgnosing and treating foot
pathologie$?®*, designing ankle prosthesis/impldft§”, and describing gait
abnormalities.

Because talar position cannot be tracked via semfacunted markérs, in vivo
talocrural and subtalar motion is impossible torgifya using standard
stereophotogrammetry. For this reason, the mgjofikinematic data available on
hindfoot motion come frorim vitro studie§’ -39 67-69.84.85.88,90. 984 hq |acks information
in regards to natural weight-bearing gait. Whadeng of these studies have attempted to
replicate natural gait using robotic walking sintatd®">°! they are only capable of
“near-physiologic” conditiort¥”, and their kinematic results are more a descriptio
isolated cadaveric foot motibf.

Mostin vivo studies quantifying hindfoot motion place the fooeither static
non-weight-bearing positio8 8 9% 94 %€y static weight-bearing positidfis?* 8% 82
These studies are useful in quantifying joint R@it don’t offer much insight into
motion attributed to natural gait. Static positrapfails to account for all the subtle foot
motions between heel strike and toe-off. In additiankle alignment has been shown to
change as a result of weight-bealitg**! There are a limited number of studies in the
literature quantifying hindfoot motion during naaligait using intra-cortical bone pltfs
14l The invasive nature of these studies limits sjtead clinical use.

Fluoroscopy has emerged as an alternative to baseég@quantify hindfoot

motion, but only studies in which the foot was is&ty placed appear in the literattife
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21l The exception is a study by Yamaguchi et a2dA9 using fluoroscopy to quantify
hindfoot motion at 7.5 fps. Images were colle@sdubjects moved their foot from
maximal plantar flexion to maximal dorsiflexion Wwénitheir forefoot was in contact with
a staiP”). While this methodology is capable of quantifyhygnamic hindfoot
kinematics, the movement pattern itself is notraairepresentation of natural gait.
The purpose of the immediate study was to quaatity characterize both
talocrural and subtalar joint motion of the norrwadt from heel strike through terminal
stance. Fluoroscopic images were collected afi2@s subjects walked at a natural,
self-selected pace, and reported kinematic data dnect representation of the bony

motion of the hindfoot during gait.

3.2 Materials and Methods

Motion analysis testing was conducted by synchingia reconfigured OEC
9000 C-arm fluoroscopy unit (GE, Fairfield, CT) wa 14 camera motion analysis
system (Vicon Motion Systems, Inc., Lake Forest).CRluoroscopic and motion data
were additionally synchronized with analog grouedction force data captured using a
mulit-axis AMTI OR6-5-1 force plate (AMTI, Watertaw MA). Once synchronized, the
combined fluoroscopic data;& 120 Hz), motion dataq(f 120 Hz), and force plate data
(fs= 3000 Hz) were used in conjunction with a hindfkioematic model to calculate
sagittal plane motion from heel strike through texhstance. Details of the system

configuration, synchronization process, and kinésmabdel can be found in Section 2.2.
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3.2.1 Subject Selection

Thirteen normal male volunteers (mean age 22.9¥@ars, mean weight 77.2 +
6.9 kg, mean height 178.2 £ 3.7 cm) were recruivedhis study. All subjects were
screened for exclusion criteria, and demonstrateoraal gait pattern. This study was
approved by the Institutional Review Boards of Maatje University (Milwaukee, WI),
and the Medical College of Wisconsin. All subjegtevided informed consent prior to

testing.

3.2.2 Testing Protocol

The right leg and foot of each subject were inseatad with six reflective
markers (d = 16 mm) placed over specific bony laaudi® as outlined in Table 2.2.
Simultaneous motion analysis, fluoroscopic, andigdoreaction force data were
collected as subjects walked at a self-selected almng a six meter walkway. The
fluoroscopic system was manually activated justmio the subject’s foot contacting the
force plate and de-activated just after toe-oftiriBg fluoroscopic data collection
radiation levels varied from 90-110 kVp, and 0.3-thA depending on patient-specific
image quality analyses. A maximum of five barefo@tls were completed with
minimum radiation exposure as approved by the IRBllowing dynamic data
collection, subjects were escorted to a nearbyysuite where a single limb support
barefoot x-ray was taken of their right foot plaetdhe same foot progression angle

observed during dynamic image collection.
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Synchronized force plate data were used to ddtgmtoiscopic images between
heel strike and toe-off. For each of these imagetsial marker locations were selected
for both the talus and calcaneus and translatedgiiebal coordinates via global
referencing (Section 2.2.4). These translatedi@imnarker locations, in conjunction
with reflective marker positions, were used to defiocal coordinate systems for the
tibia, talus, and calcaneus (Table 2.3). Afterrdowte definition, a kinematic analysis
was completed by using the Joint Coordinate Systetmod*?®. Kinematic results
were normalized to stance phase (0-100%). Additigimematics were calculated (with
the same virtual marker locations) using the stagght-bearing x-ray. These static
kinematic values represent quiet standing and sed tor clinical reference (0° on
reported kinematic plots). An in-depth descriptadrthe kinematic model appears in
Section 2.2.5.

Due to the IRB restriction of five radiation expossiper subject, trials in which
the subject was exposed but the foot was not witlterimage intensifier field of view
could not be re-imaged. For this reason, six sbjead five trials of data to analyze, six
subjects had four trials, and one subject had ttni@e (n = 57 trials). Foot placement
also affected the percentages of stance phasezaddiyr each trial, as the talus and
calcaneus may not have been in the field of vieheat strike or toe-off. Therefore,
trials were grouped together according to Perriages of gait: Loading Response (LR,
0-10%), Mid Stance (MSt, 10-30%), and Terminal 8T St, 30-50%})*3. An
additional phase was analyzed called loading respthrough terminal stance (LR-TSt,
0-50%), which combines LR, MSt, and TSt. In orttebe included, the trial needed to

span the entire phase. LR had 52 trials, MSt [2anlils, TSt had 41 trials and LR-TSt
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had 37 trials. With the exception of LR-TSt, inialh12 subjects were represented, all

13 subjects had at least one trial in each phasigzed.

3.2.3 Statistical Methods

For each joint (talocrural, subtalar) and phase, (USt, TSt, LR-TSt), three
summary measures were calculated (minimum positi@ximum position, and range)
on trials that spanned a given phase. Temporébsparameters of walking speed,
cadence, and stride length were also analyzed.

All statistical analyses were performed in R 2. d@n{.r-project.org. A random
effects linear regression model was used to perf@mance components analysis on
each summary measurement (minimum position, maxipaosition, range, walking
speed, cadence, and stride length). The modeldedirandom effects for subject and

measurement as described in:

Yij = ﬂO +a; + &ij (Eq 31)

where
e i enumerates subjects (i=1:13),
e | enumerates trials within subjects (j=1where nis the number of trials for the
i subject).
e [3, represents an overall mean among subjects,
e q; represents random subject effect with Normal ihistion (. = 0,¢° = <), and

e g;; represents random measurement error with Nornsailalition ¢ = 0,62 =067
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Variability was reported as the estimated standaxdations of each of the

random effects (subject, measurement), and thexat&d standard deviation wf.

SD(y;;) = VJos* + a? (Eg. 3.2)

Intra-class correlation (ICC) values representaiieentage of total variability

accounted for by subject variability.

Icc = —25 (Eq. 3.3)
S

As described in Equation 3. represents the overall mean among subjects for
each summary measurement (minimum position, maximpaosition, range, walking
speed, cadence, and stride length). This overdimdiffers from the overall mean
among trials in that it accounts for subjects hgdifferent numbers of trialsSD (y;;) is
the standard deviation of s described in Equation 3.2. This standard dewigan be
thought of as the standard deviation of each supnmaasurement. Because it has
contributions from both subject variation and measent errorsD(y;;) will be larger
than reported subject variability or measurementbdity. ICC values represent the
percentage of total variability accounted for bijsat variability (Eqg. 3.3), and can be
thought of as a summary measures ability to deliferences among subjects. Higher

ICC values indicate a stronger ability to deteffiedences.
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3.3Results

3.3.1 Joint Kinematics

Sagittal plane kinematic results for the talocranadl subtalar joints are presented
in Figures 3-1 and 3-2, respectively. Averagedtjangles for the 37 trials that spanned
LR through TSt (£ 1 standard deviation) are repmbrteertical lines represent divisions
in Perry’s phases of g8it? after normalizing them to stance phase. Talotjaiat
motion is reported as talus with respect to tibraj subtalar motion as calcaneus with
respect to talus. Lateral weight-bearing x-raysmduquiet standing were used to
calculate neutral position (0°). Plantar flexief) &nd dorsiflexion (-) represent
deviations from this neutral position.

Figure 3.1 presents talocrural joint sagittal plam@ion from heel strike through
terminal stance. At heel strike the talocrurahjos plantar flexed and increases to a
maximal value during LR. After foot flat, the tédbbegins to rotate over the talus in the
sagittal plane which is depicted as the talocnaiat returning to 0° during MSt. As the
tibia continues to rotate over the talus during, Ti& talocrural joint becomes dorsiflexed
in preparation for push-off.

Subtalar joint sagittal plane motion from heelksrihrough terminal stance is
depicted in Figure 3.2. At heel strike the subtgant is in a relatively neutral position
and becomes dorsiflexed during LR. Maximal doesifbn is achieved during MSt
followed by a slight rocker motion. This rocker tioo is completed during TSt,

followed by a return to neutral position before PSw
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3.3.2 Statistics

Statistical results from the random effects linegression model (Eq 3.1) on
talocrural joint summary measurements (minimum tp@si maximum position, range)
are presented in Table 3. values represent an overall mean among subjerceatin
summary measurement, af\ll(y;;) are reported as described in Equation 3.2. $tbje
SD represents the estimated variability associitddthe random subject effect, and
Error SD represents the estimated variability assed with the random measurement
error. ICC values are the percentage of totabbity accounted for by subject
variability (Eq. 3.3). For all phases analyzed (IMSt, TSt, and LR-TSt), talocrural
minimum position and maximum position ICC valueseeded 0.91. This indicates a
large variability in these summary measurementsmansabjects. This trend can also be
seen in the much larger subject SD values when acedo error SD. Range of motion
(ROM) ICC values for each phase was lower thanrtedaninimum position or
maximum position ICC values. This reduction in I&&s associated with a reduction in
subject SD, and not an increase in error SD (Taldlg While talocrural ROM
variability among subjects was strong (ICC = 0.68%).it was lower than minimum
position or maximum position variability (ICC = 0.90.96).

Similar results using the random effects model E#j) on subtalar motion are
presented in Table 3.2. The largest variabilitypoagisubjects was associated with
minimum position. ICC values for this summary meaganged from 0.4520 to 0.6605.
Across all phases analyzed (LR, MSt, TSt, LR-TSijptalar error SD exceeded subject

SD for maximum position and ROM measurements. Ehigdicated by ICC values
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Phase LR MSt TSt LR-TSt
Trials n=>52 n=52 n=41 n =37
Bo [SD(y;)] | 3.94°[4.69°]| -1.23°[4.32°] -6.64°[6.54]] -R4[6.51°]
Minimum Subject SD 4.53° 4.14° 6.36° 6.38°
Error SD 1.23° 1.23° 1.53° 1.29°
ICC 0.9314 0.9183 0.9455 0.9608
Bo [SD(y;)] |11.27°[4.45°]| 8.53°[4.21°]| -0.77°[5.16°] 11.33°[4.76°]
Maximum Subject SD 4.25° 4.02° 4.99° 4.58°
Error SD 1.32° 1.24° 1.32° 1.29°
ICC 0.9124 0.9136 0.9346 0.9264
Bo [SD(y;)] | 7.33°[2.18°]| 9.76°[2.87°]] 5.90°[2.82°] 18.8[5.63°]
ROM Subject SD 1.80° 2.61° 2.55° 5.25°
Error SD 1.24° 1.20° 1.19° 2.02°
ICC 0.6784 0.8260 0.8202 0.8709
Table 3.2 Subtalar kinematic statistics.
Phase LR MSt TSt LR-TSt
Trials n=>52 n=>52 n=41 n =37
Bo [SD(y;)] | -3.16° [2.24°]| -4.30°[2.33°] -3.69°[2.029] 36°[2.48°]
Minimum Subject SD 1.82° 1.83° 1.36° 1.91°
Error SD 1.31° 1.44° 1.50° 1.58°
ICC 0.6605 0.6183 0.4520 0.5949
Bo [SD(y;)] | -0.28°[1.97°]| -2.20°[2.15°] -0.25°[1.999] (@2[1.95°]
Maximum Subject SD 1.28° 1.44° 1.10° 0.94°
Error SD 1.50° 1.59° 1.66° 1.71°
ICC 0.4223 0.4478 0.3060 0.2312
Bo [SD(y;)] | 2.94°[1.37°]| 2.13°[1.30°]] 3.46°[1.17°] 4.7BF.59°]
ROM Subject SD 0.61° 0.80° 0.64° 1.03°
Error SD 1.23° 1.02° 0.98° 1.21°
ICC 0.1993 0.3782 0.3031 0.4175
Table 3.3 Temporal spatial statistics.
Current Study Majumdar et af” Lythgo et al*°
Population Size 13 8 82
Walking n?/zeed [SD] 4 083 [0.146] 1.089 [0.06B 1.414 [0.031]
Cadence [SD]
Steps/min 100.1 [7.61] 105.4 [5.79 118.4 [116.2-119/%
stidelength [SBT ) 305 [0.111] 1.244]0.058] 1.430 [0.024]

9 Averaged from right/left sided parameters
® Represent 95% Confidence Intervals (not SD).
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ranging from 0.1993 to 0.4478. This reduction@€lwas associated with a reduction in
subject SD, and not an increase in error SD (Taldg

The statistical result$4, SD(y;;)) on the temporal spatial parameters of walking
speed, cadence, and stride length of the curredy stre presented in Table 3.3 along
with results measured from two additional barefstatiie§*® *¢! The current study
used a random effects model (Eqg. 3.1 and 3.2)fioalthese parameters, while the
Majumdar study used the statistical mean/standevéatiod™*®, and the Lythgo study
used statistical mean and 95% Confidence Int&f%al The current fluoroscopic study

reports the slowest walking speed, lowest cadendareedian stride length.

3.4Discussion

Direct kinematic comparisons with other studiediificult as differences in
methodologies exist. Foot models using extermaltyinted surface markers either
combine the talus with the calcaneus in a lumpéadfoot” segment, or report calcaneal
motion relative to the tibi§™%. These methodologies are incapable of reporting t
talocrural or subtalar motion. It is noted, howevkat the reported sagittal plane motion
of the hindfoot or calcaneus relative to tibia inohthe aforementioned studies is
morphologically similar to the currently reportedacrural joint motioH™°. Vertical
offset shifts exist, which is an indication of @ifénces in local coordinate system
definition®],

The only current studies that reportvivotalus relative to tibia and calcaneus
relative to talus kinematics over the entire stgpitase are intra-cortical bone pin studies.

These studies isolate both talocrural and subtatdion by inserting bone pins in the
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tibia, talus, and calcaneus with the assistanemafrthopaedic surgeon. At the end of
each inserted bone pin, a triad of external mariseaffixed whose motions are tracked
using standard stereophotogrammetry. The kinemedidts of five of the 13
participants in the current fluoroscopic study wereviously compared in depth to the
kinematic results of multiple invasive bone pindseg'? ¥ (Section 2.4). Figure 3-3 and
Table 3.4 represent updates to Figure 2-7 and Tablevith the addition of eight
previously unreported fluoroscopic subjects. Comspa values displayed in Figure 3-3
are derived from an invasive bone pin stiiflyTable 3.4 presents the kinematic results
of the fluoroscopic study and that of existing bgnestudies reporting talocrural and

subtalar motiofy> 14 134

Talocrural Joint Subtalar Joint
20 " ‘ — 10 - . :
=== Fluoro (n=13) === Fluoro (n=13)
< I Bone Pin (n=5) | g 5 I Bone Pin (n=5) 471
= / = pue - A
ul: e ulj 0 oS a - e = s/
ot T ~F 1
o R “ 5 .5 B R e
1= e 7 | 20 R e
2E ~r 40 an e
<5 -/ < 5-10 N
= ~ 4 = =
= o / S &
T e 4 a 15/
k.2 B | K.
-15f LR MSt TSt PSw - -20f LR MSt TSt PSw -
0 20 40 60 80 100 0 20 40 60 80 100
% Stance Phase % Stance Phase

Figure 3-3 Sagittal plane kinematic results. Black solid #mepresent mean angle of
all 13 fluoroscopic subjects. Dashed lines repreBeoroscopic subjects’ mean = 1
SD. glze grey bands depict the standard deviasinges in Lundgren’s study of 5 adult
males™.
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Table 3.4 Fluoroscopic and bone pin kinematics.

Talocrural Joint

Fluoroscopic Bone Pif> ™ Bone Pift¥!
(n=13) (n=3) (n=5)
Max (% Stance Phase) Max (% Stance Phase) MaxdfieS Phase)
Plantar flexion 11.2° (11) 7.2° (13) -
Dorsiflexion -6.9° (85) -4.6° (80) -
ROM 18.1° 11.8° 15.3°
Subtalar Joint
Fluoroscopic Bone Piff* Bone Pift¥
(n=13) (n=3) (n=5)
Max (% Stance Phase) Max (% Stance Phase) MaxdtieSPhase)
Plantar flexion 4.8° (96) 1.5° (97) -
Dorsiflexion -3.6° (30) -1.3° (23) -
ROM 8.4° 2.8° 6.8°

The comparisons made in Chapter 2 (Section 2.4ydmat talocrural and subtalar
kinematics derived from bone pin methodologies thiedcurrently proposed fluoroscopic
method are further strengthened by the additicgiglit fluoroscopic subjects. As shown
in Figure 3-3, the fluoroscopic and bone pin ressiiil depict the talocrural joint going
from neutral to plantar flexion during LR followéy a return to neutral and into
dorsiflexion during MSt and TSt. Both methodologaso continue to report talocrural
joint motion going from dorsiflexion to neutral/plar flexion during pre-swing (PSw).
The updated fluoroscopic results and an earlied420one pin study illustrate maximum
plantar flexion during LR (Table 3.4). The bona ptudy reports maximum dorsiflexion
during TSt 34 whereas the fluoroscopic study still reports maxin dorsiflexion
during PSw. The two differ by only 5% gait cycle(mom 4% in Chapter 2, when only
five fluoroscopic subjects were reported).

A similar comparison for the subtalar joint revetilat the fluoroscopic results
(Figure 3-3) continue to show neutral to dorsiftexduring LR, while the bone pin study

shows a wider region of motion gradually increadnogn dorsiflexion to neutral. Both



63

studies illustrate subtalar dorsiflexion during raittl terminal stance. The bone pin
study depicts much larger motion variation. Thmfbscopic results show a return to
neutral/plantar flexion during pre-swing, while thene pin results remain dorsiflexed.

The fluoroscopic study group consisted of youngdiniiduals (22.9 years) than
the bone pin kinematic studies (39.3 and 38 yEar¥}. Oberg et al. have described
differences in gait kinematics with aging for 23satthy subjects aged 10-79 yé&f4
While these differences are small, the effectsgef @ponin vivo bony kinematics of the
foot and ankle have not been studied.

Kadaba et al. originally introduced a method fatistical analysis between gait
waveform&? that has been subsequently adopted by other igagsts for reporting
foot/ankle kinematid$ 10 14 124.130. 1471 \whjle this method has become the standard for
statistically comparing kinematic results amonglss, it has been shown to be less
reliable for inter-segmental joints with small resgof motioH" **%. The current study
reports subtalar ROM values as low as 2.13° duvigg (Table 3.2). In addition,
Kadaba’s method requires all subjects to havedheesnumber of trials over the phase
analyzed. The non-uniform distribution of trialm@ng subjects, as well as the small
subtalar ROM in the current study, obviated usirsgi&ba’s method. In an effort to
include as many subjects and trials as possiltleaistatistical analysis, a new model was
created (Eg. 3.1). The novelty of the currentjyorted statistical model prevents direct
comparisons with other studies, but general treatsbe commented on.

In this study, the largest ICC value associateti sitbtalar kinematics (0.6605)
was lower than the smallest ICC value associatél taiocrural kinematics (0.6784).

These results suggest there is a larger varialifitgng normal subjects in sagittal plane
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talocrural kinematics than subtalar kinematicsisTTonflicts with a 2008 bone pin study
by Lundgren et al., in which the sagittal plan@irdubject talocrural CMC value (using
the Kadaba et al. methdd where higher CMC values indicated a lower varigpil
between waveforms) was much higher than the sulbEAlC value (0.6 vs. <0.2!,

The results of the current study may be expectethe@major plane of motion attributed
to the talocrural joint is sagittal, while the mapane of motion attributed to the subtalar
joint is corondf®. Because of this, there may be less variabitityuibtalar motion
among subjects in the sagittal plane. In additamerage sagittal plane talocrural ROM
among subjects from heel strike through TSt indineent study was three times larger
than that of the subtalar joint (18.83° vs. 5.75Fhis increased ROM strengthens the
possibility of detecting differences among subjestshe region for potential differences
to exist is larger. Another possibility for thecdeased variability among subjects in
currently reported sagittal plane subtalar kineosa the influence of measurement
error. The average error SD for all kinematic sianyimmeasures was 1.36° (0.98° min,
2.02° max). It is possible that sagittal planetalay variability among subjects is larger
than that reported by current ICC values, but diffiees are smaller than measurement
error.

Temporal spatial statistics for the 13 voluntedajscts are provided in Table 3.3,
along with similar parameters from two additionatéfoot studie&™ **¢! Majumdar et
al. reports mean walking speed, cadence, and s¢émgdgh values within 10% of those
being currently reported. With the exception ofkivey speed (31%), Lythgo et al.
reports temporal spatial mean values within 20%0$e being currently reported.

Because all three studies reported in Table 3audng the current fluoroscopic) were
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non-invasive and subjects were asked to walk atfesslected pace, temporal spatial
parameters should be similar. Differences mayelsed to population age, as most
temporal spatial parameters are affected by mavafdf!. The fluoroscopic study group
consisted of older individuals (22.9 years) thassthin the Lythgo study (1916, but

younger than those of the Majumdar study (26'%7)

3.5Conclusion

The currently reported talocrural joint kinematetta are morphologically similar
to hindfoot/calcaneal relative to tibia motion déised by previous studies using
externally mounted surface markers. Invasive lpnestudies capable of reporting true
talocrural and subtalar motion compare even marerébly to the talocrural and subtalar
kinematics currently being reported. It is addiily concluded that sagittal plane
talocrural inter-subject variability among normedlu#é male subjects is larger than that of
the subtalar joint. The reduction of inter-subjeatiability at the subtalar joint is
hypothesized to be the result of the coronal p(aoné sagittal) being its primary plane of
motion. Because of this, subtalar ROM in the $algitiane is greatly reduced when
compared to the talocrural joint.

Study limitations include a narrow sample of addtle subjects aged 18 to 28
with no reported gait deficiencies or prior bongtfanjury. A further limitation is the use
of ionizing radiation with current levels estimatedlO pSv/trial. Based on the IRB
restriction of five trials per subject, each subjas exposed to approximately 50 uSv.
The USNRC (United States Nuclear Regulatory Comomgplaces whole body annual

occupation limits at 5 rems (50,000 uSv).
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On the basis of the current study, it is conclutthed single plane fluoroscopic
technology is appropriate for the sagittal plan@sueement of both talocrural and
subtalar kinematics. This technology is recommdrfdefurther clinical applications,
including the assessmentinfvivomotion with footwear. It is additionally
recommended to expand this analysis with a sedandokcopic system, therefore

capable of assessing 3D kinematics.
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4. Pilot Investigation: Comparing Barefoot and Toe-Only Rocker Soled Shoe
Hindfoot Kinematics

Rocker profiled shoes have proven efficacy in #duction of foot plantar
pressures, but the exact biomechanical reasornvibeyis not well understood. The
current study was designed to quaniifyivo hindfoot sagittal plane kinematics from the
use of toe-only rocker soled shoes and to compdbkepreviously reported barefoot
motion. Compared to barefoot, toe-only rocker shoerease talocrural dorsiflexion
during loading response, and increase subtalatgsliaxion during loading response,
mid-stance and terminal stance. These resultsiiar to kinematic differences
reported by others between barefoot and normalsshBased on these findings it is
concluded that hindfoot sagittal plane kinemati@sy/mot significantly contribute to the
reduction in reported plantar pressures associaitbctoe-only rocker shoes. It was
additionally found that toe-only rocker use decegbimiter-subject kinematic variability
compared to barefoot walking. The fluoroscopidtedogy outlined in this study is
recommended for further clinical applications irtthg in vivo assessment with

pedorthics and orthotics.

4 .1 Introduction

According to the Center for Disease Control, 8.3%he total United States
population in 2010 were suffering from diabeteslitus (25.8 million, 7 million
undiagnosed}*®. In 2007, the estimated direct medical cost daget with the disease

was $116 billiof*®. While classified as a metabolic disease, diabless numerous
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complications, all of which pose medical risk amdhhcial cost to the patient. Among
these complications, plantar ulcerations are comraond diagnosed prior to 85% of all
diabetic amputatiof$®. One of the leading causes of plantar ulceratiopgripheral
neuropathy, which causes a loss of distal extregatsation, combined with increased
plantar pressufg®. Prophylactic shoes have been shown to decréaseppressure
and are often prescribed for this red58n*>? with rocker soled shoes being the most
commort>3. |In 1998, in an attempt to reduce foot ulcers], altimately foot
amputation, congress passed the therapeutic sh@BLiL00-203sec4072) which
authorized Medicare coverage for one pair of sipeesliabetic patient per calendar year.

Historically, rocker soled shoes were prescribedhenbasis of theoretical
considerations, but the advances of gait analysie Iprovided empirical evidence about
their efficacy. Several researchers have invesththe effect of rocker soled shoes on
plantar pressure and temporal-spatial parameebaff et al. noted shifts in forefoot
peak pressure from medial to lateral as well asifsoggnt changes in temporal
parametef$®¥. Xu et al. studied center of pressure locus cesmgsociated with rocker
soled heel design and found a strong correl&ffdn Kavros et al. noted a reduction in
peak plantar pressure at the hallux, metatarsal, lsesl heel regions when comparing
rocker soled shoes to flat sofefl. Brown et al. concluded rocker soles were impezat
in reducing pressure in the diabetic fott

Three-dimensional kinematic studies on the effioafcsocker sole shoes are
limited. Van Bogatrt et al. concluded that whilermatatistically significant changes
were observed between baseline and toe-only ratiags, they were small in

magnitude, and the major benefit of their use seeimée the maintenance of walking
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speet®. Myers et al. reports similar findings using @ative heel rocker soled
shoé™’! as well as Long et al. using double rocker ssteak&°®. In light of these
studies, the reduction of plantar pressure is asdumbe achieved by minimizing the
sagittal plane motion of specific joints of the #58"; however, the kinematic effect
rocker soled shoes have on the foot itself arewetitunderstood.

Standard multi-segmental foot models require tlaegrhent of external markers
to the surface of the skin, which is not easilyieedd during shod motion. Current
methodologies measuring foot mechanics during simdoulation use sandals, so that
anatomic locations are still expo58d **Y place markers on the outer surface of the
shoé™®?, or remove shoe material to expose the anatorai far marker placemétt’.
These approaches are of limited value in quantfyoot kinematics in rocker shoes.
Rocker soled shoes are not manufactured as saaddisny custom made sandals may
not have the same properties as the actual shteatsavould wear. Studies have
shown that markers placed on the outer surfaceshba cannot accurately track motion
of the foot inside the shB&" *°° and removal of material to expose underlying
landmarks could jeopardize shoe integtity. These methodological challenges make
guantifying foot kinematics in rocker sole shod$iclilt.

Fluoroscopy allows direégh vivo visualization of bony motion. Several studies
using this technology on the foot are repdrfedt °* °¢ 1% Of the studies measuring
foot kinematics, none have looked at the motiordeasocker soled shoes. The
immediate study was designed to quantify hindfoonékatics caused by the use of toe-
only rocker soled shoes using fluoroscopic techgyldn addition, hindfoot kinematics

from toe-only rocker shoes are compared to bardfio@matics.
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4.2 Materials and Methods

4.2.1 Subject Selection

Thirteen normal male volunteers (mean age 22.9¥@ars, mean weight 77.2 +
6.9 kg, mean height 178.2 £ 3.7 cm) were recruedhis study. The same subjects
were previously tested barefoot and kinematic tehdve been reported (Chapter 3).
All subjects were screened for exclusion critesiag demonstrated a normal gait pattern.
This study was approved by the Institutional Revigoards of Marquette University
(Milwaukee, WI), and the Medical College of WisconsAll subjects provided

informed consent prior to testing.

4.2.2 Testing Protocol

Following informed consent, subjects were fittedhwa commercially available
New Balance MW927 toe-only rocker soled shoe (Feglil). The toe-rocker shoe
provides a flat contour under the rear and mid-fegtons of the foot, followed by a
tapered portion under the forefoot and toes. @asgn provides a means of rocking the
foot from heel strike to toe-off as the weight loé tbody passes over the fulcrum of the
shoe. In addition to the toe-only rocker, thesgestcontain a rigid shank within the sole
that maintains shoe integrity for added motion oarthroughout the gait cycle (Figure

4-1).
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The right leg and shoe of

each subject were instrumented wit
six reflective markers (d = 16 mm)
placed over the specific bony
landmarks outlined in Table 2.2.
Markers M1 and M2 were placed o
the outer surface of the rocker shoe
after palpation of the landmark.

Simultaneous motion analysis,

fluoroscopic, and ground reaction
force data were collected as subjectigid shank in the x-ray image (bottom).
walked at a self-selected pace along a six metkawag. The fluoroscopic system was
manually activated just prior to the subject’s shortacting the force plate and de-
activated just after toe-off. During fluoroscopliata collection radiation levels varied
from 80-110 kVp and 0.5-1.7 mA depending on paispeEcific image quality analyses.
A maximum of five trials wearing toe-only rockerat shoes were completed with
minimum radiation exposure as approved by the IRBllowing dynamic data
collection, subjects were escorted to a nearbyysuite where a single limb support x-
ray was taken of their right foot, still wearingettoe-only rocker shoe, placed at the same
foot progression angle observed during dynamic ar@aglection.

Synchronized force plate data were used to ddtgmtoiscopic images between
heel strike and toe-off. For each of these imagetsial marker locations were selected

for both the talus and calcaneus and translatedgiobal coordinates via global
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referencing (Section 2.2.4). These translatedi@innarker locations, in conjunction
with reflective marker positions, were used to defiocal coordinate systems for the
tibia, talus, and calcaneus (Table 2.3). Afterrdowte definition, a kinematic analysis
was completed by using the Joint Coordinate Systetiod™®. All kinematic results
were normalized to stance phase (0-100%). Additigimematics were calculated (with
the same virtual marker locations) using the stagght-bearing x-ray. These static
kinematic values represent quiet standing and sed tor clinical reference (0° on
reported kinematic plots). Details of the systamfguration, synchronization process,
and kinematic model can be found in Section 2.2.

Due to the IRB restriction of five radiation expossiper subject, trials in which
the subject was exposed but the foot was not witlterimage intensifier field of view
could not be re-imaged. For this reason, eachellB subjects had, on average, three
trials of motion analyzed (n = 37 trials). Foocag@ment also affected the percentages of
stance phase analyzed for each trial, as the aald€alcaneus may not have been in the
field of view at heel strike or toe-off. Therefotdals were grouped together according
to Perry’s phases of gait: Loading Response (LRQ%), Mid Stance (MSt, 10-30%),
and Terminal Stance (TSt, 30-50%9. In order to be included, the trial needed taspa

the entire phase. LR had 17 trials, MSt had 3strand TSt had 12 trials.

4.2.3 Statistical Methods

For each joint (talocrural, subtalar) and phase, (USt, TSt), three summary

measures were calculated (minimum position, maxirposition, and range) on trials
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that spanned a given phase. Temporal spatial maeasnwalking speed, cadence, and
stride length were also analyzed.

All statistical analyses were performed in R 2:48/v.r-project.org). A random
effects linear model (Eq. 3.1) was used to perfeamance components analysis on each
summary measurement (minimum position, maximumtjosirange, walking speed,
cadence, and stride length). This model is desgiip&lepth in Section 3.2.3.

Subjects in the current study were previously aredyduring barefoot
ambulation (Chapter 3), and the kinematics resutdirectly compared to those of the
current study. To compare the two conditions (feexteand toe-only rocker) a linear
mixed model was used. The model included randdectsffor subject and

measurement, and a fixed effect for condition asdieed in:

Yijk = Bo+ 0k + au + & (Eq. 4.1)

where

e i enumerates subjects (i=1:13),

e | enumerates trials within subjects (j=1where nis the number of trials for the
i subject),

e Kk enumerates condition (k=1:2, where 1 = barefdet,toe-only rocker),

e [, represents an overall mean among barefoot supjects

e & represents random measurement error with Norrssilalition (1 = 0,06° =
), and

e q; represents a 2D random subject effect with Nowhsfibution:



74

i1\ d 0 ( 0i1° 0i10i2P)
, Eq. 4.2
(aiz) = ((0) 0i102p  0i° ) (Eq )

where
e q;, is the variance of the subject effect barefoot,
e q;, is the variance of the subject effect for toe-awlgker, and
e p accounts for the possible subject correlation betwthe two conditions.
o ), represents a fixed effect term for condition, vengr= 0 (the barefoot effect),

andé, = ¢ (the effect for toe-only rocker shoes).

A likelihood ratio test was used to determine pdesal For all comparisons, a
level of significance (p-value) of 0.01 was choswetin regard to the population size and

number of trials.

4 .3Results
4.3.1 Joint Kinematics

Figures 4-2, 4-3, and 4-4 present talocrural amdadar sagittal plane kinematic
results during LR, MSt, and TSt, respectively. dglaolid lines represent mean angle of
toe-only rocker motion, and dashed lines represwan + 1 SD. Grey banded
comparison values in each figure are the barefo@nkatic standard deviations of the
same 13 volunteer subjects. Talocrural joint motgoreported as talus with respect to

tibia, and subtalar motion as calcaneus with respealus. Lateral weight-bearing x-
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rays during quiet standing were used to calculatéral position (0°). Plantar flexion (+)

and dorsiflexion (-) represent deviations from thegitral position.

Talocrural Joint Subtalar Joint

- ]
U1 [=]
|
|
iy
/
]

Angle (°)
(+)Plantar/(-)Dorsi-Flexion
o (&) 8
Angle (°)
(+)Plantar/(-)Dorsi-Flexion
) o

|
o
1
A
|

1
=]
o
1
(=]

o
o

0 5 10 15 10 15
% Stance Phase % Stance Phase

Figure 4-2 Sagittal plane kinematic results during LR. Blackd linesrepresent mes
angle of 17 trials of toe-only rocker motion. DadHines represent toe-only rocker
mean £ 1 SD. The grey bands depict the standasdtaen range of 52 trials of
barefoot motion.
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Figure 4-3 Sagittal plane kinematic results during MSt. Blaokd lines represent
mean angle of 31 trials of toe-only rocker motidashed lines represent toe-only
rocker mean =1 SD. The grey bands depict thedatandeviation range of 52 trials of
barefoot motion.
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Figure 4-4 Sagittal plane kinematic results during TSt. Blaokd linesrepresent mes
angle of 12 trials of toe-only rocker motion. DadHines represent toe-only rocker
mean £ 1 SD. The grey bands depict the standasdtaen range of 41 trials of
barefoot motion.

As depicted in Figure 4-2, toe-only rocker taloatlkinematics during LR start
slightly dorsiflexed and become progressively @affiexed throughout LR. Compared
to barefoot, toe-only rocker kinematics are moresiflexed throughout the entire phase,
and maximal plantar flexion is shifted to the vend of LR. During mid and terminal
stance, sagittal plane talocrural kinematics betwsefoot and toe-only rocker motion
are virtually identical as depicted in Figures @l 4-4. At MSt the talocrural joint goes
from a plantar flexed position to neutral, followegla neutral to dorsiflexed position
during TSt.

Sagittal plane subtalar kinematics during LR aesent in Figure 4-2 and show
toe-only rocker motion going from slight plantagxlon to slight dorsiflexion. Barefoot
kinematics are similar, but slightly dorsiflexeddomparison. During MSt the subtalar
joint remains in a slightly dorsiflexed positiorrdighout. This motion is similar
between both conditions, but more dorsiflexed irefmot. At TSt the subtalar joint has a

slight rocker motion as it goes from slight doeskilon to neutral. Barefoot kinematics
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are similar to toe-only rocker during TSt, but oacmin are more dorsiflexed in

comparison.

4.3.2 Statistics

Statistical results using a random effects linegression model (Eq. 3.1) on joint
summary measurements (minimum position, maximunitipasrange) during LR, MSt,
and TSt are delineated in Tables 4.1, 4.2, andrdspectively. The model was applied
to the current toe-only rocker kinematics and trevjpusly reported barefoot kinematics
(Chapter 3), and results of both are presenteddmparison.f3o values represent an
overall mean among subjects for each summary measunt, andD(y;;) is reported as
described in Equation 3.2. Subject SD represéetestimated variability associated
with the random subject effect, and Error SD repmésthe estimated variability
associated with the random measurement error. vED@s are the percentage of total
variability accounted for by subject variabilityq E3.3).

For each condition (barefoot, toe-only rocker)ethsummary measures were
made (minimum position, maximum position, and rgrigeeach phase analyzed (LR,
MSt, TSt) at each joint (talocrural, subtalar). tbése 18 measurements, 11 (61.1%)
depict a reduction in ICC value by use of the tagroocker shoe (Table 4.1, 4.2, 4.3).
Of these 11 ICC value reductions, eight (72.7%)evassociated with reduction in inter-
subject SD (as opposed to an increase in error $B¢. combination of these trends
indicates a decreased variability among subjeots fbarefoot to toe-only rocker

kinematics.



Table 4.1 Kinematic statistics during LR.
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Talocrural Joint

Subtalar Joint

Barefoot

Toe-only Barefoot Toe-only
Trials n=>52 n=17 n=52 n=17
Bo [SD(Yy)] 3.94°[4.69°] -2.40°[5.34°]] -3.16°[2.24°] -B7[1.74°]
Subject SD 4.53° 5.10° 1.82° 1.32°
Minimum Error SD 1.23° 1.59° 1.31° 1.14°
ICC 0.9314 0.9118 0.6605 0.5734
p 0.0004 0.0827
Bo [SD(yy)] | 11.27°[4.45°] 6.49°[4.77°]| -0.28°[1.97°] 1.2R.21°]
Subject SD 4.25° 4.09° 1.28° 1.16°
Maximum Error SD 1.32° 2.45° 1.50° 1.88°
ICC 0.9124 0.7364 0.4223 0.2776
p 0.0014 0.0919
Bo [SD(Y;)] 7.33° [2.18°] 8.88° [2.77°] 2.94°[1.37°] 2.9[F.43°]
Subject SD 1.80° 2.28° 0.61° P
ROM Error SD 1.24° 1.57° 1.23° 1.43°
ICC 0.6784 0.6797 0.1993 B
p 0.0069 1

9 Statistically significant

B Subject SD < 0 (ICC value not reliable)

Table 4.2 Kinematic statistics during MSt.

Talocrural Joint

Subtalar Joint

Barefoot Toe-only Barefoot Toe-only
Trials n=>52 n=231 n=>52 n=231
Bo [SD(y;)] | -1.23°[4.32°] -0.11°[3.36°]] -4.30°[2.33°] &Z°[2.33°]
Subject SD 4.14° 2.78° 1.83° 1.92°
Minimum Error SD 1.23° 1.88° 1.44° 1.31°
ICC 0.9183 0.6869 0.6183 0.6829
p 0.8066 0.0482
Bo [SD(Y;)] | 8.53°[4.21°]  7.20°[4.07°]| -2.20°[2.15°] 0.0£2.46°]
Subject SD 4.02° 3.83° 1.44° 1.62°
Maximum Error SD 1.24° 1.38° 1.59° 1.85°
ICC 0.9136 0.8855 0.4478 0.4327
p 0.2344 0.0105
Bo [SD(y;)] | 9.76°[2.87°] 8.19°[4.17°]| 2.13°[1.30°] 2.78E.54°]
Subject SD 2.61° 3.87° 0.80° 0.43°
ROM Error SD 1.20° 1.58° 1.02° 1.48°
ICC 0.8260 0.8574 0.3782 0.0766
p 0.0506 0.0569




Table 4.3 Kinematic statistics during TSt.
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Talocrural Joint Subtalar Joint
Barefoot Toe-only Barefoot Toe-only
Trials n=41 n=12 n=41 n=12
Bo [SD(y;)] | -6.64°[6.54°] -5.76°[3.11°]] -3.69°[2.02°] ©5°[2.91°]
Subject SD 6.36° 2.88° 1.36° 2.52°
Minimum Error SD 1.53° 1.19° 1.50° 1.46°
ICC 0.9455 0.8545 0.4520 0.7487
p 0.7269 0.5249
Bo [SD(y;)] | -0.77°[5.16°] 0.31°[2.87°]| -0.25°[1.99°] 0.8(B.54°]
Subject SD 4.99° 2.46° 1.10° 2.87°
Maximum Error SD 1.32° 1.49° 1.66° 2.08°
ICC 0.9346 0.7312 0.3060 0.6543
p 0.8483 0.5294
Bo [SD(yi)] 5.90°[2.82°] 6.48°[2.21°] | 3.46°[1.17°] 3.42°[1.59°]
Subject SD 2.55° p 0.64° 0.64°
ROM Error SD 1.19° 2.21° 0.98° 1.46°
ICC 0.8202 p 0.3031 0.1610
p 0.9161 1

® Subject SD < 0 (ICC value not reliable)

To compare the two conditions a linear mixed maeted used (Eq. 4.1). For all
comparisons, a level of significance of 0.01 wasseim with regard to population size
and number of trials. The only statistically sfgrant kinematic deviations occurred at
the talocrural joint during load response. Albtaural summary measures during LR
were significantly different, with both minimum angaximum position becoming more
dorsiflexed, and ROM increasing as the result efdaly rocker use (Table 4.1). The
statistical resultso, SD(y;;)) on the temporal spatial parameters of walkingdpe
cadence, and stride length are presented in Tadleld addition to talocrural kinematics
during LR, all temporal spatial parameters analymece significantly different between
the two conditions. As the result of toe-only reckise, both walking speed and stride

length increased, while cadence decreased.
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Table 4.4 Temporal spatial statistics.

Barefoot Toe-only Rocker p
Walking Speed [SB} 1 0g3 [0.146] 1.130[0.162] 0.0021
Cadence [SD] 100.1 [7.61] 95.5 [7.60] 0.000%
teps/min
stidelength [SB]) 1 305 0.111] 1.412[0.102] ‘0

“ Statistically significant

4.4Discussion

Graphically comparing sagittal plane kinematicsiasin the two conditions it
can be observed that the majority of kinematicedd@hces occur at the talocrural joint
during LR (Figure 4-2). At heel strike, the talol joint is over 5° dorsiflexed from
toe-only rocker use compared to barefoot, and naat to be more dorsiflexed
throughout LR. In addition to the vertical shifie position of talocrural maximal plantar
flexion moved from 11% stance to 17% as the redutbe-only rocker use. This vertical
and horizontal shift is noted in other studies difiging the kinematic differences
between barefoot and normal shod gait. In a 1festibtudy conducted by Oeffinger et
al., a decrease in ankle plantar flexion was oleskras well as a horizontal delay of gait
events from the use of sh&8¥. A similar horizontal delay can be noted betwten
tibia and hindfoot in an 18 subject study condudigdVolf et al. comparing barefoot and
shod walkin§®®. Based on these previous studies and the cuesults, it appears toe-
only rocker use does not affect talocrural kinensasiny differently than normal shoes.

The subtalar joint is slightly plantarflexed as thsult of toe-only rocker use
(Figure 4-2, 4-3, and 4-4). While this verticalset is perceived graphically, the

statistical summary measurements of the subtailatrgbow no significant difference in
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kinematics between the two conditions. This reisutbnfirmed by the only other study
to report subtalar rotation between barefoot anthabshod walking. In the 2008 study
by Wolf et al., hindfoot motion relative to tibia reported about an axis “close to the
functional axis of the subtalar joint” and foundnave no kinematic influence from the
use of footwedt®”. These results in conjunction with the currentlgt indicate that
subtalar motion is unaffected by the use of togromtker shoes compared to normal
shoes.

The fluoroscopic study group consisted of oldeniiials (22.9 years) than the
Oeffinger or Wolf studies (6-10 years). Oberglehas described differences in gait
kinematics with aging for 233 healthy subjects ai@e/9 yeard®®. While these
differences are small, the effects of age uovivo bony kinematics of the foot and
ankle have not been studied.

The only statistically significant kinematic difesices between the two conditions
were observed at the talocrural joint during LRKIEa4.1). As previously discussed, the
literature demonstrates normal footwear has beewsho alter ankle joint
kinematic§®. Wolf et al. specifically noted a statisticallgsificant increase in

#1691 This increase in

talocrural ROM in the shod condition compared toeb@o
talocrural range of motion is observed during LK &%t of the current study (Table 4.1,
4.3), and is found to be statistically significanring LR (Table 4.1).

Based on the statistical results, it is additignabserved that inter-subject
variability decreases from use of toe-only rockeres. Eleven of the 18 kinematic

summary measurements depicted a reduction in Qg ¥eom barefoot to toe-only

rocker. Of these 11 reductions in ICC, eight wasgociated with a reduction in subject
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SD. Itis unclear if this reduction in inter-sutjeariability is similar to shod motion in
general as no studies reporting on inter-subjecabiity between barefoot and normal
shod motion exist in the literature. It is notedyever, that the toe-only rocker shoes
used in this study (New Balance MW927) are deernexbhtrol motion during gait,
which may account for the reduction in inter-subjeariability statistically observed.

All temporal spatial parameters analyzed werestteally different between the
two conditions (Table 4.4). As the result of tadyorocker use, walking speed increased
by 0.047 m/s, stride length increased by 0.107nd,cadence decreased by 4.6
steps/min. Similar results have been reportedudias comparing barefoot to shod
motion. In an 980 subject study of children (5y2ars old), Lythgo et al. reports an
increase in walking speed of 0.08 m/s, an increésgide length of 0.111 m, and a
decrease in cadence of 3.9 stepsiiffin This trend has been observed elsewhere in the
literaturé'*> 1°817% Based on these earlier studies and the curesntts, it appears the
natural response to footwear is an increase iningigpeed and stride length while

reducing cadence.

4.5Conclusion

Compared to barefoot, toe-only rocker shoes ineréscrural dorsiflexion
during LR, and increase subtalar plantar flexionrduLR, MSt and TSt. These results
are common to other studies comparing barefooebeial shod motion, and are
therefore thought to have little influence from tbe-only rocker shoe. These findings
may be expected as the toe-only rocker is designek that new stability positions are

only required of the forefoot/metatarsal regioreathe body center of pressure moves
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anteriorly to the fulcruf®®. Because of this, hindfoot motion from toe-ordgker
shoes may be unaffected compared to baseline sh#se current study results suggest.

While rocker shoes are thought to minimize plaptassures by reducing sagittal
plane motion in specific joints of the f65t), it is yet unclear as to which joints are
affected by their use. The current study suggestsboth talocrural and subtalar sagittal
plane motion is altered by toe-only rocker shoes similar manner to normal shoes.
These anatomic joints would therefore not be tleations in which sagittal plane motion
contributes to the reduction in reported plantaspures. Based on these findings, any
sagittal plane kinematic changes because of togronker use are occurring distal to the
hindfoot. This may be expected as the majoritglahtar pressure reduction by use of
rocker profiled shoes occurs at the forefdt While this study did not measure
kinematics distal to the hindfoot, the describemrfbscopic methodology would be
appropriate for such an undertaking.

Study limitations include a narrow sample of adoidtle subjects aged 18 to 28
with no reported gait deficiencies or prior bongtfajury. A further limitation is the use
of ionizing radiation with current levels estimat#dlO pSv/trial. Based on the IRB
restriction of five trials per subject, each subj@as exposed to approximately 50 uSv.
The USNRC (United States Nuclear Regulatory Comomgglaces whole body annual
occupation limits at 5 rems (50,000 puSv).

On the basis of the current study, it is conclutthed single plane fluoroscopic
technology is appropriate for the sagittal plan@sueement of both talocrural and
subtalar kinematics within a shoe. This technolisggecommended for further clinical

applications, including the assessmennofivo motion with pedorthics and orthotics. It



is additionally recommended to expand this analydis an additional fluoroscopic

system, therefore capable of assessing 3D kinesnatic

84
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5. Conclusion

Current multi-segmental foot models that use exiérmmounted skin markers are
incapable of tracking the individual bones of thetf As such, these models group
adjoining bones in segments that are assumedtigide Any intra-segmental motion is
either not accounted for, or incorrectly ascribed ineighboring intersegmental joint.
The subtalar joint is clinically significant in mapathologies, including pes planovalgus
and tarsal coalition, but because the talus capaatacked with skin mounted mark@rs
these models are incapable of tracking subtalaromoBone marker based models that
are adequate in measuring individual bone posdmneport subtalar motion, but their
invasive nature prevents widespread clinical ubdee purpose of this dissertation was to
determine the feasibility of using fluoroscopy twaqgtify in vivodynamics of the
hindfoot during the stance phase of gait. The ligpesl system proved capable of non-
invasively quantifying both talocrural and subtadagittal plane dynamics. Preliminary
results compared favorably with the kinematics kineétics reported by other authors,
and led to the undertaking of two pilot investigas. The first investigation quantified
and statistically analyzed the sagittal plane taid and subtalar kinematics of barefoot
ambulation during stance. The second investigatonpared stance phase sagittal plane
hindfoot kinematics between barefoot and toe-oabtker walking conditions, and
examined the role hindfoot motion played in theorégd reduction of plantar pressures

from toe-only rocker use.
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5.1 Summary of Findings

Based on the results of this dissertation, all liypses outlined in Section 1.7
were verified. These verifications were compldigdiccomplishing all the specific aims
additionally outlined in Section 1.7. The applioatof fluoroscopic technology on the
foot during gait required construction of an eledatvalkway, and the reconfiguration of
a C-arm fluoroscopy unit (Section 2.2.1). Custdgoathms, in conjunction with a relay
circuit, were developed to synchronize the systeth arstandard motion analysis system
and multi-axis force platform (Section 2.2.2). é&fthe removal of fluoroscopic image
distortion (Section 2.2.3), a method of global refeeing was introduced to translate
points of interest from fluoroscopic image coord@sato lab global coordinates (2.2.4).
Experiments were conducted to measure and quaattibys associated with the global
referencing method (Section 2.3.1). From these®rxgents it was concluded that for
typical foot progression angles (neutral to 10®axal rotation), errors in translating
hindfoot fluoroscopic points of interest to gloloalordinates were similar to dynamic
position errors reported for standard motion anslygstems (Section 2.4). It was
additionally concluded that algorithms could bealeped to correct for global
referencing error, as these errors were measuaableepeatable (Section 2.4).

Using the fluoroscopy system and global referenaneghod, a hindfoot
kinematic foot model was developed (Section 2.28)is model used external skin
marker locations to define a local tibial coordeaystem, and virtual marker locations
(globally referenced fluoroscopic points of intéydés define local coordinate systems for
the talus and calcaneus. Once defined, thesedooatlinate systems were used to

guantify talocrural and subtalar sagittal planeskiatics during stance phase by
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implementing the Joint Coordinate System metidd The preliminary results using this
kinematic model on a population of five normal daduwibjects during barefoot walking
compared favorably to the barefoot kinematics regabby other authors (Section 2.4), as
hypothesized in Section 1.7.

The developed kinematic model was designed to uiged specific virtual
marker locations so the most visible and distingaide anatomic locations in the
fluoroscopic image sequence could be selectederiatic model sensitivity was
determined by comparing the kinematic results efdame subject using different virtual
marker locations. These angular differences wawed to be less than the reported inter-
session angular variability of existing skin mouhexternal marker based multi-
segmental foot models (Section 2.4).

Similar to the kinematic model, a hindfoot kinetiodel was developed to
qguantify talocrural and subtalar sagittal plan@staphase dynamics (Section 2.2.7).
This model used algorithms developed to track tatar calcaneal centroid loci based on
fluoroscopic points of interest. These centrochlions were subsequently used as
origins of segment masses. Custom methods wealutted to estimate talar and
calcaneal mass and mass moments of inertia asluok$an Section 2.2.7. After talar and
calcaneal body segment parameter estimation (roass,Imass, mass moments of

inertia), the kinetic model followed the methodsvafughn et al*?°!

. The preliminary
results compared favorably to kinetics reporteather authors (Section 2.4). In order to
determine the role of body segment parametersloartaal and subtalar kinetics,
analyses were done with and without the additiotalair and calcaneal parameters. It

was concluded that talar and calcaneal body segpagaimeters play only an incidental
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role in sagittal plane talocrural and subtalar #kgseduring stance (Section 2.4), as
hypothesized in Section 1.7.

Based on the results of Chapter 2, the developsehkatic model was applied to
data collected from a larger population of norndllasubjects walking barefoot. The
kinematic results from this pilot investigation ther strengthened the favorable
comparison to kinematics reported by other autf®estion 3.4), as hypothesized
(Section 1.7). It was concluded that subject \alitg in sagittal plane kinematics was
higher for the talocrural joint than the subtat@nf (Section 3.4). This increased
variability may be attributed to the subtalar joimajor plane of motion being coronal
rather than sagittal.

The final pilot investigation was conducted to deti@e if differences existed in
talocrural and subtalar stance phase kinematiegdaet barefoot and toe-only rocker use.
Compared to barefoot, toe-only rocker shoes ineagsocrural dorsiflexion during
loading response, and increased subtalar plamtaofi during loading response, mid-
stance and terminal stance (Section 4.4). It wld&ianally observed that toe-only
rocker use decreased subject kinematic varialmibtppared to barefoot walking (Section
4.4). Based on these results, it was concludedotita the talocrural and subtalar joints
were influenced by toe-only rocker use (compareoiai@foot), as hypothesized in
Section 1.7. Because the differences betweendxzrahd toe-only rocker use were
similar to differences reported by other authortsvieen barefoot and normal shoes, it
was additionally noted that hindfoot sagittal pl&mematics may not contribute
substantially to reductions in reported plantaspuees associated with toe-only rocker

shoe usage (Section 4.5).
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5.2 Limitations and Future Directions

This study represents the first report of fluorgscbeing used to quantify vivo
intra-foot dynamics during the stance phase of gHitis non-invasive process allows for
the kinematic evaluation of subcutaneous jointtheffoot previously unattainable with
standard stereophotogrammetry methods. Whilesthidy assessed the talocrural and
subtalar dynamics of healthy adult subjects, tbbrtelogy developed is capable of
examining many of the soft tissue and bony abnatiesilassociated with the pathologic
foot of both adult and pediatric populations. Gleaerization of the intra-foot kinematics
associated with pathologies such as equinovarps®planovalgus could play a crucial
role in the pre- and post-operative evaluationaifgmts, and may lead to improved
surgical techniques.

As a result of this study, it was concluded thadfoot sagittal plane kinematics
acquired from fluoroscopic technology compare faby to the kinematics reported by
authors using more invasive methodologies. Baseithis conclusion, it is recommended
that this technology be further developed for dyitammalysis of the foot and ankle. The
introduction and synchronization of an additionabfoscopy system would allow for a
three-dimensional kinematic analysis. Larger imagensifiers would expand the
fluoroscopic field of view, and use of custom tegimg techniques to terminate exposure
if the foot is not projected to be within the captwvolume would increase the amount of
fluoroscopic data collected per subject. In additihigh speed cameras would allow for
the evaluation of sports-related activities.

The sagittal plane hindfoot kinetics reported its $tudy compare favorably with

those reported by other authors. As noted in tineeat study, the role of body segment
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parameters in stance phase hindfoot kinetics iBgilelg compared to ground reaction
force contributions. Unfortunately, limitationsfiorce plate technology hamper a true
kinetic evaluation of the multi-segmental foot.aditional force platforms are only
capable of reporting a single resultant vector, gladtar pressure mats only measure
vertical force components. This inability to apjomm vertical and shear ground reaction
force components among multiple foot segments regunodeling assumptions to be
made that propagate into estimated kinetics. Theayeral custom devices suitable for
measuring normal and shear forces under foot saba@pear in the literatdf¥ "]
nothing commercially available has been developed.

The foot model introduced in this study requires dise of ionizing radiation.
This radiation was minimal, with per trial subjestposure levels conservatively
estimated at 10 uSv. The USNRC (United StatesédmdRegulatory Commission)
places whole body annual occupation limits at 53¢50,000 uSv). Reaching this
threshold based on the currently described metlggolould require more than ten
trials per day for 365 consecutive days. This maliradiation exposure allows for the
direct visualization of bony motion within the fooAs demonstrated, fluoroscopic
technology is suitable for quantifying inter-sega oot motion in the shod condition,
and would be capable of such an evaluation in @édloe pedorthic applications as well.
Such use of ionizing radiation has the potentiakoblutionizing the way assistive

devices are evaluated and prescribed.
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Appendix A: Raw kinematic data

The following raw kinematic data represents the Bubjects that underwent

barefoot fluoroscopic analyses as described in &ha&p
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Figure A-1 Raw kinematics: Subject 1. Subject 1 had 5 toélsarefoot motion

analyzed.
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Figure A-2 Raw kinematics: Subject 2. Subject 2 had 5 toélsarefoot motion

analyzed.
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Figure A-3 Raw kinematics: Subject 3. Subject 3 had 5 toélsarefoot motion

analyzed
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Figure A-5 Raw kinematics: Subject 5. Subject 5 had 5 toélsarefoot motion

analyzed.
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Appendix B: Raw kinematic data

The following raw kinematic data represents thesdi3jects that underwent
barefoot fluoroscopic analyses as described in &€nh&p and toe-only rocker
fluoroscopic analyses as described in ChapterubjeSts 1-5 are the same subjects that

underwent barefoot fluoroscopic analysis as deedrib Chapter 2.
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Figure B-1 Raw kinematics: Subject 1. Subject 1 had 5 toélsarefoot motion
analyzed, and 2 trials of toe-only rocker motioalgmed.
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Figure B-6 Raw kinematics: Subject 6. Subject 6 had 4 toélsarefoot motion
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Figure B-7 Raw kinematics: Subject 7. Subject 7 had 4 toélsarefoot motion
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Figure B-8 Raw kinematics: Subject 8. Subject 8 had 4 toélsarefoot motion
analyzed, and 3 trials of toe-only rocker motioalgred.
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Figure B-9 Raw kinematics: Subject 9. Subject 9 had 4 toélsarefoot motion
analyzed, and 3 trials of toe-only rocker motioalgred.
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Figure B-10 Raw kinematics: Subject 10. Subject 10 had 4stwabarefoot motion

analyzed, and 3 trials of toe-only rocker motioalgmed.
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Figure B-11 Raw kinematics: Subject 11. Subject 11 had 4stwabarefoot motion
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Figure B-12 Raw kinematics: Subject 12. Subject 12 had 5stiwabarefoot motion
analyzed, and 5 trials of toe-only rocker motioalgmed.
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Figure B-13 Raw kinematics: Subject 13. Subject 13 had 3stwabarefoot motion
analyzed, and 2 trials of toe-only rocker motioalgmed.
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