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Summary

Osteoarthritis of the ankle joint develops mainigea trauma. It is less frequent than
osteoarthritis of the knee or hip joint but oftdfeets younger and physically active people.
More than half of the patients present with a ngitehent of the hindfoot, more frequently
into varus. Such patients with asymmetric ankles@aithritis often have partially intact
articular cartilage and may thus benefit from jopreserving realignment surgery. With
supramalleolar and hindfoot osteotomies, the amklsurgically realigned to unload the
degenerated cartilage and improve the joint comgrye While clinical outcome studies
already showed a reduction of pain, as well as avgments in the joint function and the
patients’ general well-being, the effects of supatl@olar osteotomies on the patients’ gait
patterns are largely unknown. The aim of this thesas therefore to first identify and
quantify the gait patterns of patients with asynmuefvarus or valgus) ankle osteoarthritis
and secondly to assess the biomechanical and nascoilar rehabilitation potential after
joint preserving realignment surgery.

Chapters 2 and 3 focus on the characterizatiomebtomechanical and neuromuscular gait
adaptations in patients with asymmetric ankle asthaitis. The results of the gait analyses in
patients with early- to mid-stage asymmetric arddéeoarthritis showed that these patients
had a lower hindfoot dorsiflexion and rotation rangf motion, as well as reduced peak
ground reaction forces, external ankle dorsiflexrmoment, and ankle joint power. These
changes were similar to those previously describedpatients with end-stage ankle
osteoarthritis. Additionally, the application opéncipal component analysis on the temporal
waveforms of the hindfoot dorsiflexion angle and trertical ground reaction force resolved
features that influenced the amplitudes and tinohthe waveforms. Using selected principal
component scores of patients and healthy subjectdinear support vector machine classifier
resulted in a successful classification (recognitiate: > 95%). Hence, these results indicate
distinct changes in the gait patterns of patienth wsymmetric ankle osteoarthritis that can
be resolved by principal component analysis (Chiedte

Neuromuscular adaptations in patients with ankteassthritis include muscle weakness and
spectral changes in the muscle activation. Chapteihnowed that patients with asymmetric
ankle osteoarthritis produce lower isometric togjue plantarflexion and dorsiflexion
compared to healthy subjects. This weakness ofawer leg muscles was also associated
with changes in the muscle activation patterns.tkeM. tibialis anteriorthe wavelet power
spectrum (maximal isometric contraction) and therelet pattern (walking) contained more
low frequency components than those of healthyesib] During walking, the calf muscles
(Mm. gastrocnemius medialis, gastrocnemius lateralmsl soleu3 were active with a lower
intensity and over a broader time-frequency reghaiditionally, the influence of the hindfoot
alignment on the muscle activation was studiedh@lgh that the number of subjects was
small, it seemed that patients with a valgus hiaddignment have an altered intermuscular
coordination between the calf muscles. While inlthgasubjects and patients with a varus
alignment M. gastrocnemius medialisvas maximally active beforddm. gastrocnemius
lateralis andsoleus it lagged behind in patients with valgus ankleeoarthritis. This altered
coordination could be due to a reduced or missamisation of the hindfoot during push off
from the floor. Further changes were seen in theeled patterns of. peroneus longuthat
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Summary

contained more low frequency components in patiefits a valgus hindfoot alignment than
in those with a varus alignment. This could beteglado a lower muscle activation level that
has previously been described for healthy subjeittsflat-arched feet.

Based on the described gait adaptations in patiwerits asymmetric ankle osteoarthritis,
Chapters 4 and 5 illustrate the effects of thetjpireserving realignment surgery and the
following rehabilitation on the biomechanical arelromuscular gait patterns. The first study
presented in Chapter 4 investigated the long-temméchanical outcome of supramalleolar
osteotomies in a group of patients following atsteaeven years after surgery. For the
spatiotemporal, kinematic, and kinetic gait parargetpatients after realignment surgery
showed fewer differences to controls than patientls asymmetric ankle osteoarthritis. The
postoperative patients walked faster, with a higbadence, and a slightly higher ankle
dorsiflexion moment. However, the range of motionhindfoot and hallux dorsiflexion
remained reduced compared to healthy subjects. tidddlly, prospective gait data for
patients before and after realignment surgery welected and presented together with data
on the long-term follow-up patients in Chapter 6r patients with ankle osteoarthritis, short-
term (prospective) and long-term follow-up patiesisilar changes in the foot kinematics
were seen. Principal component scores that affetttedrange of motion of the sagittal
hindfoot and hallux movement were reduced compaoetiealthy subjects in all patient
groups. For the forefoot dorsiflexion angle (rangfe motion) and the temporal muscle
activation ofM. gastrocnemius medialend soleus(peak activity), the principal component
scores were only altered in the patients with aokleoarthritis and the short-term follow-up
patients. However, both studies (Chapter 4 anché)ved that despite remaining changes in
the gait patterns, patients had less pain, higlectional ankle scores, and a better general
health after supramalleolar osteotomies. Thust jpreserving realignment surgeries are a
promising alternative treatment for asymmetric arddteoarthritis.
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Chapter 1

1. Ankle osteoarthritis

Osteoarthritis (OA) is a degenerative joint disethst is characterized by a degeneration of
the articular cartilage, sclerosis of the subchahdvone, the formation of marginal
osteophytes, and subchondral cystsThe pathological pathways leading to OA are diger
and not entirely understood. One common factomisnareased intra-articular mechanical
stress that exceeds the physiological limit (ewge th obesity or mal-alignment of the joint).
The failure to repair damages from such excessiehamical stress finally leads to OA. The
changes that are observed in OA are an adaptatitdre dody to the increased stresses that
aim to heal the joint and improve the joint biomegics®.

It has been estimated that OA affects about 10 ¥hefvorld’s population aged over 60,

The amount of affected people increases with irstngaage, since the progress of the disease
is not reversiblé. About 40 % of the OA patients suffer from knee 3% from hand OA,
and 20 % from hip OA, while only about 5 % suffesrfi ankle OAZ. Other studies showed
that less than 10 % of the patients coming to @dledic hospitals with lower limb OA
suffered from ankle OA*®. An important characteristic of ankle OA is thatis often
accompanied by a mal-alignment of the hindfoot.deaiabano et at® showed that in half of
the ankle OA cases a varus mal-alignment of thelfbot is present. Only 10 % of the
patients have a valgus mal-alignment while the o#®% of the patients have a neutral
alignment of the hindfoot.

1.1. Etiology of ankle osteoarthritis

OA can be classified according to the underlyingha@ism leading to the disease. If there is
no identifiable cause for the OA, one speaks ahgary or idiopathic OA. If there is a prior
known disease or event that is related to the deweént of OA, one speaks of secondary
OA. Examples for secondary OA are rheumatoid dishand posttraumatic OA™. While
knee and hip OA are primarily idiopathic, ankle @Gg&\in more than 70% of the cases
posttraumatic **®*2 The most common posttraumatic etiologies werelearfractures
(rotational fractures, malleolar fractures) andiigent ruptures (with either persisting pain or
persisting instabilityy'*°. Since these studies were retrospective, thepreealence of ankle
OA after such injuries is unknown. An important sequence of the predominantly
posttraumatic nature of ankle OA is that it oftéfle@s younger patients.

1.2. Conservative treatment

Conservative or non-surgical treatment options rifle OA include medication (e.g. pain
medication, intra-articular injection of hyalurorécid), shoe modifications, bracing, use of
assistive devices such as canes or crutches tstrgtenobilization, and strengthenifig™

Braces or ankle-foot orthoses aim to control andtlthe painful motion of the ankle joint in
the sagittal plane and to maintain the ankle ireatmal position. Custom made ankle-foot

orthoses gauntlet braces provide stability of thedfoot and ankle joint, while they allow
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Chapter 1

motion in the forefoot®. Other options include the addition of a rockettdm sole on the
patient’s shoe in order to facilitate the sagipiahe movement. However, there are no clinical
trial data available that describe the effect aices or orthoses in the treatment of ankle
OAM™

The effect of hyaluronic acid injections in ankl @ discussed controversially. There is
evidence that intra-articular injections of hyahlimacid reduce pain and improve clinical
scores'®” However, two randomized controlled trials showetgbrovements in both the
active group (hyaluronic acid) and the placebo gr(aline)®*° The follow-up time in all
these studies was with maximally 6 months relagiv&iort, and results on the long-term
effect are lacking”.

1.3. Surgical treatment of ankle osteoarthritis

Currently there are two common surgical treatmeatioos for ankle OA: ankle arthrodesis
(fusion) and total ankle replacement (TARY. Ankle arthrodesis has been performed for a
long time and has historically become a gold stethda the treatment of ankle OA. It
provides a good functional outcome with a low cdogilon rate 2% Although
approximately 75% of the patients reported a goott@ne??, some drawbacks of ankle
arthrodesis due to the restricted mobility of timikla exist. The risk of OA in the adjacent
joints is increased, the gait pattern is changetthe functionality of the joint is limitetf*3

In contrast to ankle arthrodesis, TAR aims to pres¢he function and mobility of the ankle
joint, therefore improving the gait pattefh While the first ankle prostheses often failed,
recent studies showed a survival rate of around S09éars after surgery and of around
80% 10 years following surgey?® This limited longevity of TAR is one major conoer
however, up to 80% of the patients reported a gnadome™.

In recent years, realignment surgeries have beepoped as an alternative treatment in
earlier stages of the disease where at least 5Dt goint cartilage is preservéd>> Ankle
OA often has an asymmetric nature with a mal-aligntrof the hindfoot and a deviation of
the joint loading axis into varus or valgus. Cladlg, varus mal-alignments of the hindfoot
are more frequent’. Realignment of the ankle joint is achieved by raogalleolar
osteotomies and hindfoot osteotomies. The aimettirgery is to improve the congruency of
the joint, to unload the degenerated cartilagethuos to restore the joint biomechanfts>

1.4. Clinical changes after realignment surgery

The clinical outcome of the different treatment@aokle OA is mainly analyzed by evaluating
different scores. The most commonly used clinicalrs is the American Orthopaedic Foot
and Ankle Society (AOFAS) ankle hindfoot scdPé’. The AOFAS score assesses the level
of pain, the function, and the alignment of thejdf. Other often used scores are the visual
analogue scale (VAS) to assess the level of paid,the short-form-(SF)-36 questionnaire.
The SF-36 measures the health of the patients sudivided into eight dimensions within
different areas: functional status (physical fumging, social functioning, role limitations
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physical, and role limitations emotional), wellbgiimental health, vitality, and pain), and
general health perceptiGh*

The clinical outcome of realignment surgeries inigrds with varus or valgus ankle OA
showed a significantly lower level of pain, and rsiigantly higher AOFAS ankle
scores®?%3% The ankle scale of Takakura et ¥lalso showed an overall improvement, as
well as in the categories pain, walking, and até&si of daily living. The range of motion
(ROM) of the ankle joint on the other hand remaitieslsame or even slightly decread®tf.
Another study however, showed an improvement in pbstoperative ankle dorsi- and
plantarflexion ROM*. It was also seen that postoperatively, more peti@articipated in
recreational sports.

2. Gait analysis

Human walking already drew the research interestanly scientist such as Aristotle (384—
322 BC). However, only the development of modemmgoters made studying and analyzing
the human gait widely possibfé. The following four disciplines of science - kinatits,
kinetics, electromyography (EMG) and engineeringhmmatics - are strongly associated
with the instrumented gait analysid Kinematics describe the motion of a body without
considering of the cause of the movement. In gatysis, the human body is modeled with a
set of rigid segments. The position of each ofeérseggments is defined by at least three points
(markers). Joint angles are then derived by cdinglahe relative rotation of one segment
with respect to the reference segm&nkKinetics describe the forces that act on a batty a
that cause a movement. To study the gait kindiicse plates are used to measure the ground
reaction forces (GRF). Inverse dynamics then altalculating joint moments and powers
from the position of the body segments and the GREMG is used to study the muscle
activation during walking. The stimulation of musdibers from arriving action potentials
result in a change of the membrane potential froraséing potential of around -90 mV to a
peak depolarization potential of around 40 fV’. This change in the membrane potential
can be detected with surface electrodes and thrergimovide a measure of the muscle
activation during the studied task. Finally, engimeg mathematics are essential for the data
analysis whether that is inverse dynamics to cateukhe joint kinetics or a principal
component analysis (PCA) for further data analysis.

2.1. Foot models

The conventional lower body model used in clinigait analyses only models the foot as a
single segmerit’. However, this doesn'’t reflect the anatomy offixat with its several bones
and joints very well. With the emergence of betted more accurate cameras, several new
foot models were developdd®™> Most of these models capture the tibia, hindfémtefoot

and hallux, while the more complex ones also ttaekmidfoot or even the medial and lateral
forefoot®®. The Oxford foot model, which was used in combaratvith the conventional gait
model for this thesis captures the tibia, hindfdotefoot, and hallux with 34 reflective

13



Chapter 1

markers that are placed on specified anatomicalntemks (Table 1, Figure £§. The output

from the model yields the 3-dimensional hindfoctitma angles (plantar-/dorsiflexion,
inversion/eversion, internal/external rotation)refloot-to-tibia angles (plantar-/dorsiflexion,
supination/pronation, abduction/adduction), forg¢ftmehindfoot angles (plantar-/dorsiflexion,
supination/pronation, abduction/adduction), and luxaio-forefoot angles (plantar-
/dorsiflexion).

Table 1: Name and position of the markers used for the Q@xfimot model*® in combination with the
conventional gait modéf.

Marker name Anatomical position Segment
SACR? Sacrum Pelvis
LASI, RAS|? Anterior superior iliac spine Pelvis
LTHI, RTHI 2 Wand marker on mid-thigh (laterally) Femur
LKNE, RKNE ®® Femoral condyle Femur, Tibia
LTUB, RTUB® Tibial tuberosity Tibia
LHFB, RHFB? Head of fibula Tibia

LTIB, RTIB ? Wand marker on mid-shank (laterally) Tibia
LSHN, RSHN® Anterior aspect of shin Tibia
LANK, RANK 2P Lateral malleolus Tibia
LMMA, RMMAP Medial malleolus Tibia
LHEE, RHEE*" Posterior distal aspect of heel Hindfoot
LCPG, RCP@ Wand marker on posterior calcaneus Hindfoot
LPCA, RPCA Posterior proximal aspect of heel Hindfoot
LLCA, RLCA® Lateral calcaneus Hindfoot
LSTL, RSTL® Sustentaculum tali Hindfoot
LP1M, RP1MP Base of first metatarsal Forefoot
LD1M, RD1IMP® Head of first metatarsal Forefoot
LP5M, RP5MP Base of fifth metatarsal Forefoot
LD5M, RD5M ® Head of fifth metatarsal Forefoot
LTOE, RTOE®® Between heads of second and third metatarsals dedref
LHLX, RHLX ° Base of hallux Hallux

Names in italics indicate markers that are onlydufeg the static trial. They are removed during ttymamic
capturing.

& used for the conventional gait model

b used for the Oxford foot model

Figure 1: Marker placement on the lower leg according toGxéord foot model
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2.2. Electromyography

Surface EMG provides a non-invasive tool to study muscle activation during different
tasks. In order to achieve reproducible resulemddrdized procedures are desirable for the
recording of surface EMGs. The “Surface EMG for @aNnvasive Assessment of Muscles”
(SENIAM) project provides such standardized recomaagions for the preparation of the
measurement as well as for the positioning of thefase electrodes®™. These
recommendations are based on the principle thaimbst reproducible signal is achieved
when the electrode is placed “far away” from botme tinnervation zone and the
myotendonous junction. The electrode placementerdwer leg muscles that was used for
this thesis is summarized in Table 2.

Table 2: Electrode positioning on the lower leg muscles adiog to the guidelines of the SENIAM projeét

Muscle Electrode position and orientation

M. gastrocnemius medialis Most prominent bulge of the muscle in directiortted long axis of the leg.

M. gastrocnemius lateralis 1/3 on the line between the head of the fibulathecdeel.

M. soleus 2/3 on the line between the medial condyle of #maur to the medial malleolus.
M. peroneus longus 1/4 on the line between the head of the fibuld&olateral malleolus

M. tibialis anterior 1/3 on the line between the tip of the fibula amel medial malleolus.

Besides the location of the innervation zone, tle@eeseveral other factors that influence the
signal and need to be considered in the interpoetal The choice of the size and shape of
the electrodes influences the number of active mandts that can be detected. The location
of the electrode with respect to the muscle beifjuences the amount of possible cross-talk
from adjacent muscles. Physiological factors thittence the EMG signal are the number of
active motor units, the muscle fiber types, theffidiameter, the blood flow in the muscle, the
depth and location of the active muscles fibersl, v amount of tissue (e.g. fat tissue) that
lies between electrode and active muscle fifer

Two characteristics of the EMG signal that are nyaanalyzed are the amplitude and the
spectral properties. The amplitude increases wicheasing force generatioh®® However,
there are also other factors that influence thelitme and one cannot estimate the force
production solely from the amplitude. Since tham several factors that influence the EMG
signal the amplitude is usually normalized to corapgMG amplitudes between different
subjects and measuremeris’*® Commonly used reference values for the normadizare
the amplitude of the maximal voluntary isometricniwaction *®, and the peak or mean
amplitude of a dynamic contracti8h®’>® The spectral properties of an EMG signal include
power spectrum, mean, and median frequency. Sinal#ne amplitude, the mean frequency
increases with increasing torque productibrithe mean or median frequency is also used to
study fatigue since it decreases when the musdigués *"°> Conversely discussed is
whether the spectral properties of the EMG signalralated to the recruitment of type | and
Il muscle fibers®® In patients with OA it has been speculated thatabserved lower EMG
frequencies are related to an atrophy of mainl tygibers® 3
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2.3. Functional changes in the gait patterns of pegnts with ankle osteoarthritis

Pain and the reduced mobility of the ankle joininptex also led to different changes in the
gait patterns of the patients. Compared to healtntrols, patients with end-stage ankle OA
walked slower, with a lower cadence, and with srostrides"®® Furthermore, the range of
motion (ROM) of the ankle of the affected side waduced compared to the non-affected
side® and compared to healthy contrd® One study with a more detailed foot model
showed that the ROM of all foot segments (hindfémrtgefoot and hallux) was reduced over a
gait cycle as well as within different phases & dait cycle®®. Besides the limitation in the
mobility, ankle OA patients also showed reducedueslin the ankle kinetics. With their
affected side, they produced a lower external amldesiflexion moment, absorbed and
generated less ankle power®

Patients with ankle OA also have lower calf circarehces of their affected leg than of the
non-affected le§. This is a sign of an atrophy of the calf muscléss atrophy led to several
changes in the affected muscles. End-stage anklep@ients produced lower maximal
isometric ankle plantar- and dorsiflexion torquest healthy controls. Furthermore, the mean
frequency of the measured EMG signalsMrh. tibialis anterior, gastrocnemius medialis,
and soleuswas significantly lower in the affected leg than fhiealthy control$*. During
walking, this resulted in muscle activation patgetinat spanned a broader time range and that
contained more low frequency componétits

2.4. Influence of treatment on joint biomechanics

The effects of ankle arthrodesis on the gait patterere already studied in the late
seventie$®, later several other studies followed. Comparehealthy controls, patients with
an ankle arthrodesis walked slower, with a lowetecee, and with shorter strid®$° While

all studies showed a reduced sagittal ROM of theeaor hindfoot compared to contrdfs™
the effect on other joints of the lower extremitpsvmore controversial. Thomas et 4.
found a decrease in the flexion/extension ROM efhip, while it was equal to the controls’
ROM in the study of Mazur et &F. Similarly for the knee flexion/extension ROM, Beler

et al.”?found an increase, while Mazur et &lfound no differences. Within the foot, there is
evidence that an increased ROM of the forefoot aameptes for the lack of mobility of the
hindfoot ”°. A newer study, however, couldn’t confirm thessutes and found also decreased
ROMs of the forefoof®. None of these results on the ROM during walkimgne from
prospective studies and the values were comparadsidhealthy controls. The preoperative
mobility of the forefoot is therefore not known.rAdiographic, prospective study, however,
showed that the ROM of the subtalar joint and & dombined midfoot increased. This
increase was also positively correlated to the esadrthe SF-36 questionnaif@ For the
kinetics, it was found that after arthrodesis patiegenerate a lower ankle powérnd had
lower maximal anterior, posterior, and verticalgrd reaction forces (GRE.

Following a minimum of one year after TAR, patieftad an improved walking speed,
cadence and stride length. Their dynamic ROM duwadking was also increased for the
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ankle, knee, and hip joint in the sagittal plah&. Compared to healthy controls, these values
of the ankle ROM were still reduc&dor equal”.

Together with persisting muscle atrophy, ankle radbsis resulted in a changed temporal
activation of M. soleusduring walking. Contrary to healthy controls, itasvnot active
between loading response and terminal stance birigdpre-swing’®. One year after TAR,
patients produced higher isometric plantar- andsiflexion torques. However, the lower
maximal calf circumference and lower mean frequesfcthe EMG signals were still seen in
the patients, thus indicating that the muscle dyogiidn’t recover®®. Another patient group
that was measured on average 3.5 years after TARgér 11 — 126 months) showed
differences in the temporal muscle activation dginvalking. M. gastrocnemius mediallsad

a higher activity in early stance aMl tibialis anterior a higher activity in terminal stance
compared to healthy contrdls

3. Computational methods

3.1. Wavelet transformation

EMG signals contain information on both time andgfrency. One would often like to
analyze both these EMG characteristics togetheweder, due to the uncertainty principle it
is not possible to have both infinite time and frency resolutiori®. Common EMG analyses
therefore mainly consist of the analysis of eitamplitude characteristics (e.g. by rectifying
and smoothing the signal), or by the analysis & fhrequency content (e.g. Fourier
transformationy®. The Fourier transformation requires stationagnais and is therefore not
suited for the analysis of dynamic signals sucklsl§ss that are derived during walking. For
such dynamic EMG signals von Tscharner proposedeelst transformation with a filter
bank of non-linearly scaled waveléfs’® Each of these wavelets is characterized by igece
frequency, time resolution, and bandwidth (TableaByl serves as a band-pass filter for the
EMG signal. The wavelets were scaled so that theepof the EMG is retained and the time
resolution of the wavelets was adjusted to the iplygical properties of the musclé The
wavelet transformation yields an intensity pattdvat contains time, frequency, and intensity
information. It can be depicted in a contour pldtere the abscissa represents the time axis,
the ordinate the frequency axis, and the grey sigadhe intensity (Figure 2b). The
summation over the time axis yields the total istgn(Figure 2c), while the summation over
the frequency axis yields the power spectrum (dd).

Table 3: Characteristics of the wavelets that were usedim thesis. They were calculated according to von
Tscharner”.

Wo Wiy Wo Ws Wy Ws Ws Wy Wg Wy Wio Wi1 Wip
Center frequency
(Hz) 7 19 38 62 92 128 170 218 271 331 395 466 542
Bandwidth (Hz) 12 22 30 39 47 59 66 76 84 94 101 11118
Time resolution
(ms) 80 53 39 30 25 21 19 17 15 13 13 11 11
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Figure 2: Example of the processing of a raw EMG signal (@jnfM. gastrocnemius medialduring one gait
cycle. The grey scale of the wavelet pattern (llicates the intensity, with darker colors indicgtinigher
intensities. The total intensity (c) and the powpectrum (d) are derived by summing over the tixis, ar
frequency axis, respectively.

The wavelet transformation has been successfulbfiexpin the analysis of EMG signals. It
was used to investigate gender differences bettreemuscle activation of runnef for the
classification between ankle OA patients and hgattntrols®’, as well as between fatigued
and non-fatigued runnef& Other studies used a continuous wavelet transftom to study
spectral properties such as the instantaneous fresrency of EMG signals during dynamic
contractions (e.q°%.

3.2. Principal component analysis

Principal component analysis (PCA) is a statistio@thod that can be used for data
reduction. It is an orthogonal transformation thmgtximizes the variance that is explained by
each component (Figure 3). It is characterized I3gtaof new, transformed axes (principal
component (PC) vectors), and the loadings of eath point on these axes (PC scores). The
PC vectors are orthogonal to each other and threrefiacorrelated. They are sorted according
to the variance they explain and since the variatieg each component explains is
maximized, it is possible to summarize the originaput data with only a few
component§®®/
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Figure 3: Example of the two principal components (PC) ofra-tlimensional data set (x1, x2).

One application of PCA in the analysis of gait datéhe quantification of differences in the
waveform data of different subjects. Waveform dgay. joint angles, or moments) are
organized in a matrixX (m data points xn subjects or trials). This matriX is then
transformed into a matriZ that contains the uncorrelated PC scores. Additipnthe
eigenvectors) of the covariance matrix of form the new axes of the transformed data, the
PC vectors, and the eigenvaluesdicate the amount of variance that is explaibgdbne
component. The original data can be reconstrueted the principal components by solving
X =UZ. Similarly, it is also possible to reconstruct theta by only using a single PC, thus
showing the effect of this particular PC vector @@ score. In order to achieve a data
reduction, only the first few PCs that explain mostthe variance are retained. There are
several possibilities of determining the numbereséined PCs. One is to retain a proportion
of the total variance, e.g. 90 or 9596 Another possibility is to use the broken sticleru

p
o} :iz_—l: If the eigenvalue of thé&th component is higher tham then the component
pPi=!

should be retaine®f®’.

PCA became increasingly popular in the analysisnoé series data of different movements
(joint angles or moments), so called waveform dAta.advantage of PCA is that it doesn’t
involve any a-priori parameter selection. Gait wiama data are usually normalized to a gait
cycle and then submitted to the PCA. The PC veapsesent features of the original data
and indicate where the subjects’ waveforms différe PC scores are the individual loadings
on each PC vector that are needed to reconstraabriinal waveforms. For each principal
component and input trial, one PC score is obtathatlcan be used for statistical testing of
group differences. Both PC vectors and scores lvarefore be used to characterize the gait
patterns of different patient groups, as well as ¢fffect of treatments. In knee OA it was
shown that patients have both a lower magnituderange of motion in knee flexion, a lower
amplitude and magnitude of the knee flexion monat a higher magnitude and amplitude
of the knee adduction momefit Additionally, it was seen that changes in thet gatterns
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depend on the severity of knee GA® and the gender of the paties Total knee
replacement resulted in an improved gait pattem, dloser to a healthy gait pattern, for
kinematics, kinetics™, and temporal muscle activatio. Besides gait patterns of OA
patients, PCA was also used for the descriptiogaif changes in other patient groups. For
children with autism it was seen that they walkhvatdecreased ankle plantarflexion moment
during the first half of the gait cycle and with amcreased ankle dorsiflexion angle
throughout the whole gait cycfd Patients that had a lower limb fracture showeahges in
the first PC of the vertical GRF compared to hegattbntrols. This resulted in a lower GRF at
the end of the step with the affected leg and migher GRF at the beginning of the step with
the healthy leg. After additional physiotherapyatreent most of the treated patients moved
within the boundaries of the vertical GRF pattefrihe healthy control§*. PC scores from
the 3-dimensional GRF were also used to assesgeiides of medication and/or stimulation
on the gait pattern of patients with Parkinson.&fitt medication and stimulation, none of
the patients was within the boundaries of a norpadiern, while the best result was found
with both medication and stimulation with four df patients within the boundarigs

3.3. Support vector machine

Support vector machines (SVM) are classificatianl to pattern recognition that has become
increasingly popular recently. Common applicatianslude digit recognition, or face
detection®. However, SVMs have also found their way to movenamalysis, specifically to
the classification of gait patterns between diffésubject$®97 192

The main idea of the SVM classifier is to find apbyplane that maximizes the margin
between the two groups (Figure 4). The data poiratisform the margin are called the support
vectors and a removal of these points would chahgesolution of the classification. An
advantage of the SVM classifier is therefore thattadpoints, which lie far away from the
hyperplane don't influence the result of the clissiion °®!% A linearly separable data set is
the easiest case. However, the SVM classifier amlee used for linearly non-separable data
sets. For the linear SVM a parame€iis chosen that determines how many mistakes are
tolerated. A largelC means that errors have a higher weight and therdéads to fewer
training errors, but also a lower generalizatiorfgrenance.C is generally adjusted so that a
maximal cross-validation rate for the training dséa is achieved®°*%* Another option is
the use of nonlinear SVMs. In this case the datatp@re mapped into a higher dimensional
space according to the chosen kernel and the maiioin of the margin is performed in this
higher dimensional space. The following three kisrnare commonly used for SVM
classifications®97102103

* Linear kernels: KX, Yj) =% Y,
* Polynomial kernels: KX, i) = (% -y) + 1y (d: degree of polynomial)
b -y
» Radial basis functions: K(x;, y;) = ex —2—2’ (o: width of Gaussian kernel)
o
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Figure 4. An example showing the separation of two classesiaf®s and dots) by a) several possible
hyperplanes, and b) the optimal hyperplane thatimags the margin between the two groups. The paiats
that form the maximal margin (circled) are calleg@gort vectors.

These three kernels were also used in the classiic of gait patterns. Several studies
investigated the different gait patterns of youmgl @lderly people. The classification was
either based on specific kinematic and kineticatalgs (peak valuesy™° or on features of
the GRF that were extracted by PCK. In the diagnostics of pathological gait patterns
cadence and step length have been used to idémifyait of patients with cerebral pafSy,
and features of the GRF and the hindfoot kinemdtcghe identification of patients with
patellofemoral pain syndrom&®. Another study used SVMs to investigate the reppedter
total knee replacements. The spatiotemporal gaithies of healthy subjects and knee OA
patients were used as training set for the SVMeR#&t were classified again after two and 12
months rehabilitation. While after two months oalyew patients were classified as healthy,
after 12 months all except two patients were dskias healthy. The results of the
classification were also in agreement with theicihknee score in a way that patients with

higher scores were more likely to be classifietieathy .

4. Aims and hypotheses of this thesis

Although that the gait patterns of patients suffgrirom ankle OA have been described
before®®’, the patients that participated in these studiéier®d from end-stage ankle OA.
Patients with moderate and asymmetric ankle OA miggnefit from joint preserving
realignment surgery, but it is not known whethegyttalready show the same changes as
patients with further progressed disease. Furthexntbe gait patterns of ankle OA patients
have so far only been described with ranges ofandati the ankle joint or of different foot
segments, or by reporting peak values of the GBiRt moments, or powers. Recent studies
on OA showed that PCA provides a powerful tool thiiws the analysis of the measured
temporal waveforms of joint angles, moments, poweos the temporal muscle
activation 8889210 Therefore one can analyze differences in the feawes without
preselecting the features of interest. Another ingya factor that was often neglected is that
movements are not possible without muscles. Howesleanges in the muscle activation of
ankle OA patients were only rarely reported. Hdhlee wavelet transformation with its

21



Chapter 1

resulting wavelet pattern enables the analysisotf bme and frequency content of the EMG
signal during dynamic contractions. Thus, the fash of this thesis was to characterize the
gait pattern of patients with moderate ankle OA andhrus or valgus mal-alignment of the
hindfoot, taking into account the temporal wavefsrofi the kinematics and kinetics, as well
as the muscle activation. This involved testingftiilowing hypotheses: (i) the patients have
a reduced range of motion of the hindfoot segmeut peak kinetic values that result in
significantly different PC scores; (ii) the featsirtnat can be extracted with the PCA allow a
successful classification between ankle OA patiamid healthy controls; (iii) patients with
moderate asymmetric ankle OA show a shift towamgel frequencies in the lower leg
muscle activation that lead to different charastes of the wavelet patterns than in the
controls.

Joint preserving realignment surgery provides pelief and leads to an improved function as
indicated by the improved clinical scoré$**' However, it is not clear whether the
biomechanical and neuromuscular gait pattern imgprov a similar way. Further, it is
important to know whether the surgery also leada kong-term beneficial effect or whether
the gait patterns worsen over time. Thereforest#wdnd aim of this thesis was to quantify the
rehabilitation potential of the biomechanical amdimomuscular gait pattern after realignment
surgery, both in a prospective, short-term study iana cross-sectional, long-term study. In
these studies the hypotheses of (iv) a long-termpronement of the spatiotemporal,
kinematic, and kinetic gait parameters, and (v) tha features that are resolved by PCA from
the foot kinematics and the temporal muscle adowaare closer to the ones from healthy
controls in the postoperative patients.

5. Outline of this thesis

The results of this thesis are presented in fowaptdrs that cover the following research
guestions and topics:

Chapter 2: This chapter focuses on the biomechanical chamgethe gait pattern of
asymmetric ankle OA patients compared to healthytrots. The use of the Oxford foot
model in the gait analysis allows a more detailealysis of the osteoarthritis related changes
in the foot kinematics compared to some of thei@astudies”. The data analysis combines
the conventional approach of reporting peak val@s] ranges of motion with a PCA
approach that allows the comparison of the actwaleforms. In the end, the results of the
gait waveform analysis are used to investigate kdretthe patients’ gait pattern are
sufficiently different from healthy controls thatsaccessful classification with a linear SVM
is possible.

Chapter 3: The focus of this chapter is on the neuromuscalptations to moderate
asymmetric ankle OA both during maximal isometranttactions and during walking in
comparison to healthy controls. It addresses clangehe frequency content, i.e. wavelet
power spectrum, and in the time domain by usingaaelet transformation and introduces the
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entropy for the analysis of the wavelet patternstter it addresses differences in the muscle
activation between patients with a varus or valgas-alignment of the ankle.

Chapter 4: This cross-sectional study was done to investighte long-term effects of
supramalleolar osteotomies on the patients’ gdiiepa Since this is a clinically orientated
paper, the analysis of the gait data was performea conventional way of reporting peak
values and ranges of motion. Another important etspiethis chapter is that it also addresses
secondary changes in the knee and hip joint.

Chapter 5:The last study of this thesis investigates whetherpreviously observed clinical
improvements after supramalleolar osteotomies @ r&flected in an improvement of the
gait pattern. Contrary to chapter 4, the gait pattavere analyzed by PCA. The results are
divided into two parts. Part one focuses on them@son of the postoperative gait pattern in
both short-term follow-up and long-term follow-uptgents. The second part only addresses
changes in those patients that were measured @tospg.

Chapter 6: The last chapter contains a general conclusiothefresults of this thesis. It
discusses both methodological aspects and thecalinelevance of this research project.
Further, it gives an outlook on possible futurejects.

Since this thesis is based on individual and inddpet journal articles, there are some
repetitions in the chapters, especially regardmggintroduction and the methods.
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Gait patterns of asymmetric ankle osteoarthritis paients

Corina Niesch, Victor Valderrabano, Cora Huber,2¢imz von Tscharner, Geert Pagenstert

An adapted version was published in: Clinical Biahemics. 2012; 27(6):613-618

Background: In early stages, ankle osteoarthritis is oftenmasgtric with only partially
degenerated joint surfaces. There is only limitedvdedge on the effect of asymmetric ankle
osteoarthritis on the patients' gait patterns. &loee, the aim of this study was to characterize
kinematic and kinetic changes compared to healtiojts

Methods: Instrumented gait analysis was performed in egglyinmetric ankle osteoarthritis
patients and 15 healthy controls. Beside convealiagrait analysis methods, principal
component analysis was used to analyze temporajrgssion of the most important
variables: hindfoot dorsiflexion angle and vertigebund reaction force.

Findings: Asymmetric ankle osteoarthritis patients had aelowindfoot dorsiflexion and
rotation range of motion as well as reduced peaump reaction forces and peak kinetic
values. Principal component analysis revealed filraboth the hindfoot dorsiflexion angle
and the vertical ground reaction force those ppalcicomponent vectors affecting the
amplitudes had significantly lower principal compah scores in patients than in controls.
The use of the principal component scores for iflaagon with a linear support vector
machine resulted in a high recognition rate of 9% .®r the discrimination between the
affected leg and the healthy controls.

Interpretation: Patients with asymmetric ankle osteoarthritis exuffrom substantial
pathological kinematic and kinetic gait change#dpal component analysis combined with
a linear support vector machine could successhélysed to temporally quantify and classify
asymmetric ankle osteoarthritis gait patterns. Ttigly therefore helps to understand the
pathomechanism of early stage ankle osteoartlnitns a biomechanical view.

Keywords: ankle osteoarthritis; gait analysis; hindfoot; grdureaction force; principal
component analysis
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1. Introduction

Osteoarthritis (OA) in the ankle joint typically vidops after trauma (e.g. malleolar fracture
or ankle ligament lesions) and often affects youmpgients. Although ankle injuries are very
common, ankle OA is less prevalent than hip or kbde'>. At an early stage, ankle OA is
often asymmetric and only a part of the joint scefés involved®. Over time the asymmetric
ankle OA develops to a full end-stage ankle OAidP&t with end-stage ankle OA suffer
from pain and reduced mobility of the ankle jointaplex. During level walking such a pain-
caused arthrogenous muscle inhibition leads toealtmuscle activity patterris Gait patterns
of end-stage ankle OA patients are characterizearbyalteration of muscle activities, a
decrease of the range of motion (ROM) of the aiilet complex throughout a gait cycle,
and lower peak values of the ground reaction forg&RF), ankle moments, and ankle
power*”.

In contrast to end-stage ankle OA, in-vivo biomegbta data on early asymmetric ankle OA

are, to our knowledge, missing in the literature@nBechanical studies in early asymmetric
ankle OA are therefore necessary to characteree#thomechanisms in this stage of the
disease where surgical joint preserving treatm@tipos to slow down the OA process are
more promising. Joint preserving surgery of ankks i@cludes corrective osteotomies for

joint load redistribution, ligament repair, cargj&a repair, and tendon transfers, aiming to
avoid surgical treatment options of end-stage Oghsas total ankle replacement or ankle
joint fusion®.

Conventional analysis of biomechanical gait dat@rofincludes reporting data by ranges,
minimal, and/or maximal values, as well as time mileese events occur. However, this kind
of analysis neglects the temporal progressioniat gngles and kinetics during gait, which is
subsequently lost by the data reduction. A newdhatkin the analysis of gait patterns is the
principal component analysis (PCA), which has thikvaatage of retaining temporal
information. PCA was used to characterize changeshe gait patterns of knee OA
patients”™, or to study the GRF of patients with lower lintadtures'. The application of a
PCA on gait data allowed successful classificatbdrdifferent groups using for example
linear discriminant function¥** or support vector machines (SVM) SVMs are supervised
learning algorithms that are used to classify data by maximizing the margin between two
groups™. In case of OA patients, linear SVM could classifg spatiotemporal parameters of
knee OA patients and healthy subjects with a heglognition rate of 100% in training and
88.9% in testing®.

The aim of this study was to provide missing biohsstcal gait data for unilateral
asymmetric ankle OA patients in comparison withlthgasubjectsWe hypothesized, that (i)
patients suffering from asymmetric ankle OA showt gmatterns with reduced hindfoot
ROMSs, peak GRFs, and peak kinetic values; (ii) @pal component (PC) scores of the
hindfoot dorsiflexion angle and the vertical GRE aignificantly different in the patients; and
(ii) features from the PCA are sufficiently difeart that an SVM classifier can discriminate
between patients and controls.
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2. Methods

2.1. Subjects

The patient group consisted of eight patients (deymé female; mean age: 53.4 (SD: 11.4)
years; mean body mass: 86.1 (SD: 16.3) kg; meaghhel.75 (SD: 0.08) m) suffering from
posttraumatic unilateral asymmetric ankle OA, wath only partially osteoarthritic ankle
joint surface (less then 50% of the joint; mean @ade 1.5, range 1-2, as graded by Morrey
and Wiedeman?® grade 1: mild narrowing of joint space with médteophytes; 2: moderate
narrowing and osteophytes; 3: advanced joint degépa with loss of ankle joint space).
The patients were recruited from our orthopaedipatient clinic and were assessed prior to
their planned joint preserving surgery, i.e. raaiignt surgery with corrective distal lower leg
osteotomies, ankle ligament, cartilage, and tenapairs®. Diagnosis of asymmetric ankle
OA was made by x-ray and confirmed intraoperativéllize patients’ clinical status on
function, alignment, and pain was determined byAheerican Orthopaedic Foot and Ankle
Society (AOFAS) score (mean score: 60.5 (SD: 1fdits) !’ and their pain level on a
visual analogue scale ranging from 0 to 10 (mea2:(SD: 2.0)). Exclusion criteria were
diabetes mellitus, neurological disorders, full etage ankle OA, early unilateral ankle OA
with symmetric alignment pattern, and asymmetricklanOA with pathologies or
posttraumatic entities of the contralateral leg.

The control group consisted of age-matched 15 Inealtbjects (9 male, 6 female; mean age:
48.5 (SD: 10.5) years; mean body mass: 74.6 (SD:kg; mean height: 1.73 (SD: 0.12) m)

that were pain free and without history of pathaésgor surgeries on the lower limbs.

Therefore they had a normal clinical-functional AKS-score (100 points). Controls had a
significantly lower body weight than the patientshereas age and height showed no
significant group differences. The local ethics aoittee approved the study and all subjects
gave informed consent before participating.

2.2. Gait analysis and data processing

Gait analysis was performed using a six cameraanotapture system (Vicon MX13+,
Oxford, United Kingdom, sampling rate: 120 Hz) awa force plates (Kistler, Winterthur,
Switzerland, sampling rate: 2400 Hz). Since theeHellayes modéf only captures the foot
as one segment, but in the Vicon plug-in also dates ankle kinetics, it was combined with
the Oxford foot modet® that calculates different foot segments, e.g.hinefoot. Therefore
the use of both models as plug-ins in the Vicon uéegoftware resulted in the following
analyzed variables: three dimensional (3D) ankietjmoments, and ankle joint power, as
well as 3D hindfoot kinematics (motion of hindfgetative to tibia).

First, a static calibration trial in neutral starpmsition was recorded in order to reference the
hindfoot angles to the neutral positiéh After the static trial several foot markers were
removed as described by Stebbins et®alThen the subjects completed six walking triala at
self-selected speed during which the subjects bidaihthe force plates otherwise the trial
was repeated. Left and right gait cycles were aeglyseparately, leading to 12 trials per
subject.
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In each subject the gait cycles from the affectedhe dominant (defined as the preferred
hopping leg?’) leg were identified. A stance phase symmetry xnde@s calculated by
dividing the stance phase percentage of the atfdetg (AFL) by the one of the non-affected
leg (NAL) and of the non-dominant leg by the dominieg, respectively.

After determining the ROM of the hindfoot anglesdahe maximal values of the kinetic
variables, all gait data were then normalized te gait cycle with 101 values (0 to 100%),
starting and ending at heel strike. The progressmrer time of the normalized data were
called waveforms.

2.3. Principal component analysis

As most of the ankle joint complex movement occéarthe sagittal plane, only the hindfoot
dorsiflexion angle was analyzed. Similarly, for t8&RF only the vertical component was
analyzed. For each of the two waveforms the mean al 276 (23 subjects x 12 trials) was
calculated and then subtracted from each trial.s&heew waveforms were then separately
organized in matricexX (276 x 101) and submitted to a PCA. PCA is an agtmal
transformation, which maximizes the variance teadxplained by one PC. The eigenvectors
of the covariance matrix of, the so-called PC vectors, represent the orthdgotes of the
new vector space. The PC scores are obtained hgcpmg an individual trial onto the PC
vectors. The eigenvalues represent the amounteo¥dhnance that is explained by each PC.
The sum of all eigenvalues corresponds to 100%efariance®. In order to achieve a data
reduction, of all PC vectors only the first oneplaining 90% of the total explained variance
were used®?,

2.4. Support vector machine

The retained PC scores of the hindfoot dorsiflexdogle and the vertical GRF (Table 2) were
used for classification with a linear SVK. The linear SVM models were trained over the
range of C = (0.01 0.1, 1, 10, 100, 1000) and tleelehwith the best recognition rate was
selected for classification. The expected recognitiate for data from a new subject was
calculated using a leave-one-out cross-validatiocgdure.

2.5. Statistics

The trials were divided into four groups: domingd of the controls, non-dominant leg of
the controls, AFL and NAL of the patients. Data evaveraged for each subject and group.
Due to the small sample size, a Wilcoxon rank seshwith a significance level = 0.05 was
used to test for group differences in the subjeeams between the non-dominant leg and the
AFL, and between the dominant leg and the NAL.
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3. Results

3.1. Gait characteristics

Table 1 gives an overview on the gait charactessthsymmetric ankle OA patients walked
with a significantly lower cadence and speed thh@ tontrols. They also had a less
symmetrical gait pattern, as their stance phases wksignificantly different length. The
hindfoot dorsiflexion ROM of both the AFL and theAN of the patients was significantly
lower than in the controls. For the kinetics, thlesipve peak of the anterior-posterior GRF
(breaking) and the first active peak of the vet@®RF, as well as the ankle peak moment and
peak power were significantly lower in the AFL bktpatients than in the controls. Patients
also had a lower ankle peak dorsiflexion momenttlogir NAL. The vertical GRF also
showed significant differences in the timing of tisecond active peak. It occurred
significantly later in the gait cycle on the AFLndhearlier in NAL compared to the controls
(Table 1).

Table 1: Gait characteristics of the two subject groups

Control Patients

Leg P Value
Mean (SEM) Mean (SEM)
Cadence (steps/min) 112.27 (1.52) 102.98 (1.89)* 0.022
Walking speed (m/s) 1.26 (0.02) 1.10 (0.04)* 0.031
Stance phase (%) AFL 60.95 (0.35) 60.23 (0.54) 0.259
NAL 60.99 (0.36) 62.79 (0.95) 0.100
Symmetry index stance phase 1.00 (0.004) 0.96 (0.01)* 0.015
Hindfoot dorsiflexion ROM (°) AFL 22.64 (0.97) 17.96 (1.47)* 0.022
NAL 22.61 (1.06) 18.17 (2.15)* 0.031
Hindfoot inversion ROM (°) AFL 15.10 (1.18) 14.71 (0.86) 0.821
NAL 15.93 (1.10) 14.21 (0.99) 0.349
Hindfoot rotation ROM (°) AFL 12.67 (0.71) 10.15 (1.62) 0.129
NAL 14.52 (1.34) 10.89 (0.88) 0.114
Maximum medial-lateral GRF (N/kg) AFL 0.60 (0.03) 0.63 (0.04) 0.540
NAL 0.59 (0.03) 0.66 (0.66) 0.317
Positive peak anterior-posterior GRF (breaking) @)/k  AFL 1.82 (0.11) 1.39 (0.09)* 0.011
NAL 1.85 (0.11) 1.59 (0.11) 0.208
Negative peak anterior-posterior GRF (propulsionkgN AFL -2.16 (0.08) -1.62 (0.22) 0.066
NAL -2.09 (0.08) -1.97 (0.11) 0.232
First active peak vertical GRF (N/kg) AFL 11.17 (0.24) 10.44 (0.20)* 0.022
NAL 11.21 (0.20) 11.17 (0.24) 0.821
Second active peak vertical GRF (N/kg) AFL 11.58 (0.16) 10.46 (0.44) 0.076
NAL 11.54 (0.15) 11.33 (0.29) 0.923
Time of first active peak of the vertical GRF (%tgai AFL 13.91 (0.43) 15.72 (1.11) 0.165
cycle) NAL 13.98 (0.48) 14.27 (0.64) 0.675
Time of second active peak of the vertical GRF (% ga AFL 46.86 (0.40) 41.31 (2.28)* 0.031
cycle) NAL 46.68 (0.34) 48.93 (0.59) 0.006
Ankle peak dorsiflexion moment (Nm/kg) AFL 1.74 (0.05) 1.43 (0.14)* 0.042
NAL 1.74 (0.03) 1.61 (0.05)* 0.042
Ankle peak power (W/kg) AFL 4.72 (0.18) 3.04 (0.61)* 0.011
NAL 4.74 (0.17) 4.07 (0.38) 0.100

AFL.: affected leg of patients, non-dominant legcofitrols; NAL: non-affected leg of patients, donmihéeg of
controls; GRF: ground reaction force; ROM: rangenotion; SEM: standard error of the mean

*; statistically significant differences betweertipats and controls (Wilcoxon test)
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3.2. Principal component analysis

A reduction of PC vectors with the cut-off criteriof 90% of the total explained variance led
to four PC vectors retained for the hindfoot ddesiion angle and to six PC vectors for the
vertical GRF. The effects of the different PC vestare summarized in Table 2.

Table 2: Principal component scores of the hindfoot dorgifia angle and the vertical ground reaction force

Explained Control Patients
. Feature Leg P Value
Variance (%) Mean (SEM) Mean (SEM)
Hindfoot Dorsiflexion Angle
PC1 62.4 Magnitude of hindfoot angle AFL 0.32(8.74)  6.55(13.86) 0.498
throughout gait cycle NAL -9.40 (7.24) 10.46 (14.02) 0.208
PC2 15.2 Amount of plantarflexion at push off AFL 0.19 (3.60) -8.39 (7.75) 0.146
NAL 2.49 (3.82) 3.38 (6.35) 0.923
PC3 9.2 Timing of minimum at push off AFL -3.57 (2.76) 3.31 (3.73) 0.165
NAL 0.20 (2.61) 3.01 (6.36) 0.723
PC4 5.9 Amplitude AFL 5.84 (1.80) -7.33 (2.31)* 0.001
NAL 5.32 (1.51) -13.59 (2.77)*  <0.001
Vertical Ground Reaction Force (GRF)
PC1 35.6 Timing of GRF decrease at push off AFL -0.40 (0.98) -3.72 (1.43) 0.114
NAL -0.34 (0.85) 5.11 (2.06)* 0.036
PC2 28.4 Amplitude AFL 1.31 (1.04) -5.87 (1.63)* 0.001
NAL 1.22 (0.90) 1.13 (1.14) 0.821
PC3 154 Height of second active peak AFL 0.88 (0.57) -1.73 (1.64) 0.146
NAL 1.06 (0.58) -1.90 (1.67) 0.165
PC4 7.5 Timing of mid stance and height of AFL 0.31(0.61) -0.66 (0.91) 0.420
first active peak NAL 0.07 (0.47) -0.05 (1.04) 0.923
PC5 31 Height of impact and first active peakAFL -0.03 (0.39) 0.23 (0.33) 0.974
NAL -0.06 (0.42) -0.06 (0.41) 1.000
PC6 2.5 Height of midstance valley AFL -0.05 (0.31) -0.09 (0.41) 0.771
NAL 0.01 (0.23) 0.16 (0.61) 0.583

AFL: affected leg of patients, non-dominant legcoftrols; NAL: non-affected leg of patients, domihéeg of
controls; PC: principal component; SEM: standardreof the mean
*: statistically significant differences betweertipats and controls (Wilcoxon test)

3.2.1. Hindfoot dorsiflexion angle

In Figure 1A, the mean hindfoot dorsiflexion anglethe non-dominant leg of the controls
and the AFL of the patients are depicted. The Vislifferences were characterized using
PCA. The PC1 vector (Figure 1B) has only positiaues and thus affects the magnitude of
the angle throughout the gait cycle (Figure 1Cgxplained 62.4% of the total variance but
didn’t show any significant group differences. Thely feature that showed significant
differences between the patients and the contratsthhe PC4 scores that affect the amplitude
of the hindfoot angle. These PC4 scores were Ionboth the AFL and NAL of the patients
compared to the controls (Table 2 and Figure 1D).
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Figure 1: PCA of the hindfoot dorsiflexion angle: A) Meamtfoot dorsiflexion angle of the non-dominant leg
of the controls (solid) and the affected leg of #symmetric ankle OA patients (dashed). B) Fir€1(Psolid)
and fourth (PC4, dashed) principal component veci@) Hindfoot dorsiflexion angles computed by addihe
mean PC1 scores multiplied with the PC1 vectorhi pireviously subtracted common mean of the cantrol
(solid) and the OA patients (dashed). D) Hindfootsiflexion angles corresponding to the mean P @4escof
the controls (solid) and the OA patients (dashed).

3.2.2. Vertical ground reaction force

The temporal behavior of the vertical GRF showegbmdifferences between the AFL of the
patients and the non-dominant leg of the contnolghe values of the peaks and the valley
(Figure 2A). However, the PCA showed that mosthef Yariance (PC1: 35.6%) was caused
by the timing of the decrease after the second |femjre 2B/C). The significantly higher
PC1 scores on the NAL of the patients reflect aytleening of the stance phase. The PC2
vector (28.5%) changed the amplitude of the vdri@R&F waveform and thus affected the
height of the peaks and the valley (Figure 2B/Dhe Tcorresponding PC2 scores were
significantly lower in the AFL of the patients tham the non-dominant leg of the controls
(Table 2).

3.3. Classification

Using the retained 10 PC scores (Table 2) from Himelfoot dorsiflexion angle and the

vertical GRF in a linear SVM classification resditen a high recognition rate of 97.8%

(C =0.1) between the AFL of the patients and tbe-dominant leg of the controls. In order
to visualize the classification, the decision hyb@ne was projected into the two-dimensional
vector space spanned by the hindfoot PC4 scorethancertical GRF PC2 scores (Figure 3).
These two scores were chosen because they shogveficant differences between the AFL

of the patients and the non-dominant leg of therots
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Figure 2: PCA of the vertical ground reaction force (GRF): Mgan vertical GRF of the non-dominant leg of
the controls (solid) and the affected leg of thgnametric ankle OA patients (dashed). B) First (Pg€lid) and
second (PC2, dashed) principal component vectgr¥.e@tical GRF computed by adding the mean PClescor
multiplied with the PC1 vector to the previoushbsacted common mean of the controls (solid) ared GiA
patients (dashed). D) Vertical GRF correspondinght® mean PC2 scores of the controls (solid) ardQA
patients (dashed).
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4. Discussion

The results of this study support our hypothesis pratients suffering from asymmetric ankle
OA have a decreased hindfoot ROM and peak kinetliges. PCA revealed two main effects
that differ between the AFL of the patients andriba-dominant leg of the controls: the PC4
vector of the hindfoot dorsiflexion angle (amplieuthroughout the gait cycle) and the PC2
vector of the vertical GRF (amplitude). The usetloése two features in a linear SVM

classifier resulted in a high recognition rate stisonfirming our third hypothesis.

The gait patterns of the asymmetric ankle OA p#diemere characterized by a decreased
walking speed, cadence, hindfoot dorsiflexion, estdtion ROM. These results are mainly in
agreement with previous studies on end-stage a@Rlghat reported a decreased walking
speed, cadence, and ROM in all three planes ofiiée° and hindfoof, respectively. As
seen in the stance phase symmetry index, asymneetkie OA patients had a relatively
longer stance phase on the NAL compared to the Ais difference in stance phase
percentages leads to a limping gait pattern whashldeen observed in clinical studies in both
end-stage€ and asymmetric ankle OAsince the patients spare the painful joint. Agrid-
stage ankle OA, patients had lower peak valueshen3D GRFs, the ankle dorsiflexion
moment, and the ankle joint power of the AELIn accordance with the differences in the
stance phase symmetry index, the timing of the rmbcactive peak of the vertical GRF
showed significant differences between the two gsourhese differences in timing and
height of the peak vertical GRFs could further @adda limping gait pattern. For clinical
relevance, asymmetric ankle OA seems to have similaence on gait changes compared to
end-stage ankle OA, although large parts of thdeajdint surface are still preserved in
asymmetric ankle OA.

PCA proved to be a suitable method to analyze rdiffiewaveforms throughout the gait cycle.
Significant differences were found in the amplituafehe hindfoot dorsiflexion angle which
was lower in both the AFL and NAL of the patienthe mean PC4 scores were even lower in
the NAL than in the AFL (Table 2). This might indie an even smaller ROM in the NAL,
however, other features like the PC2 vector (amafnplantarflexion at push off) also
changed the ROM.

With the PCA, the influence of the length of thargte phase (PC1 vector) on the vertical
GRF could be separated from other changes in tivefaians. Contrary to the stance phase
percentage, the difference in the PC1l scores wgsfisant between the NAL and the
controls. This suggests that the PC1 captures thare just the length of the stance phase,
such as the slope of the GRF decrease at pushiodfPC2 vector of the GRF changed the
amplitude, with the AFL of the patients having awéw amplitude than the controls (Table 2).
Zeni Jr and Higginsofi' suggested that alterations in the peak valueseofértical GRF may
arise as a result of altered walking speed. Instudy, however, features that affect the peak
values of the vertical GRF showed only significananges for the AFL but not the NAL of
asymmetric ankle OA patients. Therefore, physiaalicontrol of the vertical GRF may
depend on more variables than walking speed alGheically, this can be observed in the
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limping gait pattern of asymmetric ankle OA patgewho place the AFL subtly and slowly at
heel strike to prevent painful high and shear jédaiding. Subsequently, after midstance the
NAL is loaded as fast as possible to reduce jaiatling of the AFL during stance phase. The
fast transition from loading the AFL to the NAL mag responsible for the higher vertical
GRF of the NAL despite the same walking speed. Aaluklly, deficits in muscle activation
of the AFL could also be a reason for lower pudhfofces and thus lower GRFs during
walking. These differences in the PCA results fue AFL and the NAL correspond with
earlier findings that showed that pain has moréanfice on the walking ability (walking
speed, cadence, peak GRF, etc.) than the R&M

PC scores were used in a linear SVM classifier,ctvtproved to be able to discriminate
between the AFL of the patients and the non-dontineg of the controls with a high
recognition rate of 97.8%. This confirms that tretadreduction using a PCA resulted in
features with characteristic differences in thd gattern of healthy subjects and asymmetric
ankle OA patients. The robustness of the classifisahas now to be tested in a clinical
environment on a larger group of subjects.

This study has a few limitations such as a smathioer of asymmetric ankle OA patients,
differences in the number of males and females greup, and possible influence of
significant differences in body weight. In orderitave a perfectly clean group of asymmetric
ankle OA patients, hard inclusion and exclusioeda together with a low prevalence of
ankle OA?° led to only eight patients in the present studye Generalization of the results is
therefore limited. However, our results showed ificemt differences between the gait
patterns of patients and controls and even allougetb classify between groups with a high
recognition rate. The differences in the numbemafes and females per group as well as the
differences in body weight might account for sorh¢éhe differences in the gait patterns. But
after the normalization of the kinetic gait datebtmly weight these differences are small and
can be neglected.

In conclusion, our study showed that gait paramseseich as walking speed and hindfoot
ROM are reduced in patients suffering from asymimesnkle OA. PCA allowed us to
precisely quantify temporal changes in the wavefoahthe hindfoot dorsiflexion angle and
the vertical GRF. In contrast to the conventionahlgsis, PCA didn’'t need any a priori
decision on the parameter selection within a wawefoAdditionally, PC scores could
successfully be used to discriminate asymmetridea@lA gait patterns from healthy ones
using a linear SVM classification.

Skilled and experienced observers are able to rezegertain movement aspects; however,
such subtle differences are often difficult to qufgnThe results of the present study indicate
that the combination of PCA and SVM can help toedethe significant elements of the

altered gait patterns. This work therefore represarstep towards a objective quantification
of gait data which is less dependent of the hunsaessment. The proposed quantification in
this study should in the future be tested on aelasgample size to validate the results and
improve the generalization. Furthermore, futuredigtsi could incorporate a longitudinal
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design that may allow us to discern which varialdestribute to disease progression and
which may improve through joint preserving surgeining to delay progression of
asymmetric ankle joint degeneration.
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Chapter 3

Muscle activation of patients suffering from asymmeic ankle
osteoarthritis during isometric contractions and level walking - a
time-frequency analysis

Corina Nuesch, Cora Huber, Geert Pagenstert, Vinzen Tscharner, Victor Valderrabano

An adapted version was published in: Journal oétedenyography and Kinesiology. 2012; 22(6):939-946

Asymmetric osteoarthritis (OA) is a common type @A in the ankle joint. OA also
influences the muscles surrounding a joint, howevigite is known about the muscle
activation in asymmetric ankle OA. Therefore, tlm af this study was to characterize the
patients’ muscle activation during isometric antdeque measurements and level walking.
Surface electromyography (EMG) was measuretMuof. gastrocnemius medial{&M) and
lateralis (GL), soleus(S0O), tibialis anterior (TA), andperoneus longugPL) in 12 healthy
subjects and 12 ankle OA patients. To obtain time frequency components of the EMG
power a wavelet transformation was performed. Furtfore, entropy was introduced to
characterize the homogeneity of the wavelet pattern

Patients produced lower plantar- and dorsiflexmmues and their TA wavelet spectra were
shifted towards lower frequencies. While walkinige tpatients’ muscles were active with a
lower intensity and over a broader time-frequerggion. In contrast to controls and varus
OA patients, maximal GM activity of valgus OA patie lagged behind the activity of GL
and SO. In both tasks, PL of the valgus patientgasoed more low frequency power. The
results of this study will help to assess whethagisal interventions of ankle OA can
reestablish the muscle activation patterns.

Keywords: ankle osteoarthritis; electromyography; waveletlgsis; entropy






Chapter 3
1. Introduction

Osteoarthritis (OA) of the ankle joint typically \wdops after trauma and appears often
asymmetrically, i.e. partially degenerated jointface and joint axis deviation into varus or
valgus. Asymmetric ankle OA is characterized byragpessing degeneration of articular
cartilage, pain, and limitations of the joint matyil In addition, OA also affects the muscles
surrounding the joint. Several studies detected cleusveakness and muscle atrophy in
patients suffering from OA in different joint€. This is believed to be caused by a reduced
physical activity level and by arthrogenous musaleibition ** Muscle atrophy leads to
changes in electromyographic (EMG) signals, charasd by changes in amplitude and
frequency. In ankle OA, muscle atrophy resultetbimer ankle torques, a lower mean EMG
frequency, and a lower mean intensity during makiswmetric contractions Findings from
muscular activation during postural tasks in kne® @atients suggest that a lower mean
frequency in OA is not only present in isometriccactions but also in dynamic ones with
small joint movements

Earlier stages of asymmetric ankle OA are oftenmamsgtric. It is known, that the OA
severity affects the characteristics of the muackevation during walking. Despite a similar
walking speed, the timing and intensity of the nieisctivation differed between controls and
patients with moderate or severe knee DModerate ankle OA patients have, on average,
less pain and better functional scores than patieith severe end-stage ankle OATheir
muscle weakness might therefore be less pronowsrwedifferent changes in the EMG signal
than in end-stage ankle OA might be present.

To date, little is known about the muscle activatio patients suffering from ankle OA and
even less about the spectral properties of therdym&MG signals derived during walking.
To extract the properties of the EMG signal in g weat has been proven to be sensitive to
differences caused by OA, the wavelet transformasinalysis method of EMG signals was
used®®. The advantage of the wavelet transformation & th doesn't require stationary
signals and hence, is suited for dynamic signalesolves the power of the EMG signals in
time and frequency with a resolution in both doradimat allows observing physiologically
relevant changes. The resulting wavelet pattermsdegpict the interplay between low and
high intensity components of EMG signals and weseduto investigate the muscle activation
of end-stage ankle OA patients during walkihgrhe study demonstrated that the wavelet
patterns of the patients had distinct changesdbald be used for classification. However,
due to the non-linearity of the classifier it was possible to tell whether the timing of the
muscle activation or the shift in frequency of EMG signals allowed for classification.

The aim of this study was to characterize musdwateon of asymmetric ankle OA patients
during isometric contractions and level walkingowth time and frequency domain by using
wavelet transformation. To analyze the differeneesthe muscle activation, different

parameters on timing, intensity distribution, anelgtiency distribution were extracted from
the wavelet patterns. Additionally, the influenddhe varus/valgus alignment of the hindfoot
was investigated. The hypotheses of the presedy stere: (i) asymmetric ankle OA patients
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produce lower dorsi- and plantarflexion torques, fGir both tasks, the EMG signals of the
lower leg muscles are shifted towards lower fregiem in the patients, and (iii)
characteristics of the patients’ wavelet pattehrmassignificant differences to the controls.

2. Methods

2.1 Subjects

The characteristics of the 24 subjects that padied in this study are summarized in
Table 1. The 12 ankle OA patients (6 male, 6 feinadere recruited from our orthopaedic

outpatient clinic (4 valgus, 8 varus). They all feu#d from posttraumatic unilateral

asymmetric ankle OA. Exclusion criteria were diaetnellitus, neurological disorders, full

end-stage ankle OA, early unilateral ankle OA w#ymmetric alignment pattern, and

asymmetric ankle OA with pathologies or posttraumantities of the contralateral leg. 12

healthy adults (7 male, 5 female), who didn’t hang pain and had no history of surgeries on
the lower extremities, formed the control groupeThbcal ethics committee approved the
study and all subjects signed informed consentrbegdarticipation.

Table 1: Subject characteristics

Controls (n=12) Patients (=12) Varus (=8)  Valgus f=4) pa pb pe

Mean SEM Mean SEM Mean SEM Mean SEM
Age (years) 48.41 3.12 56.60 3.34 5360 393 6334 553 0135 0.374 0.078
Height (m) 1.72 0.04 1.75 0.02 1.73 0.03 1.79 0.03 0.683 1.000 0.331
Weight (kg) 73.33 3.64 86.62* 4.16 86.74* 532 86.33 7.47 0.018 0.025 0.170
BMI (kg/m?) 2469 091 28.09* 0.96 28.66* 1.20 26.79 158 0.028 0.021 0.379
Pain (VAS) 0.00 0.00 5.31* 0.54 5.17* 0.75 5.63* 0.63 <0.001 <0.001 0.001
AOFAS score 100.00 0.00 61.38* 3.95 64.00* 3.73 55.50* 10.12 <0.001 <0.001 0.001
CC, NAF (cm) 38.29 0.77 3942 0.79 4033 088 3738 121 0326 0.101 0.579
CC, AFF (cm) 38.17 0.89 38.19 0.68 39.00 0.83 36.38 055 0935 0.433 0.276
Difference CC (cm) 0.13 0.16 1.23* 041 1.33* 0.53 1.00 0.71 0.020 0.018 0.300

VAS: Visual Analogue Scale (0: no pain, 10: maxirpain); AOFAS: American Orthopaedic Foot and Ankle
Score'® CC: maximal calf circumference; NAF: non-affected of the patients or dominant leg of the costrol
AFF: affected leg of the patients or non-dominaugt of the controls; SEM: standard error of the mean

*: significant differenceP-value < 0.05petween controls and patients

& P-value of Wilcoxon ranksum test between contamid all patients

P P-value of Wilcoxon ranksum test between contanid varus patients

¢ P-value of Wilcoxon ranksum test between contamld valgus patients

2.2 Data recording

The subjects completed six walking trials at selested speed on a laboratory walkway with
two embedded force plates (Kistler, Winterthur, Beiland). A six camera Vicon system
(Vicon MX, Oxford, UK) recorded the positions offlective markers that were placed on
anatomical landmarks according to the Vicon plugsit model* for the calculation of the
ankle moment and power. Bilateral EMG signals (rdicy system: Biovision, Wehrheim,
Germany. Bandwidth 10-700 Hz, gain range 1000-5@0@) Mm. gastrocnemius medialis
(GM), gastrocnemius laterali§GL), soleus(SO), peroneus longuéPL), andtibialis anterior
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(TA) were recorded simultaneously at a sampling rat 2400 Hz. The bipolar round
Ag/AgCI surface electrodes (Noraxon U.S.A. Inc.ptB&dale, AZ, USA: 10 mm diameter,
22 mm interelectrode distance) were placed accgrttirthe European recommendations for
surface electromyography (SENIAM3, after shaving and cleaning the skin with alcofial.
reduce movement artifacts, amplifiers and cable® waped to the skin. The ground electrode
was placed over the tibial tubercle.

After the walking trials the subjects performedismmetric plantarflexion and dorsiflexion

torgue measurement with simultaneous EMG recordiagsa sampling frequency of

2400 HZz'3. The subjects were asked to perform maximal valyntontractions lasting for

five seconds. Five trials for each side and moverdeaction were recorded, with a break of
two minutes between trials. The order of the eseiwas chosen randomly.

2.3 EMG data processing

For the walking trials, the EMG signals were cubtee gait cycle per trial of each leg (heel
strike to next ipsilateral heel strike) accordimgythe position of the heel marker. In the
isometric torque measurements the first 2 secoftds the onset of the torque plateau were
analyzed as described below.

All EMG signals were analyzed in time-frequency@pwaith a wavelet transformation based
on 13 non-linearly scaled wavelétsThe wavelet transformation decomposed the power o
the EMG signal in time and frequency component® Whavelets were indexed pyw;) and
characterized by center frequency (Hz), bandwidth) @nd time resolution (msyv (7 Hz,

12 Hz, 80 ms)w; (19 Hz, 22 Hz, 53 msw, (38 Hz, 30 Hz, 39 ms)y; (62 Hz, 39 Hz, 30
ms); wy (92 Hz, 47 Hz, 25 ms)ys (128 Hz, 59 Hz, 21 msys (170 Hz, 66 Hz, 19 ms); w
(218 Hz, 76 Hz, 17 msyys (271 Hz, 84 Hz, 15 ms)yy (331 Hz, 94 Hz, 13 msyy.o (395 Hz,
101 Hz, 13 ms)wi1 (466 Hz, 111 Hz, 11 msy;» (542 Hz, 118 Hz, 11 ms). In order to allow
a comparison of the signals independent of the mglkpeed, a time normalization of the
power was performed using a resolution of 1/60@ ghit cycle’. The EMG signals from the
isometric contraction were wavelet transformed @sampled to 500 Hz.

The lowest wavelet ywvas omitted from the analysis as it is highlywethced by movement
artefacts'®. High-frequency noise (at 400 Hz and higher) wassent in some subjects’
signals, thus only wavelets; (19 Hz) tows (395 Hz) were further used. For walking, the
results of the wavelet transformation could theretoe depicted by a wavelet pattern (matrix
WP: 601 time points x 10 wavelets), with the absciggaesenting the time in percent of the
gait cycle, the ordinate the frequencies, and tfaysgale the intensities. By summing the
intensities at each time point, one receives tha totensity, and by summing the intensities
at each frequency, one receives the wavelet spectince the interest in the distribution of
the energy of the signal in time and frequencywlaeelet patterns were normalized to the
total energy (sum of all intensities).
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To characterize the homogeneity of the muscle atitim in the time-frequency domain, the
entropy of each individual wavelet pattern was wialed according to the following formula
by Shannort® adapted to the matri/P:

&% - : WP(t,j)} Intensity of the wavelet pattern at tire
E=-) Y WAL, ))*log,(WPL, }) (L) Intensity P
= and frequency

The entropy is maximal when all intensities areadiguprobable, thug& = log 6010 = 12.553
and is equal to zero when all intensities exceptloave a probability of zero. The time of the
maximal muscle activity during walking was obtainky the time of the maximal total
intensity. To compare the distribution of the eryeoger the different frequencies, the wavelet
pattern was divided into four frequency regiows:(19 Hz) tows; (62 Hz),w, (92 Hz) tows
(128 Hz),wg (170 Hz) tows (271 Hz), andvg (331 Hz) towo (395 Hz).

2.4 Statistics

All data are presented as mean * standard errtineomean (SEM). For the analysis, only
data from the non-dominant leg of the controls tedaffected leg of the patients were used.
Leg dominance was assessed by determining thermréfhopping led®. A Wilcoxon rank
sum test was used to test for statistical signiteabetween the groups. The significance level

was set atr = 0.05.

3. Results

3.1 Isometric torque measurement

The patients produced a significantly lower plaftearon and dorsiflexion torques with their
affected leg than the controls. With regard tohihrelfoot alignment a similar result was seen,
although not always significant (Table 2).

GM: Controls and Patients GL: Controls and Patients SO: Controls and Patients TA: Controls and Patients PL: Controls and Patients
> 0.2 0.2 0.2 0.2 0.2
@
5
£ 01 A 0.1 /\ 0.1 /\ 0.1 0.1 A
0 0 0 0 0
0 200 400 0 200 400 0 200 400 0 200 400 0 200 400
GM: Varus and Valgus GL: Varus and Valgus SO: Varus and Valgus TA: Varus and Valgus PL: Varus and Valgus
0.2 0.2 0.2 02 <A 0.2
> B . :
g N
2 o 0.1 /\ 0.1 /\ 0.1 01
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Frequency [Hz] Frequency [Hz] Frequency [Hz] Frequency [Hz] Frequency [Hz]

Figure 1: Mean wavelet spectra of the patients and contiidie. upper panel shows the mean + SEM of the
controls (grey) and all patients (black), wherdwslower panel shows the mean £ SEM of the conf{gylsy), as
well as the averages of the varus (solid) and walnkle OA patients (dotted). Data were interpalatsing a
cubic spline.
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While there were no differences in the wavelet speof GM, GL, PL, and SO, a shift
towards lower frequencies was detected in the nveawelet spectrum of TA in patients
compared to controls (Figure 1, upper row). In ¥hkus patients, the wavelet spectrum of
PL showed a shift towards lower frequencies contpérehe varus patients (Figure 1, lower
row).

Table 2: Gait characteristics and maximal isometric anktgues

Controls (n=12)  Patients (i=12) Varus (=8) Valgus f=4) pa pb po
Mean SEM Mean SEM Mean SEM Mean SEM
Walking Speed (m/s) 1.25 0.01 0.98* 0.02 0.98* 0.03 0.97 0.02 0.014 0.041 0.058
Cadence (steps/min) 111.62 0.13 103.32* 0.52 104.58 0.72 100.81* 0.70 0.026 0.132 0.002
Stance phase (%) 60.74 0.06 62.15 0.11 62.05 0.11 62.34 0.28 0.285 0.263 0.684
Stride time (s) 1.08 0.00 1.17* 0.01 1.16 0.01 1.19* 0.01 0.026 0.132 0.002
Stride length (m) 1.35 0.01 1.13 0.03 1.13 0.04 1.14 0.02 0.078 0.153 0.170
Plantarflexion
moment (Nm/kg) 1.78 0.01 1.30* 0.06 1.49* 0.07 0.92* 0.13 0.004 0.034 0.002
Ankle joint
power (W/kg) 478 0.04 297 0.09 3.56 0.12 1.77* 0.09 0.012 0.097 0.004

Maximal isometric

plantarflexion torque

(Nm) 36.9 3.9 20.9* 2.2 20.1* 25 22.6* 5.0 0.001 0.002 0.030
Maximal isometric

dorsiflexion torque

(Nm) 26.3 4.0 11.1* 2.3 11.8* 2.9 9.5 4.0 0.007 0.019 0.058

SEM: standard error of the mean

*: significant difference P-value < 0.05petween controls and patients

& P-value of Wilcoxon ranksum test between controld alh patients

b P-value of Wilcoxon ranksum test between controls earus patients

“ P-value of Wilcoxon ranksum test between controld aaigus patients

3.2 Gait

While the ankle OA patients walked significantlpwer and with a lower cadence than the
healthy controls, the differences in the lengthhef stance phase and the stride length were
not statistically significant (Table 2). Additiomgl patients produced a significantly lower
peak plantarflexion moment and peak ankle poweinduwalking. However, taking into
account the hindfoot alignment, not all of thes#edences were statistically significant
(Table 2).

3.2.1 Wavelet EMG pattern

The mean wavelet patterns during a gait cycle efnitn-dominant leg of the controls and the
affected leg of the patients are depicted in Figurds the grey scale is the same for each
muscle, one can see that on average the intenagylawer in the patients compared to the
controls. Additionally, the main area of musclenation in the patients was broader and less
distinct than in the controls. For SO and PL, tiesulted in a significantly higher entropy in
the patients (SO: 10.53 + 0.10; PL: 10.76 £ 0.1@ntin the controls (SO: 10.10 + 0.12;
PL: 10.17 £ 0.14) (SO = 0.014; PLp = 0.009).
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Figure 2: Mean wavelet patterns and total intensities (blaw of the different lower leg muscles during one
gait cycle. The darker colors indicate higher istéas and thus higher muscle activity. Left panein-
dominant leg of the controls; right panel: affectegl of the patients.

3.2.2 Muscle activation in the time domain

As Figure 2 shows the plantarflexion muscles (GM, GO, PL) were mainly active in the
late stance phase whereas TA was mainly activegldine early swing phase and around heel
strike. The maximal intensity occurred between 3dnd 40.1% of the gait cycle in the
plantarflexors and between 67.7 and 69.3% in TAYF 3) with no significant differences
between the groups. The visual inspection of tharmeavelet patterns and total intensities
revealed that the muscle activation of TA startadier in the patients than in the controls.
Furthermore, patients showed an additional pedkNhand SO during the early stance phase
(Figure 2).
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The total intensity in the mean wavelet patterrso ahdicated a timing difference of the
maximal muscle activation of the triceps surae (&W, and SO). While this difference was
negative for GM-GL and GM-SO in the controls, itsnamaller and positive in the patients.
The timing difference in GL-SO was close to zero lboth groups indicating that the peak
intensities occurred at the same time (Figure 3).

Timing of Maximal Intensity Differences

75 —

]

50

25

Percentage of Gait Cycle [%]

-5

GM GL SO TA PL GM-GL GM-SO GL-SO

Figure 3: Time of maximal intensity (left) and differencesween the times of maximal intensity (right). Mean
+ SEM of thecontrols (black), all patients (white), the patenith varus ankle OA (dark grey), and the patients
with valgus ankle OA (light grey). Horizontal lineslicate significant group differences.

3.2.3 Frequency distribution

The wavelet patterns of the patients had less grimtyveen 92 and 128 Hz than controls for
TA (p = 0.019). Contrary to the controls, the waveldtgras of the patients contained more
frequency components in the range of 331 to 39%aH50 ¢ = 0.012) and PLp = 0.010).
Additionally, there were trends that in patients mad more energy between 19 and 62 Hz
(p=0.069) and less energy between 170 and 27 Hz2(061), GM less energy between 92
and 128 Hzg = 0.078) and between 170 and 271 plz(0.089), and PL less energy between
92 and 128 Hza= 0.078) (Figure 4).

3.2.4 Differences between varus and valgus ankle OA

Differences in the muscle activation patterns betwearus and valgus patients were seen in
PL (Figure 5). The PL wavelet patterns of the vgpasients contained significantly less
energy between 19 and 62 Hz £ 0.016) and more energy between 170 and 271pHz (
0.0108) than the valgus patients (Figure 4). Funtioee, a significant difference in the timing
of the peak intensity within the triceps surae nes¢GM, GL, and SO) was seen. While in
varus patients and controls, GM was maximally &cwarlier than both GL and SO, the
opposite was seen in valgus patients. The differdetween the peak intensity locations GM-
SO was significantly higher in valgus patients thawvarus patientsp(= 0.048) and higher
than in controls = 0.070), while GM-GL was significantly higher walgus than in both
varus p = 0.024) and controlpE 0.004) (Figure 3).
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Figure 4: Distribution of the total energy over differentdigeency regionsMean + SEM of theontrols (black),
all patients (white), the patients with varus an®l& (dark grey), and the patients with valgus ar®k (light
grey). Horizontal lines indicate significant grodifferences.
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Figure 5: Mean wavelet patterns and total intensities (blkie&) of the patientsM. peroneus longu$PL)
during one gait cycle. Left panel: mean of patientffering from varus ankle OA, right panel: medmpatients
suffering from valgus ankle OA.

4. Discussion

Patients with asymmetric ankle OA produced lowemnistric torques, walked slower and had
lower ankle joint moments during gait. These resate in agreement with previous literature
on end-stage ankle OA’® and confirm our first hypothesis of lower forceveés in
asymmetric ankle OA. This means that although tAeoDthe patients in this study was less
severe, their overall gait pattern was affected gimilar way as in end-stage full OA.

In both tasks, maximal isometric contraction andkug, patients produced less force in
plantarflexion. Although the walking speed was canaple, the valgus patients produced a
lower plantarflexion moment than the varus patieltge lower ankle joint moment was also
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reflected in a lower intensity in the mean waveglatterns during walking. However, the
temporal activation of the main plantarflexion masconly showed small differences. In
valgus ankle OA patients GL and SO were maximatiyva before GM, whereas GM was
active earlier than GL and SO in varus ankle OAepég and healthy controls. This indicates
that the inter-muscular coordination during pushveds altered in valgus ankle OA patients.
During push-off, the hindfoot normally rotates irgosarus position and locks the midfoot to
stabilize the foot®. It seems that in valgus ankle OA patients thigma varisation of the

hindfoot is reduced or even missing, thus changimeymuscle activation and possibly the
ankle joint moment. However, it remains unclear thbe the temporal changes in the
activation of the triceps surae are a consequehttewalgus ankle OA or whether they play
a role in the etiological development of valguslan®A. It also has to be noted that since
there were only four patients in the valgus grdwgdignificance of these results is limited.

Contrary to our hypothesis of a shift towards lovirquencies in the wavelet spectra of
patients and previous results on end-stage ankle!Oe spectra measured during the
isometric contraction remained unchanged in GM, @hd SO. Similarly, the energy
distribution in the walking wavelet patterns of tpatients resembled the ones from the
controls, except for SO that had more energy inrémge of 331 to 395 Hz. In contrast to
end-stage ankle OA patierfisthe patients of the present study suffered froodenate ankle
OA with only a slight reduction in calf circumfemn (1 cm) and higher functional scores. It
is therefore possible that their lower functionehitation preserved the high-frequency
components of the EMG signals in the calf muscles.

In contrast to the calf muscles that work conceatlty and produce high forces during
walking, TA is acting both eccentrically (early st@) and concentrically (swing phase) with
low force production€’. Despite these functional differences, the hypsithef a frequency
shift was confirmed for TA in both tasks. The watetpectra of the torque measurements
were shifted towards lower frequencies and the Veayattern during walking showed that in
patients more energy was located in the lower ®aqies (Figure 4). As suggested in
previous literature on OA and spectral propertiEEMG signals'* the spectral changes in
TA could be associated with a selective atrophtypé Il muscle fibers. However, this would
have to be confirmed by histological data.

Entropy has been previously used to study the alpdistribution of EMG signal§. In the
present study, we used the entropy for the firstetto quantify the homogeneity of the
wavelet patterns. As indicated by the higher entiodiSO and PL of the patients, the wavelet
patterns of these muscles had a less accented ppaskherefore possible that the healthy
controls had a more precise muscle activation &adl the patients had to maintain their
muscle activation over a longer time to increase jbint stability. Another possible
interpretation is that the patients’ muscle weakraesd lower total intensity led to the broader
muscle activation. The measure of entropy is igesllited to assess the broader muscle
activation and is likely a new variable that shobkl used in addition to the classical ones
used in the EMG analysis. However, the entropy nibeteld information on the location of
the peaks within a wavelet pattern but togetheh wlite timing of the maximal intensity
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(Figure 3) and the distribution of the total eneayer different frequency regions (Figure 4),
the variables supported the hypothesis of the tete®f significant differences in the
wavelet patterns.

The main differences between varus and valgus aDWepatients were seen in PL. They
were likely related to the asymmetry of the ankke &d the malaligned ankle joint. Murley
et al.?? showed that the foot posture influences the musdlizity of PL. Subjects with flat-
arched feet, which are related to hindfoot valdnasie lower PL activity in the second part of
the stance phase. It was also seen that the medd fEdduency increases with increased
force levels?®. Since the EMG signals were normalized to totarey in this study, the
intensity of the activity of PL couldn’t be compdrbetween the different groups. However, it
is possible that the lack of PL activity in valguskle OA was related to the higher amount of
low-frequency components (19-62 Hz). Similarly,usankle OA required more PL activity
to stabilize the ankle joint which in turn couldpéain the higher amount of high-frequency
components in varus ankle OA patients. These clamgd’L activation however, didn’t
result in changes of the torques or gait parameserslar to the outcome of a recent study on
ankle alignment and gait parameters in ankle Ofept”.

There were some limitations in this study. As an®i& is less prevalent than knee or hip
OA %, only a small number of patients met the cleatusion criteria and could be included
in the study. However, the observed changes in rnthescle activation patterns were
statistically significant. Additionally, the asyming of the ankle OA led to a rather
inhomogeneous patient group that could have inflednthe results, especially for the
activation of PL. To further investigate the museletivation with respect to hindfoot
alignment, more patients in these two groups wbelteeded.

There are several factors that could influence EMG signals and their interpretation.
Fatigue, for example, leads to a shift towards lofneguencies in the EMG spectra. Since the
patients only walked short distances with breakbatween and they were given sufficient
rest between torque measurement trials, it is alylithat the patients experienced fatigue.

In conclusion, this study showed that patientsesuff§ from asymmetric ankle OA have
altered muscle activation patterns. While changethe frequency domain were observed
independently of the task, the temporal activabbthe lower leg muscles was influenced by
the patients’ hindfoot alignment. Measurementshaf tnuscle activation during functional
tasks such as walking and the documentation ohitmgfoot axis (valgus, neutral, varus) are
therefore needed in biomechanical ankle OA studiesalyze changes due to OA. They will
further allow us to control whether surgical intemtions can reestablish the muscle activation
patterns of healthy subjects. Unhealthy musclevaitin can cause stress on the joints and
worsen the OA development. Measuring the musclgadmn properties will therefore allow
us to further investigate the influence of a detating muscle activity. Contrary to previous
results in ankle OA patients, this study showedsignificant changes in the frequency
content of the EMG signals, except for TA. A chamgdrequency of the EMG signal was
mainly interpreted as a change in fiber type contjpos This could therefore be a sign that
the fiber type composition in earlier stages oflar®®A is less affected. However, this kind of
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interpretation is still debated®’ and thus histological studies need to be doneh&ustudies
are needed to investigate the recovery potentiat afuscle atrophy, especially with regard to
fiber type distribution. One will also have to istigate the recovery potential or the
preservation of the calf muscles’ activation patse@lafter early surgical interventions of ankle
OA, such as joint preserving surgery.
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Mid- to long-term outcomes after realignment surgey in
asymmetric ankle osteoarthritis: clinical and gaitanalysis

Corina Niiesch, Cora Huber, Alexej Barg, Heath Bnriieger, Geert Pagenstert, Victor Valderrabano

Submitted to: Journal of Bone and Joint Surgeryefioan Volume

Background: Supramalleolar osteotomies have gained populaoitytfe treatment of early
and mid-stage asymmetric ankle osteoarthritis. pitesent study analyzed spatiotemporal,
kinematic and kinetic gait parameters, and funeicyutcomes in patients who underwent
realignment surgery and in patients with asymmetnide osteoarthritis.

Methods: This study included three groups: patients witmglberm follow-up after
realignment surgeryn(= 8), patients suffering from asymmetric ankleeosithritis ( = 8),
and healthy controlsn(= 8). Three-dimensional instrumented gait analyss performed to
assess spatiotemporal parameters, three-dimengmomiaangles, ground reaction forces, and
joint moments and powers. Clinical evaluation cstexsl of documentation of the pain level,
range of motion, the American Orthopaedic Foot Anklle Society (AOFAS) hindfoot score,
the calf circumference, and SF-36 life quality scor

Results: Gait analysis demonstrated that the patients wafitkle osteoarthritis had reduced
cadence and peak ankle dorsiflexion moment, andomged stride and step time in
comparison to control subjects and patients aéialignment surgery. Hindfoot dorsiflexion,
peak ankle power, and the second peak of the akground reaction force were significantly
lower in patients with ankle osteoarthritis andeaftealignment surgery as compared to
controls. The realignment patients had signifigalgss pain and higher AOFAS hindfoot and
SF-36 scores than patients with arthritic ankles.

Conclusion: Realignment surgery in patients with asymmetri€l@rosteoarthritis led to
improvements of the gait pattern. Long-term funwiilooutcome and quality of life were
superior to those observed in patients with asymmankle osteoarthritis. Supramalleolar
osteotomies are a promising treatment options itiema with asymmetric ankle
osteoarthritis.

Level of Evidence:Therapeutic Level Il (case-control study)

Keywords: realignment surgery; supramalleolar osteotomy; gamative study; gait analysis;
functional outcome
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1. Introduction

Many patients with ankle osteoarthritis (OA) havpasttraumatic etiology? Patients with
posttraumatic ankle OA are often younger than ptivith OA of the hip or kne& More
than half of all patients with ankle OA present lwia substantial malalignment of the
hindfoot, where varus deformity is more frequeht

The current standard surgical treatment for patievith advanced ankle OA include ankle
arthrodesis and total ankle replaceméhtAnkle arthrodesis has been shown to provide
substantial pain relief in mid-ter?®, but this procedure may cause persistent alteratio
gait and progression of degenerative changes ighheiing joints ' Total ankle
replacement is an increasingly recommended aligemateatment to ankle arthrodesis in
patients with end-stage ankle GA™ However, in the current literature few studiesrads
the long-term outcome of this procedure®

In patients with asymmetric varus or valgus ankld, @ealignment surgery, including
supramalleolar osteotomies, may preserve the gokie*’'® Realignment surgery has been
shown to provide pain relief and functional improment in patients with both vard&® and
valgus ankle OA"29223% whijle gait outcomes in patients who underwenti@mkthrodesis
or total ankle replacement have been addressedritemus studie$** little is known
about the influence of supramalleolar osteotomies.

Therefore, we analyzed clinical and biomechaniagc@mes in patients with asymmetric
ankle OA who underwent realignment surgery with raomlleolar osteotomies. The
objectives of our study were to (i) determine tpat®temporal, kinematic, and kinetic gait
parameters in patients with asymmetric ankle OA ianghtients who underwent realignment
surgery; (ii) assess the pain level in patientst @) assess the patients’ mid- to long-term
functional outcomes, including range of motion (Roaid quality of life.

2. Patients and methods

The protocol of this cross-sectional comparativelgtwas approved by the Ethics Committee
of the University of Basel, Basel, Switzerland. T@tedy was conducted in accordance with
the Declaration of Helsinki and the Guidelines aro6 Clinical Practicé”*% All participants
provided informed written consent prior to surgang study participation.

From 2001 to 2003, eight adult patients underwealignment surgery due to symptomatic
ankle valgus alignment. Exclusion criteria for rgaiment surgery included unmanageable
joint instability, neurovascular disease, end stagsritis, contralateral ankle OA, and
substantial comorbidities (e.g. diabetes mellitud)ere were five male and three female
patients with a mean age (and standard deviatibi36@ + 6.8 years (range: 24.5 to 44.9
years). Other demographic data are presented ile Talhe mean follow-up was 8.4 £ 0.7
years (range, 7.6 to 9.3 years).
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The eight patients who underwent realignment syrgeere matched to eight patients
suffering from unilateral symptomatic ankle valgalggnment and to eight healthy subjects
without any pathologies or previous surgeries a #nkle/hindfoot. All groups were of

similar age, gender, height, body mass, and bodsnmalex (Table 1).

Table 1: Demographic data on study participants. Data egsemted as mean (range).

Parameter Patients after Patients with Control group P value
realignment surgery asymmetric ankle OA
Age” (years) 44.7 (33.5t0 54.1) 56.9 (36.3 to 66.9) 45B9.5 to 69.2) 0.077
Gender M:F 5:3 5:3 4:4 0.842
Height (m) 1.75 (1.59 to 1.98) 1.75 (1.58 to 1.84) 1.71 (1.52 to 1.92) 0.712
Body mass (kg) 84.8 (60.2 to 143.9) 83.7 (54.2 @.3D 72.0 (55.5 t0 95.6) 0.338
BMI* (kg/m?) 27.2 (22.8t0 36.7) 27.3(21.7 to 31.0) 24.6%2D.28.7) 0.235
Side right:left 4:4 7:1 6:2 0.244

"at time of clinical and biomechanical assessment
*BMI: body mass index

Tusing ANOVA (analysis of variance) test

*using Chi-Square test

2.1 Radiographic assessment

Preoperative and postoperative weight-bearing gudphs of the foot and ankle were
performed for all patients who underwent realigntrengery. Radiographic assessment was
also performed in patients with asymmetric ankle. GA&dfoot alignment was assessed using
the following radiographic parameters: medial disisial anglé®*® (normal value, 89° to
92°) and tibiotalar angfé (normal value, 91.5°+1.2°). Ankle OA was gradaesing
classification according to Takakura etal Preoperative radiographic findings in patients
who underwent realignment surgery were comparabtédse observed in the patient group
with ankle OA (Table 2).

Table 2: Radiographic results. Data are presented as maagd}.

Parameter Patients after realignment surgery Patients with P value®
preoperative postoperative P value asymmetric
ankle OA
MDTAS 99.3° 90.0° 0.008 100.4° 0.232
(97° to 102°) (88°t0 93°) (98° to 103°)
Tibiotalar angle 102.9° 91.6° <0.001 100.5° 0.347
(96° to 109°) (90° to 93°) (95° to 108°)
Ankle OA grade* Grade 1: 1 Grade 1: 1 1.000 Grade 1: 0 0.79¢
Grade 2: 4 Grade 2: 5 Grade 2: 5
Grade 3: 3 Grade 3: 2 Grade 3: 3

Patients with realignment surgery (preoperativei@s) vs. patients with asymmetric ankle OA

SMDTA: medial distal tibial angle

*according to Takakura et & Grade 0, parallel joint, no tibiotalar tilt and signs of arthritis; Grade 1, parallel
joint, no tibiotalar tilt but signs of subchondisdlerosis or osteophytes formation; Grade 2, @wttilt with
varus or valgus alignment without subchondral bepetact; Grade 3, tibiotalar tilt with varus or gas
alignment with subchondral bone contact; and Gradetal joint loosening with total subchondral batontact
Tusing Wilcoxon signed rank test

fusing paired t-test

*unpaired t-test

fusing Mann-Whitney rank sum test
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2.2 Surgical technique

Surgical correction was planned with use of antestgrior weight-bearing ankle radiographs
as described previousfy*® Operative correction was done according to aipusvreport™.

In all patient a supramalleolar medial closing-wedgteotomy was performed via the medial
approach®® The osteotomy was performed using an oscillasag with continuous water
irrigation to avoid thermal damage. After removéltiee bone wedge, the osteotomy was
closed and secured using a rigid plate with loclsogews. After performing the osteotomy,
heel alignment was reassessed clinically. In ptiemth remaining pes planovalgus et
abductus deformity a lateral lengthening osteotahyhe calcaneus was performéd In
patients with ligamentous instability, medial amdlateral reconstruction of ligaments was
performed*®*° Additional procedures are shown in Table 3. Aargery, partial weight-
bearing in a stable walker (VACOped; OPED, ChamitZsland) was permitted. After eight
weeks, full weight-bearing was allowed and a refitabon physiotherapy program was
started.

Table 3: Demographic data and additional surgical proceslimeeight patients who underwent realignment
surgery.

Case Demographic data Additional surgical procedure
Age (years)* Gender BMF Anterior Calcaneal Ligamentous
cheilectomy osteotomy reconstruction
1 39.1 female 30.1 yes no no
2 245 male 22.8 no no medial/lateral
3 33.8 male 36.7 no no no
4 42.2 male 275 no no medial/lateral
5 33.1 female 23.8 yes no no
6 31.4 male 25.4 yes yes no
7 41.3 female 24.0 yes no no
8 44.9 male 27.0 no no no

1]

BMI: body mass index in kg/m
*at time of surgery

2.3 Clinical assessment

Patients rated their pain on a visual analoguees@ahS) ranging from O (no pain) to 10
(maximal pain)®®. Ankle ROM was determined with a goniometer plaeémhg the lateral
border of the leg and foot. Goniometer measuremeate performed in the weight-bearing
position, comparable with the method described ingl$j6 et aP*. In addition, the American
Orthopaedic Foot & Ankle Society (AOFAS) hindfoatose was calculatetf. All subjects
completed the Short Form-36 (SF-36) questionn&ir&@he maximal circumference of both
legs was measured at the widest calf level in adatg position and the corresponding side
difference was calculatéd

2.4 Gait analysis

Three-dimensional gait analysis was performed usingjx camera Vicon system (Vicon
MX3+, Oxford, UK) with a sampling rate of 120 Hzw® force plates (Kistler Instrument
Corp., Amherst, NY, USA) embedded in the laboratorglkway measured the three-
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dimensional ground reaction forces with a samplatg of 2400 Hz. Reflective markers were
placed on predefined anatomical landmarks accorttintgne Oxford foot model* and the
Plug-In Gait mode?®. The subjects were allowed several warm-up ttialget accustomed to
the laboratory setting. A total of six barefoot Wwag trials were recorded at a comfortable,
self-selected speed. Trials were repeated if thgests didn’t hit the force plates centrally.

Joint kinematics and kinetics were calculated leyWicon Nexus software (Plug-In Gait and
Oxford foot model, Vicon Motion Systems, Oxford, YKFor the three-dimensional joint
angles, external joint moments, and ground readtaces the minimal and maximal values,
as well as ranges of motion were determined in d@dah and then averaged within the
subjects. Similarly, the spatiotemporal gait parirsewere averaged.

2.5 Statistical analysis

Post-hoc power analyses indicated that the study adequately powered at a level of
P >0.80 for eight subjects in each group. A KolmaysSmirnov normality test was
performed to verify that the data met the assumptiof a parametric test. An analysis of
variance test and Chi-Square test were used fopanson of continuous and non-continuous
variables, respectively. Post hoc comparisons letviiee three groups were performed with
the use of the Tukey honestly significant differefelSD) test. The following parametric and
non-parametric tests were used to compare two groumppaired/paired t-test and Mann-
Whitney rank sum test/Wilcoxon signed rank teste Tiavel of significance was set at
p<0.05.

2.6 Source of funding
The authors thank the Swiss National Science Fdiomd&dSNF No. 3200BO-120631) for
financial support.

3. Results

3.1 Spatiotemporal parameters

The mean cadence in patients with asymmetric a@Rlevas significantly lower than in the
control group, while there was no difference betwpatients after realignment surgery and
subjects in the control group. The mean walkingedpstride time, and step time in patients
with asymmetric ankle OA were the lowest amongttitee groups. The length of the stance
phase, stride length, and step length were comigairalll three groups (Table 4).

3.2 Kinematic and kinetic parameters

The hip joint ROM was comparable in all three gu$tatistically significant differences
between groups were found for knee flexion, hintfdorsiflexion and rotation, forefoot
supination, and metatarsophalangeal-l (MTP-I) dierson (Table5). The temporal
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progression of these angles during a gait cycledjgixthe hindfoot rotation) is depicted in
Figure 1.

Table 4: Spatiotemporal gait parameters. Data are presastetean + standard deviation.

Parameter Patients after Patients with Control group P value
realignment asymmetric ankle
surgery OA
Cadence (steps/min) 107.3+£5.0 102.6 £ 6.3 1143+ 0.004
0.292; 0.086; 0.003
Walking speed (m/s) 1.18 +0.08 1.09 £0.15 1.Zp508 0.038
0.280; 0.468; 0.030
Stride time (s) 1.12 +0.05 1.17 +0.07 1.05 +0.07 0.004
0.227;0.112; 0.003
Step time (s) 0.57 £ 0.03 0.60 + 0.05 0.53+0.03 .009
0.200; 0.066; 0.001
Stance phase (% gait cycle) 60.0+1.4 60.8+1.6 04614 0.598
Stride length (m) 1.32 +£0.09 1.27 £0.12 1.31 1#40. 0.693
Step length (m) 0.67 +0.04 0.65 + 0.07 0.65 + 0.07 0.724

Tusing ANOVA (analysis of variance) test
*using Tukey HSD (honestly significant difference)sphoc test: patients after realignment surgerypatients

with asymmetric ankle OA; patients after realigningurgery vs. control group; patients with asymioeinkle
OA vs. control group

Table 5: Range of motion during gait. Data are presentedeen + standard deviation.

Parameter Patients after Patients with Control group P value
realignment asymmetric ankle
surgery OA

Hip flexion (°) 459+4.8 40.8+6.7 43.6+3.8 107
Hip adduction (°) 119+45 96+1.9 125+39 258
Hip rotation (°) 254+5.8 240+3.4 26.6+8.0 704
Knee flexion (°) 61.8+4.5 53.0+£6.5 59.3+49 omr

0.010; 0.632; 0.072
Hindfoot dorsiflexion (°) 13.2+3.4 17.6 +4.6 23 4.2 <0.001

0.104; < 0.001; 0.035

Hindfoot inversion (°) 15.1+35 14.7+2.4 15.66 0.901
Hindfoot rotation (°) 8.9+45 109+4.4 141 %2 0.043

0.545; 0.035; 0.258
Forefoot dorsiflexion (°) 146+2.2 184+74 6628 0.303
Forefoot supination (°) 89+22 9.1+3.2 13.3.2 0.013

0.988; 0.022; 0.030
Forefoot rotation (°) 92+17 9.2+3.1 9.0+1.7 0.990
MTP-I* dorsiflexion (°) 19.0 £5.0 19.9+75 28.0+8.1 0.033

0.958; 0.044; 0.077

"MTP-I: metatarsophalangeal-I joint
'using ANOVA (analysis of variance) test
*using Tukey HSD (honestly significant differencesphoc test: patients after realignment surgerypatients

with asymmetric ankle OA; patients after realigningurgery vs. control group; patients with asymioeinkle
OA vs. control group

The temporal progression of the vertical groundttiea force, ankle dorsiflexion moment,
and ankle power during a gait cycle is depictedalbthree groups in Figure 2. Both patients
after realignment surgery and patients with asymmenkle OA had a significantly lower
ankle power than controls. For the peak groundti@adorces, the second vertical peak
(during push off) was significantly lower in botlatgent groups, while the maximal anterior
ground reaction force was the lowest in patientsh veisymmetric ankle OA. The kinetic
parameters measured in the knee and hip joints eeengarable in all three groups (Table 6).
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Table 6: Kinetic parameters. Data are presented as meamdatd deviation.

Parameter Patients after Patients with Control group P value

realignment asymmetric

surgery ankle OA

Maximal medial GRF (N/kg) 0.71+0.20 0.63+0.17 62+ 0.13 0.511
Maximal posterior GRF (breaking) 1.62 £0.33 1.48 £0.33 1.69 £0.27 0.411
(N/kg)
Maximal anterior GRF (propulsion) 1.77 £0.22 1.59 £ 0.53 2.10+0.29 0.640
(N/kg) 0.602; 0.215 0.034
1% peak vertical GRF (loading 10.53 £0.29 10.52 £ 0.66 10.99 £ 0.35 0.086
response) (N/kg)
Trough vertical GRF (mid stance) 8.14 + 0.52 8.25+0.75 7.66 +0.64 0.i73
(N/kg)
2" peak vertical GRF (push-off) 10.57 +0.72 10.40 +1.15 11.96 +0.52 0.b02
(N/kg) 0.917; 0.009; 0.004
Maximal hip flexion moment 1.11 +£0.22 0.97 £0.29 1.09 £0.17 0.412
(Nm/kg)
Maximal hip extension moment 0.77 £0.16 0.68 +0.41 0.82+0.28 0.651
(Nm/kg)
Maximal hip adduction moment 0.94 +0.22 1.04£0.12 1.00 £0.20 0.539
(Nm/kg)
Maximal knee flexion moment (early 0.44 +0.25 0.47 £0.28 0.46 +£0.28 0.965
stance phase) (Nm/kg)
Maximal knee extension moment 0.42 +0.13 0.23+£0.19 0.38+0.21 0121
(late stance phase) (Nm/kg)
Maximal ankle dorsiflexion moment 1.51+0.18 1.41 £0.40 1.80+0. 15 0.023
(Nm/kg) 0.766; 0.098; 0.073
Ankle power (W/kg) 2.93+0.75 3.15+1.69 4.86.6D 0.00%

0.918; 0.007; 0.0%7

"MTP-I: metatarsophalangeal-I joint

Tusing ANOVA (analysis of variance) test

*using Tukey HSD (honestly significant differencesphoc test: patients after realignhment surgerypasents
with asymmetric ankle OA; patients after realigntngurgery vs. control group; patients with asymimeinkle
OA vs. control group

3.3 Clinical Results

While the dorsiflexion of the ankle joint was lowarboth patient groups, the plantar flexion
was only significantly lower in the patients aftealignment surgery compared to the control
group. The maximal calf circumference was comparablall three groups. Patients with
asymmetric ankle OA had significantly lower SF-3&1aAOFAS hindfoot scores and higher
VAS scores than patients after realignment surgerg the control group. Results were
generally better in patients after realignment styghan in patients with asymmetric ankle
OA. However, for pain level and AOFAS hindfoot sedhere was a statistically significant
difference between the affected groups and confi@ble 7).
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Figure 1. Mean knee flexion, hindfoot dorsiflexion, forefostipination and metatarsophalangeal-I (MTP-I)
dorsiflexion angles during one gait cycle (startl @md at heel strike) for the control group (grbgded area:

mean + standard deviation), patients with ankle @&lid line), and patients after realignment suygelashed
line).

Vertical Ground Reaction Force (GRF) Ankle Dorsiflexion Moment Ankle Power

GRF [N/kg]
Moment [Nm/kg]
Power [W/kg]

0 20 40 60 80 100 0 20 40 60 80 100 “o 20 40 60 80 100
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Figure 2: Mean vertical ground reaction force, ankle dorgifl@a moment, and ankle power during one gait
cycle (start and end at heel strike) for the cdrgroup (grey shaded area: mean * standard denjagatients
with ankle OA (solid line), and patients after igament surgery (dashed line).
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Table 7: Clinical results. Data are presented as a meagé)a

Parameter Patients after Patients with Control group P value
realignment asymmetric
surgery ankle OA
Dorsiflexion (°) 0.0 6.2 19.4 0.001
(-10 to 15) (-10 to 15) (15 to 25) 0.171; < 0.001; 0.005
Plantar Flexion (°) 44.4 51.9 63.1 0.027
(25 to 65) (35 to 70) (50 to 75) 0.485; 0.021; 0.210
Maximal calf 37.9 37.7 37.9 0.983
circumference (cm) (32.510 44.0) (35.0t0 41.0) (33.0t0 44.0)
Side difference calf 1.8 1.6 0.3 0.041
circumference (cm) (0.5t05.0) (0 to 3.0) (0to 1.0) 0.952; 0.052; 0.095
SF-36 80.7 55.8 91.2 < 0.00T
(36.0t0 95.1) (33.9t0 71.9) (84.7 t0 96.5) 0.004; 0.283; < 0.001
Pain (VAS 0-10) 2.1 4.6 0 <0.001
(0 to 3.5) (2.0t0 7.0) 0.001; 0.009; < 0.001
AOFAS Hindfoot score 83.5 64.5 100 <0.001
(72 to 100) (26 to 76) 0.008; 0.021; < 0.001

Tusing ANOVA (analysis of variance) test

*using Tukey HSD (honestly significant differencejsphoc test: patients after realignment surgerypasients
with asymmetric ankle OA; patients after realigntngurgery vs. control group; patients with asymmednkle
OA vs. control group

4. Discussion

Supramalleolar osteotomies are increasingly recamdex for treatment asymmetric
varus'"?*?%%® and valgus”?*°® ankle OA. In 2007 we reported mid-term results of
realignment surgery in 35 consecutive patients aitimmetric posttraumatic ankle GA
Realignment surgery was able to provide a sigmfigain relief and functional improvement
as assessed using AOFAS hindfoot score and postpiieeplanned ankle fusion or total
ankle replacement in 91% of the patient grdfipHowever, to our knowledge, no clinical
studies address gait outcomes in patients who wmaér realignment surgery due to
asymmetric ankle OA.

This study showed that the spatiotemporal variabfegait are substantially improved after
realignment surgery versus the OA group. Similadifigs with increased walking speed,
higher cadence, and lower stride and step times Haen observed in patients who
underwent total ankle replacemefts®*® with the higher walking speed one may expect a
higher ROM, moments and pow&r yet this was not the case in the present studplérs,

6). On the contrary, the hindfoot dorsiflexion ROMas lower in the patients after
realignment surgery. A possible explanation fos ttecreased hindfoot dorsiflexion ROM is
that these patients also had the lowest passive &BM (Table 7).

Many studies have used a simple one segment foalkelmo assess the biomechanical
outcome of total ankle replacements or ankle adisis®>3*® In the present study, a more
detailed foot model measured hindfoot, forefooty d&allux kinematics. After surgery the
sagittal ROM was not only reduced for the hindfdmtt also for the hallux. Both increasgd
and decreaséfidynamic forefoot ROM have been observed in ankleradeses. Our results
for forefoot dorsiflexion indicate that the redugeakssive ankle ROM was not compensated
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for by increasing the motion of other joint in tfeot. It has also been shown that an ankle
ROM of 30° is sufficient for normal gaf® and this ROM was achieved in most of the
patients in the present study.

Despite the lower hindfoot dorsiflexion ROM, paterafter realignment surgery had a
comparable speed as the control subjects, whichpagially be explained by the increased
the flexion-extension ROM of the knee (Table 7)itker, the postoperative patient group had
a higher hip flexion ROM, peak external hip extensmoment, and peak external knee
extension moment than the preoperative group thabghdifferences were not significant.

This could be an indication that the patients agldyat different gait pattern after surgery and
support the lifting and clearing of the foot aftee-off by increasing the sagittal motion of the
knee and hip. Alternatively, increased hip jointmamts could be due to the higher walking
speed in the postoperative grotip

The peak external ankle dorsiflexion moment andk [@a&kle power were reduced compared
to the healthy controls (Table 6). Brodsky et’ashowed an increase in the peak external
dorsiflexion moment and peak ankle power at least years after total ankle replacement,
but other studies showed no change or decreasdsastt six months after total ankle
replacement®3*® For ankle arthrodesis a slight increase in thakpenkle moment was
found®. The second vertical peak of the ground reactimoef (during push-off) was reduced
in the present study for both patient groups (T&)leOne study found a similar result for
total ankle replacementd but other results showed a higher peak grounctioczeforce®.

In the present study, patients who underwent realgnt surgery had significantly less pain
as assessed using VAS and higher AOFAS hindfootS&86 scores. This is comparable to
clinical studies addressing outcomes following igrahent surgery’ 82627061 Takakura et
al 282°®2 described substantial pain relief and reducedtditioins in daily activities in their
cohort. Cheng et &P reported good or excellent results in 18 patieksupp et af’
established a novel classification of supramallealaformities and found significant
postoperative pain relief and functional improvementhe AOFAS hindfoot score in 94
ankles. In our previous study significant pain eeland functional improvement were
observed in 35 patients who underwent realignmengesy *®. Furthermore, total ankle
replacement or ankle fusion was postponed in 91%lgfatients at the mean follow-up of 5
years™.

Our study has some limitations. First, the numbepatients who underwent realignment
surgery in the present study is small, but theusion criteria (patients with isolated
supramalleolar valgus deformity and supramalleolasteotomy without additional
osseous/ligamental procedures) were very stribietp avoid bias from confounding factors.
Second, the patients who underwent realignmentesyngere on average 10 years younger
than the patients in the osteoarthritis groupsIpossible that the higher walking speed in
patients after realignment surgery was partiallg do younger age. However, it has been
shown that the self-selected walking speed is ivelgt constant for healthy individuals
between 20 and 70 years of &eFinally, functional outcome was partially assesasing
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the AOFAS hindfoot score whose use has been recoadeagainst®. The AOFAS score
was in use before the policy statement was relesseade data was not excluded. Alternative
validated scores could be used in the future.

In conclusion, this study showed that the gait ggat of the patients who underwent
realignment surgery were superior to those obsemaegatients with asymmetric ankle
osteoarthritis. Although the ankle ROM decreaseith vaspect to control subjects, patients in
the realignment surgery group had less pain anbehiguality of life than patients with
osteoarthritis of the ankle joint. More than halfadl patients with ankle joint osteoarthritis
present with a malaligned hindfoot®® This makes supramalleolar osteotomies a promising
treatment option in young and active individuaisce they may be able to postpone total
ankle replacement and ankle arthrod&ishile restoring some physiologic gait parameters.
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Effects of supramallolar osteotomies for ankle ostarthritis on
foot kinematics and lower leg muscle activation dung walking

Corina Nlesch, Victor Valderrabano, Cora Huber,rGleagenstert

Submitted to: Clinical Biomechanics

Background: Early stages of asymmetric ankle osteoarthritia t& treated by joint
preserving supramalleolar osteotomies that suilgicaalign the ankle and unload the
degenerated cartilage. While studies already shqvedd relief and improvements in ankle
scores effects on gait biomechanics are largelynowk. The purpose of this study was
therefore to investigate the patients’ gait patefter supramalleolar osteotomies focusing on
foot kinematics using the Oxford foot model and éoweg muscle activation.

Methods: An instrumented three-dimensional gait analysis thwisimultaneous
electromyography (EMG) of five lower leg musclegini. gastrocnemius medialigand
lateralis, soleus peroneus longysandtibialis anterior) was performed with 12 patients with
ankle osteoarthritis, seven short-term follow-upigras (12 — 18 months postoperatively),
seven long-term follow-up patients (8 — 9 yearst@oaratively) and 15 healthy control
subjects. The waveforms of the foot kinematics BMIGs were analyzed using principal
component analysis.

Findings: Principal component (PC) scores that affectedstggttal range of motion of the
hindfoot and hallux were reduced in all patientup®, while PC scores that affected the
timing of the peaks in the sagittal forefoot motimere only reduced in preoperative and
short-term follow-up patients. For the muscle aaion, PC scores that changed the peak
were lower for soleus and gastrochnemius medialigr@operative and short-term follow-up
patients.

Interpretation: Both postoperative patient groups showed similaanges in their gait
pattern as patients with ankle osteoarthritis. €hase probably related to a remaining
reduction in ankle mobility. However this seemslffect the patients’ well being less than a
painful joint.

Keywords: ankle osteoarthritis; gait analysis; foot kinerositielectromyography; principal
component analysis






Chapter 5
1. Introduction

Ankle osteoarthritis (OA) mainly develops posttraitally and often affects physically
active, middle-aged peopfe The patients’ high expectations of maintainingigh level of
physical activity and their commonly high life exjp@ncy causes controversies regarding the
optimal surgical treatment: The two main treatmeptions are ankle arthrodesis or ankle
joint replacement. While ankle arthrodesis maylitate a high physical activity level, it
increases the chance of OA development in adjajoémis because of the reduced ankle
mobility >3, In contrast, ankle joint replacement retainsahkle mobility but complications
might arise in revision surgery for implant failurecause of the loss of bone stéck

In more than half of the patients with ankle OAub&tantial malalignment of the hindfoot
(most frequently varus) is presenteaving some regions of the articular cartilag istact.
One therefore often also speaks of asymmetric adkeFor such patients with asymmetric
ankle OA, joint preserving realignment surgeriegresent an alternative treatment option.
With supramalleolar and hindfoot osteotomies (SM@¥ ankle is surgically realigned to
reduce the load on the degenerated cartilage amapi@ve joint congruency. Several studies
have shown that SMOT reduces pain and improvediammeasured by different functional
ankle scores”. While about 40% of the patients with ankle OAaeed no sports activity
and about 40% a recreational sports activity ofeast one hour per week, this changed
following on average five years after SMOT to ab20% with no sports activity and about
70% with a recreational sports activity of at lease hour per week Further, the effect of
SMOT on passive ankle range of motion is contragerdVhile one study reported an
improvement®, other studies found no changes or even a decieapassive range of
motion®*° Although functional scores and passive rangeatfan are important, they do not
reflect the actual biomechanics of the ankle duaatiyities of daily living such as walking.

Gait analysis studies in patients with ankle OAenahown that patients walk slower and
have a smaller range of motion in the ankle jdimgdfoot segment, and forefoot segment and
have lower peak ground reaction forces, ankle tlexson moment, and ankle power than
healthy control subjects ™ Contrary to SMOT, the effects of an ankle artlesis or total
ankle replacement on the gait pattern have beeasiigated. These studies showed an
increased walking speed with changes in the gaimbthanics after arthrodesis'® and
improvements in both walking speed and gait bioraaits after total ankle replaceméht®

In patients with ankle OA a prolonged activatiorntloé calf muscles during walking has been
observed"*® After ankle arthrodesis soleus muscle activataring pre-swing when it is
normally inactive was found®. To date, the functional outcome of SMOT in terofs
biomechanical and neuromuscular gait data is lgngeknown.

Principal component analysis (PCA) is a powerfudl tior the analysis of gait waveform
data'®? Contrary to the conventional approach of repgrtpreak values, specific time
points, or ranges of motion, PCA does not requimg apriori selection of the parameters of
interest. However, the interpretation of the feasuthat are derived from the PCA can be
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challenging. Nevertheless, PCA has successfully lbbsed to describe the postoperative gait
patterns of knee OA patients after total knee kpteent®*

The aim of the present study was therefore to ifjegait patterns that are typical for patients
with ankle OA and after SMOT with the main focus thie foot kinematics and lower leg
muscle activation. We hypothesized that after SM@d& walking speed, the peak ankle
dorsiflexion moment and power were increased, Aatthe ankle range of motion remained
decreased compared to healthy controls. Furtheexpected that the features of the detailed
foot kinematics and lower leg muscle activationtgrats resolved by PCA better resemble
those of healthy control subjects than those aépt with ankle OA.

2. Methods

2.1 Subjects

Three different groups of patients and a groupedlthy controls participated in this study.
The detailed subject characteristics are summainezé&dble 1. The first group consisted of 12
patients with asymmetric (malalignment of the houtj ankle OA that were eligible for
realignment surgery. Exclusion criteria were OA ather joints, diabetes, neurological
impairments, and neuromuscular diseases. Severheasfe t patients (prospective group)
returned for a follow-up assessment between 12l1&nhdonths postoperatively. The long-
term follow-up patient group consisted of sevenfeddnt patients that had undergone
realignment surgery eight to nine years beforegdneanalysis. Finally, data of a group of 15
healthy control subjects with a comparable agdagpatients was collected as reference gait
data. Exclusion criteria for the control group w@an in the lower extremities, repetitive
ankle sprains, known OA in any joint of the lowextremity, diabetes, neurological
impairments, and neuromuscular diseases. As pralyigaported, we defined the dominant
leg of the controls as the preferred hoppingfegrhe local ethics committee approved the
study and all subjects signed informed consent poiparticipation.

2.2. Clinical evaluation

The level of pain in the ankle joint was determimsthg a visual analogue scale ranging from
0 (no pain) to 10 (maximal paiff. The clinical functional status was assessed With
American Orthopaedic Foot and Ankle Society (AOFAS)kle and hindfoot scoré*
(minimum score: 0 points; maximum score: 100 pginikie healthy control subjects were
only included if their pain score was 0 and the@@PAS score was 100. All subjects were
further asked to complete the short-form-36 (SF{3&lth survey questionnaire (version 2;
Medical Outcomes Trust, Waltham, USA; minimum scd¥epoints, maximum score: 100
points) providing a measure of general health amality of life. The passive ankle range of
motion in plantar- and dorsiflexion was measuradgia goniometer.
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2.3 Gait analysis

A gait analysis system consisting of a six cameoéion capture system (Vicon MX, Oxford,
UK; sampling rate 120 Hz) and two force plates {l€is Winterthur, Switzerland; sampling
rate 2400 Hz) was used to assess the subjectspaterns. Reflective markers were placed
on anatomical landmarks according to the conveatigait model® and the Oxford foot
model ?°. All subjects walked barefoot at their self-sedecspeed along a 10 m laboratory
walkway until six trials were recorded where thdjsats hit the force plates centrally. The
gait data was processed using the Vicon Nexus aoftwSpatiotemporal variables, ankle
range of motion, peak ankle dorsiflexion momentakp@nkle power, and the detailed
temporal kinematics of the foot segments measutgdtive Oxford foot model were further
analyzed. The detailed foot kinematic data inclubiedifoot (hindfoot to tibia) dorsiflexion,
hindfoot inversion, forefoot (forefoot to hindfootorsiflexion, forefoot supination, and
hallux (hallux to forefoot) dorsiflexion angle. Alhese waveforms were time-normalized to
one gait cycle, starting and ending with heel strikurther, a symmetry index for step length
and stance phase was calculated by dividing theevall the affected side by the value of the
non-affected side (greater deviations from 1 indigaeater asymmetry).

2.4 EMG recordings

Surface electromyographic data (EMG)Min. gastrocnemius medialiandlateralis, soleus
peroneus longysandtibialis anterior was recorded bilaterally with a sampling rate 40@
Hz (recording system: Biovision, Wehrheim, GermaBgndwidth 10-700 Hz, gain range
1000-5000). Round, bipolar Ag/AgCl electrodes (MoraU.S.A. Inc., Scottsdale, AZ, USA:
10 mm diameter, 22 mm interelectrode distance) waeed according to the guidelines of
the Surface Electromyography for the Non-Invasiveséssment of Muscles (SENIAM)
project?’ after shaving and cleaning the skin with alcofible ground electrodes were placed
bilaterally on the tibial tubercles. To minimize wemnent artifacts, amplifiers and cables were
taped to the skin and held in place by an elagiidoandage around the calf.

The EMG signals were processed by rectifying tig@ali and applying a low-pass filter'{(4
order, zero-lag Butterworth filter, 6 Hz cut ofefluencyf®. Each EMG envelope was then
time-normalized to one gait cycle and amplitudesmalized to its mean amplitud

2.5 Principal component analysis

PCA is a statistical tool for data reduction and loéten been used in the analysis of gait
waveform data®**°?? It is an orthogonal transformation that transfsrthe correlated
original data into uncorrelated orthogonal printigamponents (PC). The resulting PC
vectors (features of the input data), and PC scpnevidual loadings of the PC vectors)
were further analyzed. To achieve data reductiarnly ahe first few components that
explained combined 70% of the total variance wetaimed?.

The waveform data of the foot kinematics and EM@edwpes of the patients’ affected leg
and the controls’ non-dominant leg were used astirffor each of these 10 sets of waveform
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data (5 kinematic waveforms, 5 EMG waveforms) gsutmmatrixX (101 time points x 246
trials (6 x 41 subjects)) was formed. The kinemataveforms showed large offsets between
measurements, i.e. parallel shifts of the cufeBased on our experience this offset will
mainly be captured by the first PC and could explg to 90% of the variance. Because we
were more interested in the shape of the waveftian tn its magnitude, we minimized this
offset by subtracting the mean angle over timeeteh trial from each waveform data before
calculating the PCA.

2.6 Statistics

All statistical tests were carried out in MATLAB ¢€¥sion 7.10, Mathworks, Natick, MA,
USA). For each subject the gait parameters anddefes were averaged over the six walking
trials. Differences between the patient groups trel controls were detected using three
different ANOVA models with a significance level af= 0.05. The first model (model 1)
included the controls, preoperative short-termofwHup patients, and the postoperative short-
term follow-up patients and assessed the effech@fsurgery on the patients’ gait pattern.
Model 2 was used to assess the long-term effethefsurgery and included the controls,
patients with ankle OA, and the long-term follow-pptients. Finally, model 3 used the
preoperative short-term follow-up patients, thetppsrative short-term follow-up patients,
and the long-term follow-up patients. Student’'seipendent samples t tests and paired t tests
(prospective data) were used for the post hoc arsabf the differences between the groups.
The significance level was adjusted to multiple pansons and set at= 0.017.

3. Results

3.1 Clinical scores and gait parameters

After surgery, patients reported less pain thaiept with ankle OA both in the short-term
follow-up group p = 0.001) and long-term follow-up group € 0.005). The AOFAS scores
were increased by 15 points in the short-term f@lig group p = 0.047), and by 20 points in
the long-term follow-up groupp(= 0.006). The SF-36 score was significantly reduce
compared to the controls in the patients with aikfe (p < 0.001), and short-term follow-up
patients both preoperativelp € 0.001), and postoperatively € 0.011), but not in the long-
term follow-up patients. Further, all patient greupad significantly reduced passive ankle
plantar- and dorsiflexion ranges of motign € 0.001) with a trend towards an additional
postoperative reduction in the prospective patigmts0.038) (Figure 1).

79



Pain

SF-36

1007

80/ l ‘

60 [

401

201

Chapter 5

AOFAS score
100} ‘ ' ‘
80+ l
N A
40+
20t
0
Ankle range of motion
100}
80+
|
40+ I { }
20+t [
0 ) N R
4 \e @ S N
{\\*o \eo & \Qo'o \o\"y
< ?s\\{" $,\5Q R O
¢ & £
S\O \0\\ %
& & ©
&P
,(\06 &
) %‘Q

Figure 1: Clinical scores and passive ankle range of motimsented as means (bar) and 95% confidence
interval of the mean (error bar). Vertical lineslitate significant differences between the groupaling to

the three ANOVA models.

The self-selected walking speed was significargyuced compared to the controls by about
15% in the patients with ankle OA, the preoperatstgort-term follow-up, and the
postoperative short-term follow-up patients. Thepdength and the length of the stance phase
showed no significant differences, but there wageater asymmetry between the affected
and non-affected side than in the controls (Tabld=@rther it was seen that on average the
ankle range of motion was reduced in all patienugs by at least 25%, the peak dorsiflexion
moment by at least 15% and the ankle power byast 0% compared to the control subjects

(Table 2).
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3.2 Effects on the gait pattern

The mean angles of the foot segments of the diffegeoups are depicted in Figure 2. The
visual inspection of the mean temporal waveformomfthe muscle activation of the lower leg
muscles showed only minor differences between #adtliy controls and the different patient
groups. The main difference was the lower peakviggtespecially ofMm. gastrocnemius
medialis and soleus (Figure 3). These waveforms were analyzed by P@A daable 3
summarizes the features of the foot kinematics BM@& envelopes that showed significant
differences between the groups (Table 3).

Hindfoot Dorsiflexion Forefoot Dorsiflexion Hallux Dorsiflexion
20 20 40

Angle [°]

0 50 100 0 50 100 0 50 100
Gait Cycle (%)

Hindfoot Inversion Forefoot Supination

Angle [°]

-20

-30 ‘ -10 ‘
0 50 100 0 50 100

Gait Cycle (%) Gait Cycle (%)

Figure 2: Foot kinematic angles of the healthy controls (gglgded area: mean and 95% confidence interval of
the mean), the patients with ankle OA (solid lird)ort-term follow-up patients (dashed line), aodgtterm-
follow-up patients (dotted line). All angles startd end at heel strike.

3.2.1 Short-term effect on the gait pattern (prospetive data)

In the prospective foot kinematics data, two PCswad significantly worse results after
surgery: postoperative short-term follow-up pasenhad an even lower hindfoot
plantarflexion range of motion during push-off (AC4dnd lower amplitude in hindfoot
inversion (PC2) than preoperatively. The followifggtures of the foot kinematics showed
significant changes at both measurement time poauspared to controls: hindfoot
dorsiflexion amplitude (PC2), timing of the hindfaaversion (PC1), timing of the forefoot
dorsiflexion (PC2), amplitude of the forefoot sugtion (PC1), and amplitude of the hallux
dorsiflexion (PC1). For the muscle activation, bgiditient groups had significantly lower
peak activation oM. gastrocnemius mediali@C1). The peak activity d¥l. soleus(PC1)
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and the amplitude of thd. tibialis anterioractivation (PC1) were only significantly lower in
the preoperative patients. The peak activatioMotibialis anterior at the beginning of the
swing phase (PC3) was significantly lower postoesly, compared to preoperatively
(Table 3).

Gastrocnemius medialis Gastrocnemius lateralis Soleus

normalized intensity

0 50 100 0 50 100 0 50 100
Gait Cycle (%)
Peroneus longus Tibialis anterior
4 4
>
-‘§ 3 3
QL
£
3 2
N N F
®©
£ "\
2 T
0 0
0 50 100 0 50 100
Gait Cycle (%) Gait Cycle (%)

Figure 3: Mean of the normalized EMG envelopes Mim. gastrocnemius medialiand lateralis, soleus

peroneus longysandtibialis anterior for the healthy controls (grey shaded area: mewh %% confidence
interval of the mean), the patients with ankle Ggblid line), postoperative short-term follow-up ipats

(dashed line), and long-term-follow-up patientsti@o line). All EMG envelopes start and end at tsteke.

3.2.2 Long-term effect on the gait pattern

Both patients with ankle OA and long-term follow-patients had significantly different PC
scores for the hindfoot plantarflexion range of imotduring push-off (PC1), timing of the
hindfoot inversion (PC1), amplitude of the foref@aipination (PC1), and amplitude of the
hallux dorsiflexion (PC1). The PCA of the EMG emysts only showed significant
differences between the controls and the patierits ankle OA with a lower peak favim.
gastrocnemius mediali$PC1) andsoleus (PC1), and a lower amplitude fav. tibialis
anterior (PC1) (Table 3).
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4. Discussion

This study describes the gait patterns of patievith asymmetric ankle OA and of two
patient groups after treatment with SMOT in comgami to those of healthy controls. Our
results on the clinical outcome of SMOT of redupath and increased AOFAS ankle scores
are in agreement with previous studiés™*® However, the hypotheses that the walking speed
would be greater and gait patterns would improvaqueratively were only partly supported
by our results. The hypothesis that the peak adkisiflexion moment and ankle power
would be greater postoperatively had to be rejected

The long-term follow-up patients walked with similsalking speed, cadence and step length
symmetry as the healthy controls whereas thesemedeas differed in short-term follow-up
patients. A possible reason for these different@uies in the two postoperative groups is that
the follow-up time of around one year was too shod that these patients were still adjusting
to the changed alignment and biomechanics of thkkegaoint. Further, the long-term follow-
up patients were on average five to ten years yauagd hence much younger at the time of
surgery than the short-term follow-up group. Itpessible that the long-term follow-up
patients had a higher recovery potential becausthef younger age. Another important
aspect of these results is that the positive effeEISMOT on the spatiotemporal parameters
and the clinical scores (pain, AOFAS, SF-36) werganed for at least eight years.

The changes in the foot kinematics were similarbioth postoperative groups with reduced
amplitudes and ranges of motion in the differewt feegments. According to Peffy normal
gait requires a minimal ankle range of motion of.3While most of the follow-up patients
achieved this, three patients had a passive rahgeotion of 20° or less. On average, the
lowest passive ankle ranges of motion were founthenshort-term follow-up patients that
also had the lowest PC scores in PCs that affdbedhindfoot and hallux range of motion.
Hence, it is likely that the observed changes atated to the reduced passive range of
motion in the ankle joint. For a successful reatignt of the ankle joint, a restriction of the
joint mobility is often necessary to prevent reenge of the hindfoot malalignment. Contrary
to SMOT, ankle arthrodesis eliminates the motiothamankle joint and often the subtalar and
forefoot joints take over some of the plantar- dodsiflexion movement of the foot. As Wu
et al.,** showed in a gait analysis study with patientsratkle arthrodesis, the shape of the
hindfoot to tibia dorsiflexion angle is significantaltered. In a normal ankle, the hindfoot
plantarflexes after heel strike and then graduddissiflexes until about 50% of the gait cycle.
Then during push-off the hindfoot plantarflexes andves towards dorsiflexion during the
swing phase (Figure 2). However, after ankle adbsis, the hindfoot dorsiflexion angle
remains constant throughout most of the stanceepfasn our study, using a comparable
foot model, the hindfoot dorsiflexion waveform imtgents with ankle OA and in patients
after SMOT was similar to that in the control subge(Figure 2). However, the PC2 scores
indicated that both follow-up groups had a loweiplimde and thus also a less steep slope of
the curve (Table 2). Differences in the forefootsiftexion angle were only found for the
timing but not for the range of motion. This resulicates that none of the patient groups
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compensated for the reduced hindfoot range of matith an increased forefoot range of
motion (Table 2).

Contrary to our initial hypothesis, the peak kinetalues showed no improvement following
SMOT. These values are influenced by the walkireesp', range of motion, and the push-
off force. Although that the long-term follow-uptpmnts walked faster than the patients with
ankle OA, their average peak ankle moment was slightly higher. Further the ankle power
in all patient groups was on average at least 49#&1 than the value of the controls. While
pain and muscle weakness have been suggesteditw lEaver ground reaction forces during
push-off in patients with ankle O, the results for the follow-up patients indicatattthe
reduced ankle range of motion might also limitfibkee production during push-off.

The temporal muscle activation patterns differely sfightly between the groups. The main
difference in muscle activation between patient$ @mtrol subjects was the peak activation
of Mm. gastrocnemius medial@dsoleus This result is not surprising since it is knovatt
patients with ankle OA suffer from lower leg museleophy, especially ofl. soleus®*3?
Even after total ankle joint replacement, this pirp only partly reverses as indicated by
reduced calf circumference in the affected compacethe unaffected sid&. This might
explain the reduced peak activation in the inveséig calf muscles. However, it is important
to note that we normalized the EMG envelopes tar tnean amplitude, which reduces the
differences in absolute values. Hence, our resutbsate that the peak activation in patients
differed less from the baseline activation or tthegir muscle was activated longer. Indeed,
longer periods of muscle activation have previousten observed in patients with ankle
OA 17,18.

The number of patients in the two postoperativeigsowas rather small. However, ankle OA
has a much lower prevalence than OA of the kndemt* and only patients with asymmetric
ankle OA are eligible for SMOT. Therefore, only mal number of patients qualified for
inclusion in our study, which limits the generatina of the results. Nevertheless, the data
presented in this study represent the first datgasinbiomechanics after SMOT.

In conclusion, the results showed that patient witkle OA benefit from SMOT, mainly
because of the associated pain relief. The gaméahanics of the different foot segments
presumably are strongly influenced by the passinkdearange of motion, which was lower in
short-term follow-up patients compared to contugbjscts and was similar between patients
with ankle OA and long-term follow-up patients. SMQepresents an early surgical
treatment option for ankle OA that does not preelddrther treatment with total ankle
replacement or ankle arthrodesis. Especially, fmrnger patients postponing these limiting
procedures is very important and our results aoenming because pain relief and improved
quality of life were maintained for at least eigleiars postoperatively despite of altered gait
patterns.
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1. Discussion

The first aim of this thesis was to characterize ghit patterns of patients with early- to mid-
stage, asymmetric ankle osteoarthritis (OA). Thegteents showed similar gait adaptations as
patients with end-stage ankle OA as it was desdrineChapters 2 and 3. Contrary to a
previous study on patients with ankle OA that fowhdts towards lower electromyography
(EMG) frequencies in all lower leg musclédrf. gastrocnemius medialis, soleus, peroneus
longus, and tibialis anterigr? this was not the case for the patients that @patied in the
measurements for this thesis (Chapter 3). One lgesskplanation could be that changes in
the muscle activation, which lead to lower EMG freqcies, were not yet present in the
patients with early- to mid-stage asymmetric ar®@fe However, there are also other factors
(e.g. electrode position, amount of fat tissue} ihiduence the frequency content of the EMG
signal® and that could lead to the observed changes ipdher spectra. Secondly, this thesis
aimed to assess the biomechanical and neuromusebiabilitation potential after treatment
of the ankle OA with supramalleolar osteotomies.mPared to healthy subjects, the
spatiotemporal parameters showed no differencadong-term follow-up group (Chapter 4),
while the range of motion, especially of the hirmtfaemained reduced in both a short-term,
and long-term follow-up group (Chapter 4 and 5)isTwas likely related to the reduced
mobility of the ankle joint. However, despite thenraining changes in the patients’ gait
pattern after supramalleolar osteotomies, patimqsrted less pain and had a higher quality
of live. Many gait analysis studies on patientshwainkle OA and on the treatment effects
(ankle arthrodesis or total ankle replacement) ubedconventional gait modél which
models the foot as a single segm&htFor this thesis, we used the Oxford foot mddiat
consists of three foot segments - hindfoot, forgfaad hallux - and therefore provides more
detailed information on the movement of the footimy walking. Contrary to some studies
on ankle arthrodesis that showed an increased motion of the forefdu, results of this
thesis indicate that the patients had enough filyilof the ankle to allow walking without
increasing the range of motion in the forefoot (@tka4 and 5).

In most of the patients, ankle OA has a posttraimnagiology*°*%. Therefore, it often affects
younger and physically active patienté'® Both common treatment options — ankle
arthrodesis and total ankle replacement — have socomeerns regarding the long-term
outcome. For ankle arthrodesis, it has been shbanhaimost all patients develop OA in the
neighbouring joints of the foot within 20 yedfs™ For total ankle replacements, a survival
rate of only about 80% after 10 years has been sH&wThis is less than what is seen for
knee and hip replacement§® Furthermore, revision surgeries in case of impfailure
might be difficult due to the limited bone stocktime ankle joint'®. Therefore, alternative
treatment options are important. Joint preservireglignment surgeries (supramalleolar
osteotomies) are such an option for patients watyimanetric ankle OA and only partially
degenerated articular cartilage. The patients’ geitnechanics that were observed in this
thesis before and after realignment surgery shdhaicthe gait patterns do not return to those
of healthy subjects but that some parameters Yeatking speed) improve compared to the
preoperative situation. The observed differencevéen the short- and long-term outcomes
(Chapter 5) could indicate that the rehabilitatiprocess was still ongoing one year
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postoperatively and that an additional measurenventyears after surgery could be helpful

to assess the rehabilitation potential. The lommteutcome showed that a successful
realignment surgery was able to postpone a totdeaeplacement or an ankle arthrodesis by
at least about eight years with gait patterns #rat comparable to those after total ankle
replacement3’?°or ankle arthrodesis’?*?}(Chapter 4 and 5).

1.1 Comments on the measurement methods

There were only few patients included in the measants for this thesis. Ankle OA is less
frequent than hip or knee O& and not all patients with ankle OA were eligibler f
realignment surgery and could be included in thielyst Despite the low number of patients
significant differences between healthy subjects patients with asymmetric ankle OA, as
well as effects of the treatment were found. HowegNe@emains unclear whether these results
can be generalized on the whole population of ptiwith ankle OA and whether all patients
show similar changes in their gait pattern aftafigament surgery.

1.1.1 Oxford foot model

There are many foot models around at the momentthi®thesis, we choose the Oxford foot
model 8. This model has been validated, it was availablgether with our measurement
system, and it has become increasingly popularceSthe Oxford foot model has been
developed that it can also measure feet with datmsnit does not reference the joint angles
to a static calibration positiof During our measurements we sometimes observeg lar
offsets (parallel shifts) of the different foot kmatic waveforms between subjects or between
the two feet of a subject. This was not relevamttfe analysis of the range of motion
(Chapter 2 and 4). However, the analysis of theaeeforms with the principal component
analysis (PCA) showed that the first principal comgnt (PC) captured this offset (Chapter 2
and 5). The larger the offset or the variation leetwthe different waveforms, the more of the
total variance was explained in the first PC. Thaee we tried to reduce the offset. In the
first study (Chapter 2), we subtracted the meareaafjthe static reference trial. However,
this was not an option for the follow-up measuretseWith the supramalleolar osteotomies,
the alignment of the hindfoot was changed. Heneferencing to the static position could
mask some effects of the surgery. Therefore, weddddo reduce the offset by subtracting
the mean angle over the gait cycle for each t@Gdlapter 5). This was successful in reducing
the offset and the PCA captured more features mithe first few PCs that explained 70% of
the total variance. However, with this method théues of the joint angles did not represent
anatomical values anymore.

1.1.2 Data analysis

PCA has been used in this thesis to analyze thefaaxa data of the different joint angles,
joint moments, ground reaction forces, or EMG eopet (Chapters 2 and 5). These
waveform data that were obtained from the gait y@mslprovide a lot of information that

often needs to be reduced for the data analysise, HRCA provides a powerful method that
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achieves a data reduction without any a prioricdela of the desired parameters such as a
minimal or maximal value. The data reduction wile PCA was achieved by only retaining
the first few components that explained up to 7@hapter 5) or 90% (Chapter 2) of the total
variance. This is a simple method and works weltesithe PCs are ordered according to the
percentage of the total variance that they exgfailowever, there is no rule on the selection
of the cut-off percentage. Generally, the cut-offrgentage will be lower with more
observations, but one might have to adjust theotfupercentage according to the desired
result of the PCA. If the PCs explain only a snmathiount of the total variance and data
reduction is the purpose of the PCA then a low&rofupercentage might be useful. On the
other hand, if there are one or two very dominads Ehat explain very obvious features, a
cut-off percentage of more than 90% of the totalaree might resolve more featur@s

The support vector machine (SVM) is increasinglgdim the classification of gait patterns of
different subject groups, including healthy sutgeahd patient$*?° Both linear and non-
linear classifiers are frequently used. In thissithewe used a linear SVM classifier
(Chapter 2), because it allows the calculationthand also the interpretation of the separating
hyperplane. However, it is possible, that non-linkarnels (polynomial or radial basis
function) lead to better results especially if taa are not linearly separafie® In this
thesis (Chapter 2), the classification was perfarméh only a few subjects. Although that it
was successful, the inclusion of more subjectscctadd to a more robust classifier that has a
better generalization performance and could be aseddiagnostic tool.

Wavelet analysis and thus wavelet patterns of sarEEMG signals have frequently been used
to study muscle activation as they allow studyimghbtime and frequency contents of the
EMG signal togethef”*° To visualize differences in the wavelet patteshsarious subject
groups, difference wavelet patterns were calcul&tét However, the differences were with
this method still only visually depicted and notaqtified. In this thesis, the entropy was
introduced as measure of the homogeneity of theelgt\patterns during one gait cycle
(Chapter 3). The entropy is maximal when the intezssat each time point and frequency are
equally probable, thus have the same value, while zero when all intensities except one
have a probability of zer®”. It indicates how peaky a wavelet pattern is. Heeveas the
entropy is calculated by summing over both the tend frequency axis of the pattern, it
doesn't yield information on the location of thgssaks. The interpretation of the results on
the entropy as broader activation regions in Chapteas thus only possible together with
the visual inspection of the patterns and a temovalysis of the peak muscle activation.

2. Outlook

While this thesis identified gait patterns of patge with asymmetric ankle OA, open
guestions remain, especially regarding the infleent the muscle activation. Chapter 3
indicated differences in the intermuscular coortioma between the measured lower leg
muscles. Patients with a valgus alignment of timelfmot had an altered timing betwekgim.
gastrocnemius medialitateralis andsoleuspeak activity and different wavelet patternsvof
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peroneus longugChapter 3). However, the number of studied patiewnith a valgus
alignment was too small to draw a conclusion ontiwaethat was particular for these patients
or whether this was general adaptation in patievite ankle OA and a valgus hindfoot
alignment. For future studies it would be intemegtio see whether this different coordination
of the gastrocnemii is generally seen in patienith walgus ankle OA and whether also
healthy subjects without OA but with a valgus atigent of the hindfoot show such changes.

The analysis of the gait patterns by PCA and thbseguent classification by SVM
(Chapter 2) could be further extended. Insteadndy asing kinematic and kinetic data, one
could also use EMG data such as EMG envelopes en &avelet patterns. With more
prospective data, it would be interesting to seetiwr the patients are classified as healthy
after realignment surgery. Further, a larger dataoEgait patterns of ankle OA patients could
answer whether the preoperative gait pattern infteethe outcome of the surgery.
Supramalleolar osteotomies do not exclude furtheatinent of the ankle OA with either
ankle arthrodesis or total ankle replacement ire a#dspersisting pain and progressing OA.
Two patients that participated in the prospectiaet pf this thesis were not available for a
follow-up gait analysis as their OA progressed #ral/ had either an ankle arthrodesis or a
total ankle replacement within one year after ggatient surgery. Hence, it would be
interesting to see, if there were already indicetio the gait pattern of these two patients that
could predict a further OA progression.

3. Conclusion

Several pattern recognition methods such as PCAJ,SAnd wavelet analysis together with
conventional analysis methods such as reportingesrand peak values were successfully
applied in this thesis for the objective quantifica of the patients’ gait patterns. The
biomechanical adaptations in the gait patternsuohed reduced ranges of motion and reduced
peak kinetics (i.e. ankle dorsiflexion moment) avelte mainly related to a reduced mobility
of the ankle joint. Further, neuromuscular adapteti such as changes in the frequency
distribution and the intermuscular coordination evéound. Contrary to the biomechanical
adaptations, the reasons for these changes amddleein the rehabilitation process are less
understood and need further investigations. Finalg main result of this thesis was that
while the gait patterns after joint preserving igranent surgery resemble the preoperative
ones, they are comparable to those of patients aitrankle arthrodesis or a total ankle
replacement, but the pain level decreases and ¢hergl well being and quality of life
increases.
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