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GiRIiS

Yiiriime, hem hareketlilik hem de stabilite yakalamak
amaciyla ¢alisan alt ekstremite segmentlerinin tekrarli
sekansindan olusur. Ayak ve ayak bilegi, insan yiiriime-
sinin govde ve destek yiizeyi arasindaki birincil arayiiz
olarak goérev alan tamamlayici pargalandir. Eklemler, ilk
temas aninda kuvveti emmek adina hareketlilik ve viicut
durusu degistikce stabilite saglamakta gérevlidirler.

Ayak ve ayak bileginin yiirimeye olan katkilarini
incelemek, bireylerin yiiriimeyi nasil kontrol ettigi ve
noromuskiiler/muskiiloskeletal uyumsuzluk ve bo-
zukluklar arasindaki iliski hakkinda derinlemesine bir
bakis saglar. Ornek olarak, serepral palsiye (SP) ikincil
olarak ekinovarus veya planovalgus ayak deformitele-
rinin goriildigii cocuklan incelemek, distal kas siste-
minin motor bozukluklan arasinda iliskilendirmeyi ve
bu popiilasyonda siklikla gériilen lokomotor kinema-
tik degisimleri gormeye olanak verir. Ayak hakkinda
calsirken dikkate alinmasi gereken sorunlardan biri
de siklikla kullanilan yiiriime analizi modellerinin aya-
1 basitlestirip tek bir kati segmentmis gibi gostererek
yuriyus analizini tanimlamak igin yeterli veri sunma-
masidir. Ayagin ince hareketlerini takip edebilmek ve
yuriiyus sirasinda pozisyonlandirmay yapabilmek igin
daha kompleks, cok-segmentli bir ayak modeline ihti-
ya¢ duyulmaktadir.

Bu yazinin amaci, ayak biyomekanigini ve yiiriiyis
sirasinda sayisal 6lgim yapmak igin kullanilan me-
todlan agiklamaktir. Milwaukee Ayak Modeli (MAM)
dahil olmak lzere spesifik ¢ok-segmentli kinematik
ayak modelleri teknik olarak agiklanmistir. MAM’In
pediatrik ayak patolojisine uyarlanmasi, ayak ve ayak
bilegi hareket analizinin nasil hasta bakiminda kulla-
nildigini géstermek adina olgu 6rnekleri kullanilarak
sunulacaktr.

INTRODUCTION

Locomotion consists of a repetitive sequence of mul-
tisegment lower extremity movements functioning to
simultaneously achieve both mobility and stability.
The foot and ankle are integral components in human
locomotion, and they serve as the primary interface
between the individual and the support surface. The
joints allow for mobility to absorb forces at the point
of initial contact and stability as the body advances
during stance phase.

Studying the contributions of the foot and ankle to
locomotion provides vital insight into how individuals
control locomotion and associations between neuro-
muscular/musculoskeletal impairments and move-
ment dysfunction. For example, studying children
with equinovarus or planovalgus foot deformities
secondary to cerebral palsy (CP) provides an associa-
tion between motor dysfunction of distal musculature
and alterations in locomotor kinematics common
to this population. One problem to consider when
studying the foot is that commonly used gait models
over-simplify the foot as one rigid segment providing
inadequate data to identify where specific gait abnor-
malities occur within the foot. A more complex, multi-
segment foot model is needed to track properly subtle
foot motion and positioning during gait.

The purpose of this review is to describe foot biome-
chanics, and the current methods used to quantitative-
ly evaluate foot motion during gait. Specific multi-seg-
ment kinematic foot models including the Milwaukee
Foot Model (MFM) will be technically described. The
application of MFM to pediatric foot pathology will
be presented using case examples to demonstrate how
motion analysis of the foot and ankle can be applied
to patient care.
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AYAK BiYOMEKANIGi

Perry ve Burnfield’a gore, yiiriime sirasinda agirlik
tastyan uzuvlar dort farkl fonksiyon yerine getirir: 1)
stirekli degisim gosteren postiire ragmen viicut dikli-
gini koruma, 2) secici postiir, kas kuvveti, ve tendon
elastisitesi etkilesimi sonucu ilerleme saglama, 3) her
adim sirasinda zemin darbesini minimalize etme ve 4)
bu fonksiyonlarin yerine getirilmesi igin gereken kas
gliciinii minimuma indirerek enerji korunumu sagla-
ma.['l Bu dért fonksiyonun simiiltane olarak yerine
getirilmesi, tst ve alt viicudun bir seri kompleks etki-
lesimi sonucu belirli hareket dizilerinin ortaya ¢ikma-
styla olusur. Ayak ve ayak bilegi, proksimal segment-
lere mekanik baglanti olmakla beraber bireysel yiizey
ve destek yiizeyi arasinda arayiiz gérevi gorerek bu
fonksiyonlarda tamamlayici bir rol oynar.

Yuriime sirasinda ayak, enerji harcanmasini minimi-
ze ederken hem stabilite hem de hareketlilik saglamak
icin bir dizi karmasik fonksiyonu yerine getirmelidir.
Ayak ve ayak bilegi boyunca stabilite saglamak soma-
tosensoriyel geri bildirim, eklem hareketliligi, ve kas
kontroliiniin birlesimini gerektirir. Yiirime sirasinda
ayak, durus fazi da denilen, destek zeminiyle temas
halindeyken daha proksimaldeki uvuz segmentlerinin
rotasyonunu arttirarak ilerleme esnasinda daha stabil
bir zemin yaratip proksimal kaslarin eforunu minimu-
ma indirir.[2] Ayak icerisindeki yapilarin esneyebilirligi,
destek ytizeyiyle temas ani ve zemin degisikliklerinde
kuvvet emilimini saglar.

Durus fazinin ayak topugunun yere vurmasiyla
baslayan ilk asamasinda, topuk vurusundan diz
ayaga, tibianin internal rotasyonu subtalar eklem-
de ani eversiyonla sonuglanir. Subtalar eversiyon,
talokrural ve subtalar eklemin sira disi iliskisinden
dolayi olur. Talokrural eklemin deneysel aksi (medi-
yal malleol basindan lateral malleole kadar) koronal
diizlemde tibianin dikey aksina ~82° oblik olarak
yonlendirilmistir. Bu, ayak bilegi sagittal diizlem-
de hareket ederken beraberinde ayak veya bacak-
ta horizontal rotasyona izin verir. Basitce subtalar
eklemin koseli mentese gibi davrandigini diisiine-
biliriz. Aksi yatayda ~42°, sagittal diizlemde ~16°
plantar-lateralden dorso-mediyale oblik olarak
uzanir (Sekil 1). Bu obliklik tibianin aksiyel rotas-
yonunun subtalar eklemde eversiyon/inversiyona ve
orta-6n ayakta pronasyon/supinasyona doniismesi-
ni saglar. Boylelikle subtalar eklem eversiyona geldi-
ginde transvers tarsal eklemler (kalkaneokiiboid ve
talonavikiiler eklemler) akslarini paralel hale getire-
rek ¢ozilirler. Transvers tarsal eklemlerin ¢oziilme-
si, ayak ve mediyal arkin yiiklenme sirasinda viicut
agirhgini tagimasini ve ayagin esit olmayan yiizeylere
uyumunu saglayan bir esneklikle sonuglanir.[>4]
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FOOT BIOMECHANICS

According to Perry and Burnfield, during locomo-
tion each weight-bearing limb accomplishes the four
distinct functions: 1) upright stability is maintained de-
spite an ever-changing posture, 2) progression is gen-
erated by the interaction of selective postures, muscle
force, and tendon elasticity, 3) floor impact at the on-
set of each stride is minimized, 4) energy is conserved
by these functions being performed in a manner that
reduces the amount of muscular effort required.[' The
simultaneous accomplishment of these four functions
depends on distinct motion patterns which represent a
complex series of interactions between the upper and
lower body. The foot and ankle play an integral role
in these functions acting as the principal interface be-
tween the individual and the support surface, as well
as a mechanical link to more proximal segments.

During locomotion, the foot is required to perform a
number of intricate functions allowing for both stabil-
ity and mobility while minimizing energy expenditure.
Stability throughout the foot and ankle requires the
integration of somatosensory feedback, joint mobility,
and muscle control. While the foot is in contact with
the support surface during locomotion, referred to as
stance phase, it propagates rotation of more proximal
limb segments and minimizes effort of more proximal
muscles by providing a stable base during forward pro-
gression.[?l Flexibility of the structures within the foot
allows it to absorb forces at initial contact with the sup-
port surface and accommodate to alterations in terrain.

During the first rocker of stance phase, from heel
strike to foot flat, internal rotation of the tibia result
in rapid eversion of subtalar joint. Subtalar eversion
occurs because of the unique relationship between
the talocrural and subtalar joints. The empirical axis
of talocrural joint (from the tip of medial malleoli to
lateral malleoli) is oriented obliquely at ~82° from the
vertical axis of the tibia in the coronal plane. This al-
lows concomitant horizontal rotation to occur in the
foot or leg as the ankle moves in the sagittal plane. A
simplified analogy is that the subtalar joint acts like a
mitered hinge. Its axis passes obliquely from a plantar-
lateral to dorso-medial direction ~42° up from hori-
zontal and from the sagittal plane ~16° (Fig. 1). Such
obliquity allows the axial rotation of the tibia to be
translated into eversion/inversion of the subtalar joint
and subsequent pronation/supination of the midfoot
and forefoot. Thus, when the subtalar joint everts,
the transverse tarsal joints (calcaneocuboid and talo-
navicular joints) unlock bringing their axes parallel to
each other. Unlocking of the transverse tarsal joints re-
sults in a suppleness which allows the foot and medial
arch to absorb the impact of the body weight during
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Sekil 1. a, b. Subtalar eklemin aksi sagittal diizlemde
yaklasik 42° (a) ve yatay diizlemde yaklasik 16° (b)
olarak goriilmektedir.

Durus fazinin ayagin yer ile tam temasi ile baslayan
ikinci asamasinda ayak plantigrad ve ayak bilegi gittikge
dorsifleksiyona yaklasmaktadir. Tibial eksternal rotasyo-
na ikincil olarak subtalar eklem inversiyona gelmektedir.
Subtalar eklem inversiyonu distale dogru yayilarak kal-
kaneokiiboid ve talonavikiiler eklemlerin transvers tarsal
atrikiilasyonun stabilitesini arttirnp kilitlenmeyi saglar. Bu
sayede esnek orta ayak daha sert bir yapiya doniiserek
proksimal segmentler icin sabit bir yiizey olusturur.>#l

Durus fazinin topugun yerden ayrilmasi ile baslayan
ve ayak parmaklarinin yerden ayrilmasi ile son bulan
Uglincli asamasinda ayak bilegi plantar fleksiyon ve
ileri eksternal tibial rotasyon gosterir. Subtalar eklem
inversiyona devam ederek ayak parmaklarinin yerden
aynlmasi asamasinda maksimuma ulasir. Distalde tar-
sal eklemler sert segmentlere doniiserek gii¢ jenerasyo-
nu ve ileri atilim saglar.

Biyomekanik ve/veya noromuskiiler ayak ve ayak
bilegi fonksiyon bozukluklar yukaridaki normal
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Figure 1. a, b. The axis of the subtalar joint lies at

approximately 42° in the sagittal plane (a) and at
16° in the horizontal plane (b).

loading response and also allows the foot to adjust to
uneven surfaces.[>#

During second rocker, the foot is plantigrade and
the ankle joint progressively dorsiflexes. The subtalar
joint progressively inverts secondary to tibial exter-
nal rotation. This subtalar joint inversion propagates
distally locking the calcaneocuboid and talonavicular
joints which increases the stability of the transverse
tarsal articulation. This helps to transform the flexible
midfoot to a rigid structure providing a stable base for
the more proximal segments.[>4

During the third rocker, the ankle joint demonstrates
rapid plantar flexion and further external tibial rota-
tion. The subtalar joint continues to invert, reaching
its maximum at toe-off. Distally, the tarsal joints are
transformed into a rigid segment to facilitate power
generation and forward propulsion.[34

The presence of biomechanical and/or neuromuscular
foot and ankle dysfunction can impact any or all of the
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yirime durumlarindan bir veya birden fazlasi-
ni etkileyebilir. Bu sekilde segmentlerin birbiriyle
baglantili oldugu durumlarda bir segmentin etki-
lenmesi digerlerinin de etkilenmesine yol agabilir.
Stebbins ve arkadaslari, tipik olmayan ayak ve ayak
bilegi hareketlerinin ve ardindan yapilan cerrahi dii-
zeltmelerin alt ekstremitede ylirime sirasinda daha
proksimal segmentlerin hareketini etkiledigini goz
6niine koymustur.l®] Biyomekanik zincirde meyda-
na gelen her bozukluk, hareketin yani sira fonksiyo-
nel engellere de yol agabilir. Ballaz ve arkadaslan,
ylrime sirasinda ayak kinematigi tepe noktasi ile
enerji harcanmasiyla beraber hareket degisiminin
baglantisini géstermistir.[®] Motor kontrolu etkile-
yen néromuskiiler hastaliklar sonucu meydana ge-
len ayak ve ayak bilegi fonksiyon bozukluklarinin
incelendigi her iki calismada da SP’li ¢ocuk ve ado-
lesan kullaniimistir.

YURUME ANALizi

Sayisal yiriime analizi genel olarak yiiriime si-
rasinda temporal-boyutsal, kinematik, kinetik ve
elektromiyografik (EMG) verilerin ardisik elde edil-
mesini icerir. Asirlardir kullanilan sayisal yiirime
analizi belirli hastalik evrelerinin takip edilmesi,
ortopedik cerrahinin yarari hakkinda objektif data
sunmasi, ve klinisyenlere uygun miidahale karari
almada yardimci olmasi agisindan 6nemli bir yer
tutar.l’]

On yillardir yiirime sirasinda ayak ve ayak bile-
gi kinematigini 6lgerken ayak, ayak bilegi etrafin-
da donen tek bir segmentmis gibi gosterilmistir.[8]
Proksimal ve distal segmentler tibia ve ayak olarak
tanimlanirken tibianin lateral saftina, lateral mal-
leole, ve ikinci ve ti¢cilincii metatars arasina markir
yerlestirilir. Sonug olarak bu sekilde yapilan 6l¢iim-
ler iki-boyutludur ve sagittal dizlemde plantar/
dorsifleksiyon ayagin tibiaya goére ol¢liminden,
transvers diizlemde ayak rotasyonunun tibiaya
gore Ol¢imiinden, ve global kordinat eksenlere
gore ayagin transvers diizlemde yaptig ilerleme
agisindan olusur.[8-10]

Yirmi sekiz kemik, ayrintili artikiilasyon, ve yiiz-
lerce bag ve kas bulunan ayagin, biyomekanikte
tek bir segmentmis gibi gosterilmesinin basite in-
dirgemek oldugu yaygin olarak kabul edilmistir.['"]
Ayagin hareket analizinde tek bir segment halinde
gosterilmesi, ayak igerisinde olusan deformitelerin
gozden kagmasina neden olabilir. Ayrica ayak ve
ayak bileginde tanimlanan deformitelerin tek bir
eklemle bagdastirilmasi mimkiin olmayabilir. Bu
yliizden yuriiyiis sirasinda ayak ve ayak bileginin
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above aspects of normal locomotion. Whenever there
are segments directly linked together an abnormality in
any one segment can propagate up or down the chain
affecting segments several links away. Stebbins et al.
demonstrated that atypical foot and ankle motion and
subsequent surgical correction impacted motion of the
more proximal segments of the lower extremities dur-
ing locomotion.s] Any disruptions in the biomechanical
chain can not only impact movement but can also lead
to functional disabilities. Ballaz et al. showed moderate
correlations of ankle kinematic peaks and excursion of
motion with energy expenditure during locomotion.®
The populations used in each of these studies presented
with foot and ankle dysfunction resulting from one of
the most prevalent neuromuscular diseases affecting
motor control in children and adolescents’ CP.

GAIT ANALYSIS

Quantitative gait analysis typically includes a collec-
tion of temporal-spatial, kinematic, kinetic and elec-
tromyographic (EMG) data simultaneously collected
during locomotion. Quantitative gait analysis has
been extensively utilized across ages and pathologies
to identify atypical movement patterns, guide clini-
cians’ decisions about appropriate interventions, pro-
viding objective data about the efficacy of orthopedic
surgery, and longitudinally tracking the progression of
various disease processes.!”]

For decades, the accepted approach to quantify foot
and ankle kinematics during locomotion has been to
represent the entire foot as a single rigid body with
a revolute ankle joint.[®] The proximal and distal seg-
ments are identified as the tibia and the foot with sur-
face markers placed on the lateral shaft of the tibia,
lateral malleolus, and in-between the second and third
metatarsals. Ultimately, the foot and ankle kinematics
calculated using this method are two-dimensional and
consist of plantar/dorsiflexion in the sagittal plane
with the position of the foot measured in reference to
the tibia, foot rotation in the transverse plane in re-
lation to the tibia, and foot progression angle which
describes the transverse plane orientation of the foot
in relation to the global coordinate axes.[8-1%]

Itis well accepted that referring to the “foot” biome-
chanically as a single segment is an oversimplification
of a structure that contains 28 bones, intricate articu-
lations, and hundreds of ligaments and muscles.[""]
Utilization of a single segment model to represent foot
motion during gait can potentially neglect to identify
a deformity within the foot complex. Also, even when
abnormalities are identified within the foot and ankle
segments, it is not possible to isolate the problem to a
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karmasikhgini anlayabilmek adina daha sofistike
bir model, gelismis sayisal veri ve farkh ayak de-
formitelerinin etiyolojilerini gormeyi saglayacaktir.

Ayak ve ayak bilegi hareketlerinin segmental ki-
nematigini izlemek igin cilt ylizeyine markir konula-
rak yapilan, hareketin 3 boyutlu goriintiileme tek-
nolojisi ile kaydedilmesinde belirli miktarda iskelet
hareketinin cilt yiizeyindeki markirlar tarafindan al-
gilanmada basarisiz olmasi elestirilmistir. Nester ve
arkadaslar,l'?! yiizey markirlarinin iskelet hareketi
6l¢me kabiliyetini kadavra uzuvlarinda su u¢ teknigi
kullanarak kinematik karsilastirmasi yapmislardir:
1) direkt olarak cilde yapistirllan markir, 2) demir
plaka tizerine yerlestirilip cilde yapistinlan markir
ve 3) kemik pinlerine yapistirlan markir. Yazarlar
bu u¢ teknik arasindaki lokomotif kinematiklerde
kritik bir farkhlik gorilmedigine karar vermislerdir.
Bu nedenle yiirime sirasinda ayak ve ayak bilegi bi-
yomekanik modelini gelistirmede pasif markir kul-
lanimi uygun bir metot olarak degerlendirilmelidir.

AYAK VE AYAK BILEGiININ SEGMENTAL
KiNEMATIK ANALIZi

Rankine ve arkadaslari, yiirime sirasinda ayak ve
ayak bilegi segmentleri hakkinda bilgi veren yakla-
stk 23 yayimlanmis ayak ve ayak bilegi kinematik
modeli tanimlamistir.] Bu modeller ayag: tek bir
segmentmis gibi gosteren modellerden farkh ola-
rak ayak ve ayak bilegini birka¢ degisik segmente
boldugiinden dolayr ayak hareketlerini daha kesin
bir sekilde vermektedir. Bu modelleri birbirinden
ayiran etmenler, ayak ve ayak bilegini géstermede
kullanilan segment sayisi (2’den 10’a kadar), altta
yatan iskelet anatomisine yiizey markirlarini uyar-
lamada kullanilan matematik metotlarn (6rn. not-
ral referanslama), ve segmentler arasi aciyr 6lgme-
de kullanilan metotlardir (Euler agilarn veya Eklem
Koordinat Sistemi).[%'3] Ornek olarak, Oxford
Ayak Modeli ¢ocuklarda kullanim igin uyarlanan
dort segmentli bir ayak ve ayak bilegi modelidir
(tibia, arka ayak, 6n ayak, ve halluks).['*15] Notral
referanslama adina statik veri toplama sirasinda
ayak ve ayak bilegi pozisyonlandirmasini stardart
hale getirmek igin bir eksternal teknik yapi kulla-
nilir. Segmentler arasi kinematik Sl¢iimleri, Euler
sistemi kullanilarak, her segmentin anatomik ola-
rak kendinden daha proksimalindeki segment ile
karsilastirilmasi esasina gore yapilmistir. Kidder
ve arkadaslan tarafindan kullanimi pediatrik po-
pilasyon icinde kabul edilmis Milwaukee Ayak
Modeli (MAM) diye adlandirlan bir baska biyome-
kanik model gelistirilmistir.'¢7] MAM dért ayak

particular joint. Thus, to understand the complexities
of the foot and ankle during gait, a more sophisticated
model that describes segmental foot and ankle motion
would provide improved quantitative data and more
insight into the etiology of various foot deformities.

A potential criticism of using 3-D motion capture
technology with passive surface markers to track seg-
mental kinematics of the foot and ankle is that there
may be a significant amount of skeletal motion occur-
ring under the skin’s surface that can fail to be account-
ed for using this technique. Nester et al.['? assessed the
capability of surface markers to accurately track skel-
etal motion on cadaver limbs by comparing kinematics
collected using three techniques: 1) markers attached
directly to the skin, 2) markers attached to rigid plates
mountred on the skin, and 3) markers attached to
bone pins. The authors determined that there was not
a ciritical difference between locomotive kinematics be-
tween the three different techniques. Thus, the utiliza-
tion of passive marker sets to develop a biomechanical
model of the foot and ankle during locomotion should
be considered an appropriate method.

SEGMENTAL KINEMATIC ANALYSIS OF THE
FOOT AND ANKLE

Rankine et al. identified over twenty-three published
segmental foot and ankle kinematic models that provide
unique information regarding motion of foot and ankle
segments during locomotion.[°l These models divide the
foot and ankle into multiple segments that more accu-
rately represent the motion of the foot as opposed to
the single segment. Factors that distinguish the mod-
els include the number of segments used to represent
the foot and ankle (ranging from two to ten segments),
methods used for mathematically linking the surface
marker sets to the underlying skeletal anatomy (i.e. neu-
tral referencing), and methods used to calculate inter-
segmental angles (Euler angles or the Joint Coordinate
System).[*'3] For example, the Oxford Foot Model is a
four segment foot and ankle model (tibia, hindfoot,
forefoot, and hallux) that has been adapted for use
in children.['%5] An external technical frame is used to
standardize the foot and ankle position during the static
data collection trial for the purpose of neutral referenc-
ing. Intersegmental kinematics are calculated with the
segments represented in a distal relative to the next
proximal segment relationship using an Euler System.
Another biomechanical model has been developed by
Kidder et al., referred to as the Milwaukee Foot Model
(MFM), and has been validated for use in the pediatric
population.['®'7] The MFM provides kinematic data of
four foot and ankle segments: tibia, hindfoot, forefoot
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ve ayak bilegi segmenti i¢in kinematik veri saglar:
tibia, arka ayak, on ayak, ve halluks. Milwaukee
ayak modeline 6zgii olan, notral referans igin aya-
gin yere basilmasi aninda cekilen 6n-arka, yan ve
arka ayagin koronal diizlem radyografilerinin kulla-
nilmasidir.l'8 Nétral referanslama sirasinda statik
denemelerden alinan veri koleksiyonu yiizey mar-
kirlarini altta yatan iskelet anatomisine matematik-
sel olarak uyarlamada kullanilir. Bu arka ayak gibi
segmentlerin modellemesinde sorun yaratir. Topuk
uzerinde koronal ve sagittal diizlem oryantasyonu-
nu sunacak givenilir kemiksi nokta bulunmamak-
tadir. Sonug olarak MAM, radyografilerden alinan
Ol¢iimleri 6nceden konumlandinlmis lokal koor-
dinat eksenlerini altta yatan iskelet anatomisine
gore yeniden uyarlayarak kullanir. Bu radyografik
olgiimler sadece bireysel segmentlerin hesaplanma-
st i¢in degil, ayni zamanda diger hareket dizlem-
lerinin kinematiginde de 6nemlidir.l'! Bu tarz bir
teknigin kullanilmas: talipes ekinovarus (clubfoot),
tarsal koalisyon, SP ile alakali planovalgus/ekino-
varus, ve Charcot-Marie-Tooth gibi hastaliklarda,
notral hiza saglanmasi mimkiin olmayan belirli
ayak deformitelerinde 6nemini gosterir. Segmentler
arasi aglyr hesaplamak i¢in segmental kinematikler
tibianin global koordinat eksenine gore belirtilir.
Geri kalan segmentler ise Euler sistemi kullanilarak
yandaki proksimal segmente relatif olarak distal-
de ifade edilir. U¢-boyutlu hareket hesaplamasinda
rotasyonlarin siralamasi sagittal, koronal, ve trans-
vers sekildedir.

Normal ayak ve ayak bilegi hareketi

Tanimlamalar MAM ile toplanan veri koleksiyonu-
na dayanarak yapilmistir (Sekil 2). Cocuklarda yirii-
yus sirasinda ayak ve ayak bileginin hareketi yetiskin-
lerle benzer sekil géstermektedir.[2’] Milwaukee ayak
modelinde, ¢ok segmentli ayak ve ayak bilegi kine-
matikleri, tibianin laboratuvar diizlemine gore refe-
rans alinmasi ile ol¢iilmiistur. Arka ayak, 6n ayak,
ve halluks sirasiyla bir sonraki proksimal segmente
gore refere edilir. Boylelikle, ayak bilegi ve subtalar
hareket en iyi, arka ayagin tibiaya gore hareketi sek-
linde ifade edilir.

Tibia hareketi

Tibia yuriyiis sirasinda, laboratuvara gére ilk
temas aninda yaklasik 18° posterior agilanma ve
ayak havadayken 45° anterior agilanmayla bera-
ber, ~60° hareket agikhgina ulasir. Tibia, ayak iler-
leme agisi ve durustaki internal rotasyonda agirhk
kabuliine gore itme ve ilk salinim esnasinda tibia
abduksiyon sergiler.

TOTBID Dergisi

and hallux. Unique to the MFM is the use of weight
bearing, radiographic offset measurements in anterior/
posterior, lateral, and a unique hindfoot coronal views
for the purpose of neutral referencing.['®! During neu-
tral referencing, data collection from the static trial is
used to mathematically link the orientation of the sur-
face markers to the underlying skeletal anatomy. This
becomes problematic when modeling segments such as
the hindfoot. Reliable bony landmarks do not exist on
the calcaneus to adequately represent the coronal, and
sagittal plane orientation of the hindfoot segment. As a
result, the MFM uses the measurements obtained from
the radiographs to reorient the embedded segmental lo-
cal coordinate axes to the orientation of the underlying
skeletal segments. These radiographic measures are ex-
tremely important to the calculation of not only the off-
sets of the individual segments but also affect the kine-
matics in other segments and planes of motion.l"”] The
importance of utilizing this type of technique becomes
more apparent when dealing with significant foot defor-
mities found in the pediatric populations where neutral
alignment may be impossible to obtain such as talipes
equinovarus (clubfoot), tarsal coalition, planovalgus/
equinovarus associated with CP, and Charcot-Marie-
Tooth. To calculate intersegmental angles, the segmen-
tal kinematics are expressed with the tibia referenced to
the global coordinate axes. The remaining segments are
represented in a distal relative to the next proximal seg-
ment relationship using an Euler System. The order of
rotations selected for calculation of three-dimensional
motion is sagittal, coronal, and then transverse.

Normal foot and ankle motion

The following descriptions are based on data col-
lected using the MFM model (Fig. 2). Patterns of mo-
tion of the foot and ankle during normal gait in chil-
dren appear to follow closely the pattern for adults.[*°]
Multisegment foot and ankle kinematics calculated
using the MFM reference the tibia to the laboratory.
The hindfoot, forefoot and hallux are subsequently
referenced to their next proximal segment. Therefore,
ankle and subtalar motion is best represented as the
motion of hindfoot relative to the tibia.

Tibia motion

The tibia undergoes ~60° range of motion (ROM)
during the gait cycle with approximately 18° of pos-
terior angulation in relation to laboratory at initial
contact to 45° of anterior angulation at foot off. The
tibia exhibits abduction during push off and initial
swing relating to the foot progression angle and in-
ternal rotation during stance phase load acceptance.
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Sekil 2. Ayak ve ayak bilegi hareket grafilerinin tig-boyutlu
gorunumii. Yetiskin kontol ve pediatrik kontrol.

Arka ayak hareketi

Sagittal diuzlemde arka ayagin hareketi, tim vii-
cut yiiriiyis analizi sirasinda gozlemlenen ayak ve
ayak bileginin basma fazi asamalarindaki hareket
ozelliklerine benzerlik gosterir. Koronal ve transvers
diizlem grafileri durus sirasinda eversiyonu ve yii-
riyis sirasinda hafif eksternal rotasyonu kanitlar.
Bu, yiik tasimak igin gereklidir. Olgiilen eversiyon
acikhgr ortalama 4°’dir. inversiyon, durus fazinin
sonundan itme fazina kadar devam eder. Salinim
fazinda ayak bilegi dorsifleksiyona gelip topugu
vurus i¢in hazirlarken tek bir eversiyon-inversiyon
dongtisii meydana gelir.

On ayak hareketi

Arka ayakla karsilastirildiginda sagittal diizlem-
deki 6n ayak hareketi minimumdur. Daha plantar
fleksiyon bir durus sergiler. Durus fazinin sonundan
itme fazinin baslangicindan itibaren koronal diiz-
lemde supinasyon meydana gelir. ilk ve yar-salinim
fazinda 6n ayakta pronasyon ve abduksiyon gériiliir.

Figure 2. Three dimensional segmental foot and ankle motion
graphs. Adult Controls and Pediatric Controls.

Hindfoot motion

Sagittal plane motion of the hindfoot demonstrates
three rockers similar to the ankle rockers observed
during whole-body-gait analysis. The coronal and
transverse plane graphs display the eversion of the
hindfoot throughout stance and slight external rota-
tion throughout the gait cycle. This is required to ac-
cept loading. The measured range of eversion is about
4° on average. Inversion occurs in late stance and
proceeds through push-off. There is a single cycle of
eversion and inversion, which occurs during the swing
phase as the ankle goes into dorsiflexion and prepares
for heel strike.

Forefoot motion

Sagittal plane forefoot motion is minimal when ref-
erenced to the hindfoot. It maintains a relatively plan-
tarflexed position. There is supination in the coronal
plane during the last part of stance and just preceding
and during push-off. The forefoot pronates and ab-
ducts during initial and midswing phase.



358

Halluks hareketi

Halluks durus fazinin sonunda dorsifleksiyonda,
ilk temas aninda supinasyonda, ve itme fazinda
yaklasik 10-15°’lik valgusu koruyarak pronasyon-
da bulunur (Sekil 2).

Cocuklarda ayak ve ayak bilegi hareket analizinin
klinikte uygulanmasi

Cocuklardaki ayak deformitelerinin konjenital
kokenliden néromuskiilere kadar uzanan genis bir
spektrumu vardir. Ayak ve ayak bilegi hareket ana-
lizini pedobarografiye (ayak basinci) uyarlamak
sadece normal yiirtiyiis ve bunlarin degisiklikleri-
ni ¢alismak igin degil ayni zamanda tedavi 6ncesi
degerlendirme, cerrahi karar verilmesi ve ameliyat
sonrasi takipte 6nemli birer ara¢ haline gelmistir.
Clubfoot deformitesinin uzun dénem sonuglan,
SP’de valgus ve varus ayak deformitelerinde tedavi
karari, ve néromuskiiler durumlarda kompleks yii-
riyts deformitelerinin degerlendirilmesi ornekler
arasindadir.

Clubfoot

Clubfoot nedeniyle tedavi edilen iki grup geng ye-
tiskinin segmental ayak ve ayak bilegi hareket ana-
lizi, Ponseti ydontemi ve kapsamli cerrahi gevsetme
ile tedavi edilen bireylerde arka ayak hareket agikli-
ginin azalmasiyla beraber arka ayak kinematiginde
plantar fleksiyon ve 6n ayakta dorsifleksiyon kay-
masi oldugu gézlemlenmistir (Sekil 2 and 3).[21]

Tarsal koalisyon

Tarsal koalisyon tarsal kemiklerin bustalar ek-
lem hareketini o6nleyecek bicimde birlesmesidir.
Ameliyat 6ncesi ve sonrasi ayak ve ayak bilegi ha-
reket analizlerini incelemek, bizim patolojik prob-
lemleri ve ameliyatin hasta memnuniyeti tizerindeki
etkisini daha iyi degerlendirmemizi saglayacaktir
(Sekil 4).[22]

Serebral palsi

Serebral Palsi ekinus, planus, varus, valgus ve
bunlarin kombinasyonlarindan olusan ayak ve ayak
bilegi deformitelerinin goriilmesine neden olan
noromuskiiler bozukluklarin en sik gorilenidir.
Yiiruiyiis sirasinda segmental ayak ve ayak bilegi ha-
reket analizi spesifik segmentlerin deformiteleri ve
ne derece dahil olduklari hakkinda bize bilgi verir.

Ekinovarus ayak deformiteleri

Varus ayak deformiteleri SP’li cocuklarda eki-
nusla baglantih halde yaygindir. Varus ayak
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Hallux motion

The hallux dorsiflexes during late stance, supinates
at initial contact and pronates during push off while
maintaining about 10-15° of valgus throughout the
gait cycle (Fig. 2).

Clinical application of foot and ankle motion
analysis in children

There are a wide spectrum of children’s foot defor-
mities, which range from congenital to neuromuscular.
Applying foot and ankle motion analysis and pedo-
barography (foot pressures) have become important
tools in studying, not only the normal gait events and
their variability, but also the pretreatment assessment,
surgical decision making, and postoperative follow up of
pathologic gait. Long term results of clubfoot deformity,
treatment decisions for valgus and varus foot deformities
in cerebral palsy, and evaluation of complex gait defor-
mities in neuromuscular conditions are such examples.

Clubfoot

Segmental foot and ankle motion analysis of two
groups of young adults treated for clubfoot revealed
that subjects treated using the Ponseti method and
those treated with comprehensive surgical release
both had a plantar flexion shift in hindfoot kinemat-
ics and corresponding dorsiflexion shift in the forefoot
kinematics throughout the gait cycle, with decreased
hindfoot ROM from terminal stance to preswing (Fig.
2 and 3).2"

Tarsal coalition

Tarsal coalition is a union of tarsal bones that lim-
its subtalar joint motion. Evaluation of the foot and
ankle motion pre- versus post-operatively with foot
and ankle gait analysis will increase our ability to un-
derstand the pathological problem and the impact of
the surgery on the patient satisfaction and outcome
(Fig. 4).l22

Cerebral palsy

Cerebral Palsy is the most common neuromuscular
disorder which causes foot and ankle deformities such
as equinus, planus, varus, valgus and some combina-
tions of each. Segmental foot and ankle motion analysis
during gait can reveal the specific segments involved in
the deformity and the magnitude of their contributions.

Equinovarus foot deformities

Varus foot deformities are common in young chil-
dren with cerebral palsy and are associated with equi-
nus. Foot and ankle motion analysis and fine wire
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deformitelerinin degerlendirme ve tedavisinde ayak
ve ayak bilegi hareket analizi, ve kablolu EMG ya-
rar saglayabilir.[?3] Deformitenin goriildugi faz (sa-
limm ve durus fazi) ve yiriyiis anormalliklerinin
konumu ne zaman 6n ayak, ne zaman arka ayak
tendon transferi ve uzatmasi yapilacagl bilgisini
arttirir.

OLGU ORNEGI

Hemiplejik bir SP hastasinda sol ayakta ekinova-
rus ayak deformitesi. Hasta hareket analizi ve kab-
lolu EMG ile degerlendirildikten sonra, split tibialis
posteriordan peroneus brevise transfer ve topuk
bag uzatmasiyla tedavi edilmistir (Sekil 5).

Charcot-Marie-Tooth

Charcot-Marie-Tooth, c¢evresel sinir sistemini
etkileyen kalitsal bir durumdur. Hastalar genelde
ayak ve bacaklarda ilerleyen kas giigsuzlugii go-
rurler. Karakteristik 6zellikleri, ayak diismesi, pes
kavus, intrensek kas giigsiizliigii ve genelde tendon
transferiyle, osteotomiyle ve/veya fiizyonla tedavi
edilen geki¢ parmaktir. Ayak ve ayak bilegi hare-
ket analizinin uyarlanmasi, cerrahi karar verme ve
sonuglarin degerlendirilmesi agisindan anlayisimizi
genisletecektir (Sekil 6).0242°]

GELECEK YONTEMLER

Yiiriiyiis esnasinda ayak ve ayak bilegi hareket
analizi igin floroskopik goriintiileme

Ayak ve ayak bilegi patolojileri konjenital kaynakli-
dan néromuskiilere kadar uzanabilir. Dinamik ayak
fonksiyonu tedavi edildigi halde radyografiler, bilgi-
sayarh tomografi (CT) ve manyetik rezonans (MR)
goriintiileme cihazlan ayak hakkinda bize ancak
statik gorintiiler sunar. Bu teknikler ayni zaman-
da arka ayagin 6n ayaga gore inversiyon/eversiyon
ve internal/eksternal rotasyonu saglayan subtalar
eklemin hareketini kesin olarak gozlemlemeye ola-
nak vermez. Ek olarak ayagin ayakkabi, breys veya
ortezlerle olan asil etkilesimini gostermezler. Ayagi
yuriiyus sirasinda gosterebilecek bir floroskopik sis-
tem, ayagin i¢ yapilarini ve birbirleriyle etkilesimle-
rini gercek zamanl olarak sunabilir. Son ¢alismalar,
floroskopik sistemleri zemine monte ederek bireyin
ahicilar arasinda yiriyip art arda gekilen goriintiile-
rin bir video olusturulmasi yoniindedir (Sekil 7). Bu
analizden elde edilen bilgiler klinisyenler ve arastir-
macilara tipik olmayan segmental ayak hareketlerini
tanimlamayi, miidahaleleri planlamayi, gelismeyi iz-
lemeyi ve uzun dénem bakim vermeyi saglar.

EMG can be beneficial for evaluation and treatment
of varus foot deformities.[??] Knowledge of the phase
of the deformity (swing versus stance phase) and lo-
cation of gait abnormalities would improve decision
about when to do hindfoot or forefoot tendon trans-
fers or lengthenings.

CASE EXAMPLE

Equinovarus foot deformity of the left foot in a
hemiplegic cerebral palsy patient. After evaluating the
patient with motion analysis and fine wire EMG, pa-
tient is treated with split tibialis posterior transfer to
the peroneus brevis and heel cord lengthening (Fig. 5).

Charcot-Marie-Tooth

CMT is an inherited condition that affects the pe-
ripheral motor neurons. Patients often have progres-
sive muscular weakness in the feet and legs. Common
characteristics include foot drop, pes cavus, intrinsic
muscle weakness and hammer toes that are routinely
treated with tendon transfers, osteotomies and/or fu-
sions. Application of foot and ankle gait analysis will
improve understanding for surgical decision making
and evaluation of the results (Fig. 6).124%%]

FUTURE DIRECTIONS

Fluoroscopic imaging system for foot and ankle
motion analysis during walking

Foot and ankle pathologies can be wide ranging and
vary from congenital to neuromuscular. Currently ra-
diographs, CT and MRI are used to view the foot in
vivo though these only provide static images when of-
ten dynamic foot dysfunction is being treated. These
techniques also lack the ability to accurately observe
the motion of the subtalar joint which is responsible for
the inversion/eversion and internal/external rotation
of the hindfoot relative to the midfoot. Additionally,
they fail to see the true interaction of a foot within
a shoe, brace or orthotic. A fluoroscopic system de-
signed specifically for studying the foot during gait can
provide real-time motion views of the foot’s internal
structures and their relative interactions. Recent stud-
ies have modified fluoroscopic systems so that they
can be mounted on the floor allowing an individual
to walk between the emitter and collector triggering
a series of images to be captured and assembled into
a video displaying the motion (Fig. 7). Information
gathered from this analysis will allow clinicians and re-
searchers to more accurately identify atypical segmen-
tal foot motion, plan interventions, monitor progress
and provide longer term care.
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Sekil 3. Ug¢ grup farkh yetiskin: kontroller (mavi), cerrahi
olarak tedavi edilmis clubfoot (kirmizi), ve Ponseti yontemiyle
tedavi edilmis clubfoot (yesil).

Figure 3. Plots of three groups of adults: Controls (blue),
Clubfoot surgically treated (red), and those treated using
Ponseti method (green).
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Sekil 4. a, b. Tarsal koalisyon fotograflan (a) ve arka ayak
kinematigi (b).

Figure 4. a, b. Tarsal coalition photos (a) and hindfoot
kinematics (b).
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Figure 5. Equinovarus foot deformity of the left foot in a

Sekil 5. Bir hemiplejik serebral palsili hastanin sol ayak
hemiplegic cerebral palsy patient.

ekinovarus ayak deformitesi.
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Figure 6. Cavovarus foot deformity in a patient with Charcot-

Figure 6. Cavovarus foot deformity in a patient with Charcot-
Marie-Tooth disease.

Marie-Tooth disease.
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Sekil 7. Floroskopi sistemiyle cekilmis ayak.
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