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ABSTRACT

Walking is one of the most important fundamental activities of daily liv-
ing in humans. The hip joint is one of the most important joints in power
transmission between the lower extremities and the pelvis. Within ortho-
paedics, osteoarthritis (OA) in the hip joint is increasing in an ageing pop-
ulation. OA is a chronic joint disease that causes more or less pronounced
pain, functional impairment and impaired quality of life. The World Health
Organisation (WHO) reports that 10% of all men and 18% of all women
over 60 years of age have symptomatic osteoarthritis and osteoarthritis has
an effect on the mobility of 80% of those with OA. Total hip arthroplasty
(THA) is a common treatment for patients diagnosed with hip osteoarthritis
when non-surgical treatments have failed. In Sweden, approximately 17,000
THAs are performed every year and the majority of them are due to pri-
mary osteoarthritis. According to the Swedish Hip Arthroplasty Register
(SHAR), most patients (89%) report that they are satisfied with the results
one year after hip surgery. The remaining 11% report that they are less
satisfied or dissatisfied with the performed surgery. The reported problems
mainly involve pain, difficulties with activities of daily living, anxiety and/
or depression and lack of mobility. Recordings of walking ability before and
after THA are one way of assessing the effect of the operation. Further-
more, objective measurements of any remaining limitation in walking ability
and its potential impact on the clinical outcome can be a valuable diagnostic
tool and perhaps also a starting point for the further improvement of the
intervention procedure.

Optical tracking systems (OTS) based on cameras and force plates mount-
ed in the floor have been used since the 1960s. Since then, these methods
have been further developed to enable high-resolution recordings of body
movements during walking, The technique can be briefly described as the
attachment of reflective markers with double-adhesive tape to the skin of the
patient/subject on well-defined anatomical bone structures. Marker positions
are recorded when the patient/subject walks at a self-selected pace through
a calibrated measurement volume. Synchronised with the camera system, the
load is recorded by the force plates integrated in the floor. Kinematics and
kinetics are calculated in three anatomical planes and the collected data are

presented using graphs and animations.

In Study I, hip joint movements were measured with two different dynamic
motion analysis systems, optical tracking systems and roentgen stereophoto-
grammetric analysis (RSA) of 16 patients undergoing THA. The RSA method




measures motion with high precision and the method is based on the instal-
lation of markers made of tantalum (o = 1 mm) in the skeleton at the thigh
and pelvis. Synchronized exposure with two angled X-ray tubes enables the
calculation of three-dimensional movements between skeletal structures.
The results in this study show that dynamic hip movements induced
soft-tissue movements that cause differences compared with skeletal move-
ments. A model based on skin markers produced a better correlation to
roentgen stereophotogrammetric measurements of skeletal movements than
a cluster marker model (plates with four markers) relating to flexion and ab-

duction movements.

Study II examined whether the reproducibility of measured values differs
depending on whether the hip joint is unaffected by disease or has developed
from hip osteoarthritis (OA) or THA. Gait analysis was performed by three
different groups: healthy controls, hip OA patients and THA patients. Each
group was composed of 10 men and 10 women. The study also examined
whether it was possible to distinguish the different groups from one another
using data from the OTS.

Patients with hip OA had poor repeatability between different investiga-
tors and analytical events compared with THA patients and healthy controls.
The study further revealed that there was still a difference in gait pattern after

one to two years after THA surgery compared with controls.

In Study III, gait was investigated in 22 patients operated on bilaterally with
two different types of stem at the same time of surgery. At surgery, the first
operated hip joint was randomised to either a short or a conventional stem.
The type of stem not used in the first surgery was chosen for the opposite
hip joint. The same acetabular cup was used on both sides. Gait analysis was
performed one and two years after THA surgery and the data were compared
with those of a control group consisting of 66 subjects. There were no differ-
ences in speed, step length and frequency, or regarding kinematics or kinetics
between short and conventional stems. Although both hip joints were operat-
ed on during one-stage bilateral THA, there was still a difference between gait

patterns two years after surgery compared with controls.

Study 1V is based on a clinical long-term follow-up of 62 patients (66 hips)
undergoing surgery with a Madreporic Lord hip prosthesis between 1979
and 1986. The average follow-up period was 26 years (23-29 years). At the
latest investigation, the Harris Hip Score (HHS), EQ-5D and patient satis-

faction and pain registration on a visual analogue scale were recorded. In the

follow-up, the HHS was recorded with an average of 81 (SD 14) and a pain
score of 41 (SD 5), despite the fact that more than half the patients had un-

dergone a revision of the acetabular cup on at least one occasion.

In Study V, gait analysis was recorded simultaneously using two different mo-
tion analysis systems, one based on an optical tracking system with measure-
ments of reflective skin markers and one based on accelerometers. A total of
49 patients with hip prostheses participated in the study. Movements in the
sagittal plane of the pelvis, hip and knee joint were compared between the
methods.

The accelerometer system measured movements of the pelvis and knee
joint that did not differ from the optical system. However, when measuring
the hip joint flexion extension, a significantly smaller motion was recorded

compared with the optical motion analysis system.

This dissertation shows that the deviation from skeletal movements measured
using the optical tracking system is smallest when measuring hip flexion ex-
tension in patients with hip prostheses. Furthermore, the optical tracking sys-
tem is able to distinguish patients with hip arthritis, prosthetic patients and
a healthy control group with regard to hip movements while walking, The
optical tracking system shows that the walking ability of patients with hip
prostheses is still affected two years after surgery, although they state that they
have no problems when walking. A long-term follow-up of patients undergo-
ing surgery with an uncemented hip prosthesis still revealed good function,
despite the fact that the joint had been replaced in almost 50% of cases.
The type of accelerometer-based motion analysis system that was examined
had good validity when measuring pelvis and knee movements in the sagittal
plane, but it indicated significantly lower measurements of hip joint flexion

and extension.

Keywords: Gait analysis, Hip arthroplasty, Kinematics, Radiostereometric
analysis, Hip osteoarthritis
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SAMMANFATTNING PA SVENSKA

Artros dr en kronisk ledsjukdom som ofta orsakar mer eller mindre uttalade
smirtor, funktionspaverkan och férsimrad livskvalitet. Virldshilsoorgani-
sationen (WHO) rapporterar att 10 % av alla mén och 18 % av alla kvinnor
over 60 ar har symptomatisk artros. 80 % av de med artros har en paverkan
av sin rorelseférmaga. Total héfledsartroplastik (THA) dr en vanlig behan-
dling f6r patienter som diagnostiserats med hoftartros nir icke-kirurgisk
behandling, som exempelvis artrosskola och/eller medicinering har miss-
lyckats. I Sverige utfors cirka 17 000 THA per ar och huvuddelen av dessa
beror pa primir artros. Enligt det svenska hoftartroplastregistret (SHAR)
rapporterar de flesta patienterna (89 %) att de ett ar efter hoéftoperationen
ir n6jda med resultatet. De resterande 11 % rapporterar att de 4r missn6jda
eller mindre n6jda med operationen. De problem som rapporteras ér i hu-
vudsak: smirta, dngest, depression och bristande rérelseférméga. Objektiv
registrering med hjilp av ett ganganalyssystem fére THA kan vara av ett
stort virde fOr att mita effekten av hoftledsoperationen, samt att efter ge-
nomférd operationen kunna registrera eventuell kvarstiende begrinsning
av gingférmagan och dess potentiella inverkan pd det kliniska resultatet.

Optiska rorelseanalyssystem baserat pa kameror fista pa viggen eller pa
stativ och kraftplattor monterade i golvet bérjade anvindas pa 1960-talet och
har sedan dess vidareutvecklats f6r att med hég upplésning kunna registrera
kroppstorelser vid giang. Tekniken kan 1 kort beskrivas med att reflekterande
markérer fists med dubbel-hiftande tejp pd huden pé vildefinierade anato-
miska benstrukturer pa en patient eller férs6ksperson. Markorernas position
registreras med hjilp av kameror da patient/forsoksperson gar i en sjilvvald
hastighet genom en kalibrerad mitvolym. Synkroniserat med kamerasystemet,
registreras belastningen med hjilp av i golvet infillda kraftplattor. Kinematik-
en och kinetiken berdknas i tre anatomiska plan och insamlade data presen-
teras med hjilp av grafer och animeringar.

Det 6vergripande syftet med denna avhandling ér att undersdka gang- och
rorelseférmiga hos patienter opererade med héftprotes med focus pé valid-

itet, reliabilitet samt langtidsuppféljning,

I Studie I jimfSrdes hoftledsrorelser mitta med tva olika dynamiska rérelse-
analyssystem, optiskt rorelseanalyssystem och rontgenstereofotograme-
trisk analys pd 16 patienter opererade med THA. Den rontgenstereofot-
grametriska metoden RSA miter rérelse med hég precision och metoden
bygger pd att man i samband med operation installerar markérer gjorda

av grundimnet tantalum (¢ = 1 mm) i lirben och bicken. Synkroniserad




exponering med tva vinklade réntgenror, mojliggdr berakning av tredimen-
sionella rotrelser mellan skelettstrukturert.

Resultaten i studien visar att dynamiska hoftrorelser framkallade mjuk-
delsrorelser som medfor skillnader jamfort med skelettrérelser. En modell
baserat pa hudmarkérer gav en bittre korrelation till radiostereometrisk mit-
ning av skelettrdrelser dn en klustermarkérmodell (plattor med 4 markorer)

betraffande flexion- och abduktionsrorelser.

I Studie II studerades om matviardenas reproducerbarhet skiljer sig dt bero-
ende pd om héftleden idr opdverkad av sjukdom, har utvecklat artros eller dr
opererad med hoftprotes. Ginganalys utfordes av tre olika grupper: friska
kontroller, patienter med hoftartros och patienter opererade med en total
hoftledsartroplastik. Varje grupp utgjordes av 10 min och 10 kvinnor. I
studien undersoktes dven om det gick att sirskilja de olika grupperna fran
varandra med hjilp av data ifrin det optiska rérelseanalys systemet.
Patienter med hoftartros hade simre repeterbarheten mellan olika un-
dersokare och analystillfillen jaimfért med patienter opererade med THA och
friska kontroller. Studien visade vidare att det fanns en fortsatt skillnad i ging-

monstret 1-2 ar efter total hoftledsartroplastik jamfort med kontroller.

I Studie 111, underséktes gangen pa 22 patienter som opererats bilateralt
med 2 olika typer av protes-stammar utférda vid samma operationstillfille.
Vid operation randomiserades (lottades) den forst opererade hoften till
antingen kortstammad eller konventionell stam. Den typ av stam som inte
anvindes vid férsta operationen valdes till den motsatta héftleden. Samma
typ av ledskal anvindes pd bickenets bdda sidor. Ganganalys utférdes 1 och
2 ar efter operation och data jimférdes mot en kontrollgrupp bestidende av
66 forsokspersoner.

Det férelag inte ndgra skillnader betridffande hastighet, steglingd och steg
frekvens, och inte heller betraffande kinematik eller kinetik mellan kort och
konventionell stam. Trots att bada héftlederna opererades vid samma opera-
tionstillfalle fanns det fortsatt en skillnad av gaingmonstret 2 ar efter operation

jamfort med kontroller.

Studie 1V baseras pa en klinisk lingtiduppféljning av 62 patienter (66
hofter), som opererats med Madreporic Lord hoftartroplastik mellan 1979-
1986. Medeluppftoljningstiden uppgick till 26 ar (23-29 4r). Vid det senaste
undersokningstillfillet registrerades Harris Hip score (HHS), EQ-5D samt
grad av patientnéjdhet och smirta pd en visuell analog-skala.

Vid efterundersékningen noterades ett Harris Hip Score med medelvirde

pa 81 (SD 14) och smirtscore pa 41 (SD 5) trots att fler 4n hilften hade
genomgitt byte av ledskalen vid minst 1 tillfélle.

I Studie V, studerades hoftledsrorelser vid gang mitta med 2 olika rérelse-
analyssystem, ett baserat pd optisk mitning av reflekterande hudmarkorer
samt ett baserat pa accelerometrar. Sammanlagt 49 patienter som opererats
med héftprotes deltog i studien. Rorelser i sagittalplanet av bicken, héft-
och kniled, jimférdes mellan metoderna.

Accelerometersystemet uppmitte rorelser av bicken och kniled som inte
skiljde sig fran det optiska systemet. Vid mitning av héftledens flexion-ex-
tension registrerades dock ett signifikant mindre rorelseutslag jamfort med

optiskt rérelseanalys system.

Sammanfattningsvis visar avhandlingen att avvikelsen frin uppmatta skel-
ettrérelser f6r optiska systemet dr ligst vid matning av héftflexion-exten-
sion pa patienter som opererats med hoftprotes. Vidare kan det optiska
rérelseanalyssystemet sirskilja patienter med hoéftartros, protesopererad
patient och en frisk kontrollgrupp med avseende pa hoftens rorelser vid
ging. Det optiska rorelseanalyssystem visar att patienter opererade med
héftprotes har en fortsatt paverkad gangférmaga 2 dr efter operation trots
att de uppger att de inte har nagra problem nir de gir. Langtidsuppfoljning
av patienter opererade med en ocementerad hoéftprotes visade fortsatt god
funktion trots att ledskalen bytts ut i ndrmare 50 % av fallen. Den typ av
accelerometer baserat rorelseanalyssystem som underséktes hade god valid-
itet vid mitning av biacken och kniledsrérelser i sagittalplanet men angav

signifikant ligre mitning av hoftledsflexion och extension.
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ABBREVIATIONS

Anterior pelvis view
Anterior superior iliac spine
Confidence interval

Centre of pressure
Three/six degrees of freedom
.Ground reaction forces
Harris Hip Score

Hip joint centre

Inertial measurement units
.Low friction arthroplasty
Osteoarthritis/osteoarthrosis
Optical tracking system
Posterior superior iliac spine
Radiolucent lines

Range of motion

Soft-tissue artefacts
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DEFINITIONS IN SHORT

Bartlett’s test The Bartlett test is used to test whether k
samples are from populations with equal

variances.

Calibrated volume The volume (height, width and depth) in

which measurements can take place

Centre of mass (COM) A point at which the entire mass of a seg-
ment could be concentrated, while still hav-

ing the same mechanical effect

Cluster A plastic shell equipped with three or more
reflective markers that are used to track a

body segment

Force plate A device that measures force, commonly in
three dimensions, i.e. vertical and horizontal

(forward and side)

Intraclass correlation (ICC)...Quantitative measurements made on units
that are organised into groups. It describes
how strongly units in the same group resem-

ble one another.

Inverse dynamics A process by which intersegmental forc-
es and moments are calculated by applying
Newton’s equations of motion. This process
includes measured data, i.e. kinematics and
ground reaction forces, as well as the esti-
mated inertial properties of involved seg-

ments.
Mann-Whitney U test Non-parametric rank sum test for differenc-

es between two independent variables, mainly

used when data are not normally distributed
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Retro-reflective marker/s........

Reference object..............c.c.......

Rho (Spearman’s tho)..............

Spearman’s rank correlation..

Wilcoxon’s signed-rank test...

A polystyrene hemisphere, covered with a

retro-reflective material

L-shaped metal profile used together with a
calibration wand during calibration. Defines
the global co-ordinate system with its three

axes

A measurement of statistical dependence.
The value of rho varies between 0 and 1. A
rho with a value of 1 indicates an absolute
dependence between the two variables that

are being studied.

Non-parametric rank test for correlations
between two variables, making no assump-

tion regarding the distribution of data

Non-parametric rank sum test for differenc-
es between two dependent variables making
no assumption regarding the distribution of
data. The test can be used for differences be-
tween two different follow-ups in the same

group of subjects.
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1. INTRODUCTION

The prevalence of hip osteoarthritis (OA) is increasing, in an ever older popu-
lation. OA is a chronic joint disease that causes more or less pronounced pain,
functional impairment and impaired quality of life (Figurel). The incidence
of this disease is increasing probably because of several factors of which
increasing age in the population is the most important. The World Health Or-
ganization (WHO) reports that 10% of all men and 18% of all women over
60 years have symptomatic osteoarthritis. 80% of those with osteoarthritis

have an influence on their mobility.

Figure 1 | Hip osteoarthritis, right hip.

Total hip arthroplasty (THA) is based on complete removal of the articulat-
ing surfaces including a fairly constant amount of the adjacent bone tissue
on the acetabular side and a more variable amount of bone on the femoral
side. This treatment is chosen for patients with end-stage osteoarthritis of
the hip (Figure 2). The pain relieving effect of this procedure is extremely
well documented, whereas its effect on the walking pattern is more sparse-
ly documented. After the introduction of the so-called “Low Friction Ar-

throplasty” (LFA) based on cemented fixation and a small femoral head
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to provide a minimum amount of friction there has
been a rapid development of implants.”! This devel-
opment has sometimes been associated with success,
sometimes with catastrophic failures and a number of
new designs with a performance equal or close to the

original cemented Charnley design.!*”l

Today total hip arthroplasty (THA) has become a rou-
tine treatment for patients diagnosed with hip osteo-
arthritis when non-surgical treatment, such as phys-
iotherapy and/or medication has failed. In Sweden,
approximately 17.000 THA is performed every year,

and the majority of these are due to primary osteoar-

thritis. According to the Swedish hip arthroplasty reg-  Figure 2| Total hip arthroplasty, left hip.

ister (SHAR), most patients (89%) report that they are
satisfied with the results one year after hip surgery. The
remaining 11% report that they are dissatisfied or less
satisfied with the operation. The problems reported
are mainly pain, problems with activities of daily living,
anxiety/depression and a lack of movement ability.)
Recordings of walking ability before and after THA is
one way to assess the effect of the operation. Further-
more, objective measurements of any remaining limita-

tion of the walking ability and its potential impact on

the clinical outcome can be a valuable diagnostic tool  Figure 3 | Oqus-Camera (Qualisys AB,

Gothenburg, Sweden).

and maybe also an outset for further improvement of
the procedure.

Optical tracking systems (OTS) based on cameras mounted on the wall or
tripod and force plates mounted into the floor have been used in the 1960s.
Since then these methods have been further developed to enable high-reso-
lution recordings of body movements."” The technique includes attachment
of reflective markers with double-adhesive tape on the skin on well-defined
anatomical land marks on the patient/subject. Matkers’ position is record-
ed when the patient/subject is walking at a self-chosen or predefined pace
through a calibrated measurement volume. Synchronized with the camera
system (Figure 3), the force is recorded by the force plates integrated to the
floor. Kinematics and kinetics are calculated in three anatomical planes, and
collected data is presented using graphs and animations.

In this dissertation the validity of an optical tracking system was studied

by comparison with simultaneously performed recordings of skeletal markers
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with use of radiostereometric analysis. The clinical resolution of OTS when
used to study patients with different conditions of the hip joint (osteoarthri-
tis, THR, normal) and patients with different designs of hip prostheses were
evaluated. A long-term follow up of an early design of uncemented THR was
performed. Thereafter we used the OTS to validate a new convenient system

to record hip motions with use of inertial measurement units (IMU).

1.1 The evaluation of gait

1.1.1 History

The interest in the movements involved in walking has been more or less
in focus for more than two thousand years. Aristotle (384-322 BCE) no-
ticed that the head of a man is moving up and down during gait when the
locomotion is observed from a side view. During the period from 1500s
up to 1900s there were several scientists who made important contribution
to different physiological parts in gait analysis. The first studies of walking
were probably mathematical descriptions of three dimensional angles, doc-
umented in the 1533 by Girolamo Cardan (1501-1576) and later on and in
more detail by Leonhard Euler (1707-1783). The first who described the
position of an object in space related to an orthogonal co-ordinate system
was Rene Descartes (1596-1650). The mathematical algorithms of Isaac
Newton (1642-1727) was probably first applied to humans by Hermann
Boerhaave (1668-1738).1"

In 1836 the brothers Willhelm and Eduard Weber published “Mechan-
ik der Gehewerkzeuge” in which they concluded that step length and ca-
dence differed according to walking speed. This was investigated by use of
telescope, stop-watch and measuring tape. Furthermore, force and pressure
measurements were introduced by Jules Etienne Marey (1830-1904) in 1870s.
Wallace Fenn constructed a one component force plate and introduced this
device to studies of gait in 1930. The first description of a gait cycle was
made by Gaston Carlet (1849-1892) in 1872 and the first three-dimensional
gait analysis was performed by Willhelm Braun (1831-1892) and Otto Fisch-
er (1861-1917) and reported in “der Gang des Menschen” in 1895. At this
time 1895 Freiderich Trendelenberg reported pelvic drop at swing phase
and pelvic oblique at stance phase due to weak abductor muscles.!"

In 1945 the first founded biomechanical laboratory was set up in the
United States by Verne Inman (1905-1980) and Howard Eberhard (1906-
1993). Later, Jirg Baumann (1926-2000), Gordon Rose in Europe and Da-
vid Sutherland (1923-2000), Jacquelin Perry and Jim Gage in United States
presented further important contributions to the development of instru-

mented gait analysis focused on cetrebral palsy in children.! "
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1.1.2 Observational gait analysis

In clinical practice, the physiotherapist plays an important role in the early
rehabilitation process and in observing and registering patient mobility and
the function of the locomotor system. He/she may record normal activities
of daily living (ADL), such as the ability to get out of bed and get up from
a chair, estimated walking distance, use of walking devices and the ability to
climb stairs. Furthermore, during investigations of different patient cohorts,

the physiotherapist has an opportunity to use other clinical research methods

[11 [12,13

such as the six-minute walk test ', timed up and go "> ", physical cost index
4 or other measurements of functional ability.

Visual or observational gait analysis according to the principles of Rancho
Los Amigos was used to distinguish pathological gait from normal gait in
a structured way, as instrumented analyses were not available. The Rancho
Los Amigos scoring system comprised 169 major and minor gait deviations.
Regular courses in this technique were given during the 1980s and 1990s and
they were well attended by many physiotherapists. The Rancho Los Amigos
scoring system was applied both before and after different interventions. The
gait cycle was divided into three main parts; weight acceptance, single limb
support and swing limb advancement. The first part included initial contact
and loading response, the second included mid-stance and terminal stance
and the third part included pre-swing, initial swing, mid-swing and terminal
swing. The stance phase, 60% of the gait cycle, is defined as the time during
which the limb is in contact with the ground and supporting the weight of the
body. The swing phase, 40% of the gait cycle, is defined as the time period
in which the limb is off the ground and swings forward (Figure 4). Normal
gait is briefly defined as movement actions synchronised all the way from the
trunk, including the head and arms, the pelvis and, above all, the major joints
of the lower extremities. Gait is mainly reflected by two important sequences;

stability during stance and stride length."”

FAARELE)

Stance phace

Initial contact  Loading responce Mid stance

Swing phace

Terminal stance Pre swing Initial swing Mid swing

Terminal swing

Figure 4 | Right stance phase and swing phase during a gait cycle.
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"The six determ

. Hip flexion
. Pelvic rotation

. Pelvic obliquity
. Knee flexion at initial contact
. Plantar- and toe flexion of the foot

. Hip adduction

Figure 5
Anatomical
planes.

inants of gait” [¢:17]

According to Lin et al. the three major determinants of
the displacement of the centre of mass in the sagittal
plane are hip flexion (Figure 5), knee flexion and plantar
and toe flexion during normal gait. Hip adduction and
pelvic obliquity are the main determinants of displace-
ment in the mediolateral direction.

In order to lengthen the step, the pelvis is rotated
anteriorly at initial contact and posteriorly at pre-swing pelvis obliquity, to-
gether with dorsiflexion and plantar flexion on both these occasions. The calf
goes from an external to an internal rotation during this period, which affects
foot pronation at initial contact which, upon load, changes into supination
and takes the femur into an external rotation.

The swing phase is initiated at pre-swing by knee flexion in order to short-
en the leg before toe-off and initial swing.'"¥ Patients with gait pathologies
solve their problems in the swing phase by hip hiking, different trunk and

pelvic movements, circumduction or combinations of the above.

’—’F::TF“(:—* Frontal plane
1 A | B
l A | Sagittal plane
< 4 | 1 =

Transversal
plane
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Normal walking

In 1992 Jaguelin Perry stated that

“Normal walking depends on the satisfactory func-
tioning of the locomotor system at all levels. Overall
control comes from the motor cortex and other higher
centres of the brain. Coordination and pattern gener-
ation are provided by the extrapyramidal system, es-
pecially the cerebellum. The tension generated by in-

dividual muscles from instant to instant is modulated

by spinal reflexes, which receive sensory input from Height & Weigth

muscle spindles, Golgi tendon organs, and other pro-
prioceptive receptors. The muscles themselves need to
be able respond to the level of neural activation, by de-
veloping appropriate levels of tension. Between them,
all the various levels of motor control need to be able to
produce muscular contraction, which is of appropriate
magnitude, and begins and ends at appropriate times.

The joints must be able to move through an appropriate

range of motion, without pain and without abnormal Recording of gait trails
joint angulations. The bones must be free from defor-

mity, and capable of transmitting the necessary forces.  Figure 6 | Preparatory steps at clinical

gait.

Positioning of cameras

Calibration

Recording of force plate location

Application of markers

Static measurement

A failure to meet all of these requirements, at any level
from the brain to the bones, is likely to lead to an ab-
normal gait. The exact nature of the gait disorder depends on the particular
deficit in the brain, spinal cord, peripheral nerves, muscles, joints or bones.
Severe abnormalities may lead to an inability to walk. Less severe abnormali-
ties may produce an abnormal gait, and gait analysis may contribute to patient
management by identifying in detail the deficits which are present, and there-
by to suggest the best course of treatment for that patient”. [
1.1.3 Clinical gait analysis
The gait laboratory
Before the patient/subject enters the gait laboratory, a number of checks
(Fignre 6) have to be made using a computer, software, reflective markers and
clusters. In a gait laboratory, the patient/subject is surrounded by a number
of high-speed video cameras (Figure 3) in order to capture the 3D positions
of reflective markers attached to the patient/subject.

The reflective markers used in gait analysis are manufactured in different
sizes and are covered with retro-reflective material (Figure 7). Synchronised

force plates integrated in the floor measure the load on the patient/subject.
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Figure 7
Reflective
markers and
cluster used in
gait analysis.

Figure 8

Gait laboratory
with 16 high
speed motion
analysis cameras
and four force

plates.

To optimise the settings of the video cameras in the laboratory and make
it possible to capture all the markers at different angles, it is necessary to

calculate the volume of interest in order to make all the markers visible

(Figure 8).
.

The cameras are calibrated using an L-shaped frame (Figure 9), used as a

reference object, with four fixed mounted markers placed on the floor. The
L-frame defines the origin of the global co-ordinate system, as well as the
axis (x y z) orientation. A T-shaped metal stick, called a wand, with two
markers mounted at a fixed distance of 750 mm, is moved over the L-frame
and around in the volume of interest. The position of the force plates is

located using reflective markers in the calibrated volume.
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The patient/subject is then prepared with approprti- orientation of the segments representing joint angles and moments. The main

ate clothing. His/her height and weight are measured. differences between models are the placement of markers and the algorithms
Markers are then attached to the skin with double-ad- [ 2 used to estimate the position and orientation of the segments.

hesive tape on anatomical landmarks, clusters and sen- ' The model used in this thesis is based on a modified Helen Hayes model
sors (IMUs in Study V) with an elastic strap around using the anatomical locations of the anterior superior iliac spine (ASIS) and
the lateral part of the thigh and shank. The patient/ — EEEEE = = the posterior superior iliac spine (PSIS) in order to make regression equations
subject is given information about the procedure and  Figure 9 | Calibration kit. (Qualisys AB, to locate the hip joint centres (Coda pelvis).?? This model is based on skin
then has time to familiarise him/her self with the gait ~ Cothenburg, Sweden) markers attached to the proximal border of the sacrum, the antetior/supetior
investigation. A clinically referred patient also frequently undergoes some ad- of the iliac spine, in order to calculate the hip joint centre, lateral knee joint
ditional investigations of muscle strength, range of motion (ROM), spasticity line, proximal border of the patella, tibial tubercle, tuber calcanei at the heel,
and foot pressure analysis. Digital filming and photographs may also be used. lateral malleolus and finally between the second and third metatarsals. To cal-
These additional investigations will not be discussed in this thesis. culate the thigh segment, the hip joint centre, the knee joint centre and the

supra patellar marker are used. For the length of the shank, the lateral marker
Marker models of the knee and lateral malleolus is used. !
For several decades but rarely today, motion was only captured in the sagit-

« ﬂa%.l_rﬂ

tal plane and thus included only two dimensions. The
i r‘nﬁ-l-r,m_r-;

marker models were simpler and less precise and the

| | st | e

markers, at that time, were larger. There were few- |l e &t
rus L [ERN

. . . . R - " LT i o = mg

er cameras with poorer resolution, which made gait v e " N

analysis less accurate and also time consuming during i

|| (RO

(X e TR

post-processing, The field of gait analysis today works
with smaller markers, more segments and cameras with o i i —

Leardini’ CAST? K fSalford’ Halen Hayes (modified)
much higher resolutions in order to capture smaller

Yot all markors ane ghown o the peehenes
movements. Furthermore, post-processing time and
Figure 11 | Example of marker models yellow markers is used as static markers (Qualisys

software development have resulted in a continuous re- AB, Gothenburg, Sweden)

duction in the time taken by the analyses.

Today, several marker models are used in the field of
gait analysis, based on either three degrees of freedom
(BDOF) or six degrees of freedom (6DOF) principles.
The 3DOF segment model, normally based on skin

The cluster-marker model comprises four clusters (plastic shells) containing
four reflective markers on each cluster. These “clusters” are attached laterally
to the thigh and shank on both sides with an elastic strap. On the foot, skin
markers (Figure 10), is assumed to be connected and ro- markers are applied to the proximal joint of the big toe and the fifth toe re-
tated according to an intermediate hinge. The 6DOF spectively. For the cluster model, additional calibration markers are attached
model is based on rigid clusters together with calibra- bilaterally to the greater trochanter of the femur, the medial and lateral central
tion markers. It also rotates according to an intermedi- part of the femoral condyle, the medial malleolus, the insertion of the Achil-
ate rotation axis but also with a certain translation. A les tendon and finally between the second and third metatarsals. The purpose

conventional gait model has some variations (Figure 17), of these markers is to define the end points of each body segment.

such as the Helen Hayes, Cleveland Clinic or Cast (cali-
brated anatomical systems technique) models.? A con- |

ventional gait model refers to a certain marker set and  Figure 10 | Skin marker model used in
Study |-V

algorithms used to estimate the position and anatomical
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Temporal spatial gait parameters

During an instrumental gait analysis, a number of basic parameters are cal-

culated as stride duration, stance and swing time, single- and double support

time, stride and step length, base of support width, foot progression, cadence

and velocity (Figure 12). These parameters together with kinematics (e.g joint

angles, translation of segment) and kinetics (e.g. moments) is normally pre-

sented in a gait report (Figure 13).

Left Left
toe heel
off contact

Left
toe

Time off
—_—

Left stance phase Left swing phase

Left stance phase

D5 D5

Right swing phasel  Right stance phase

Right swing phase]

Right Right Right
heel toe heel
contact off contact

Figure 14 | Segment model.

Figure 12 | Left and right stance phase (60%) with corresponding right and left swing phase (40%) including
right and left heel contact and toe off. DS=double support (both feet's on the ground surface).

GAIT REPORT KINEMATIC ARALTES WIRETIE ARALTE I

Figure 13 | Gait report (Qualisys AB, Gothenburg, Sweden).
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Kinematic

According to gait analysis, kinematics is the measure-
ment of movement and desctibes the motion of seg-
ments or/and systems of segments. The joint angle
or inter-segmental angle is the angle between two seg-
ments measured in degrees and is not dependent on
body orientation. On the other hand, the segment an-
gle according to the right-hand sequence is an absolute
measurement which changes according to body orien-
tation.

In gait analysis, these segments would be pelvis,
thigh, calf and foot segments in the lower body (Fig-
ure 14). The foot could be divided into more than one
segment, such as in the Oxford foot model.” The up-
per part of the body, trunk with the arms and head,
can be divided into several segments, but segments in
the upper part of the body and the foot model have
not been used in this thesis and will not be further ad-
dressed here.

In gait analysis, kinematic angular rotation is cap-

tured in three planes; sagittal (x) flexion/extension;

frontal (y) abduction/adduction and longitudinal or transverse (z) internal/

external rotation corresponding to three degrees of freedom (3-DOF). There

Figure 15 | Ground reaction forces obtai-
ned from force plates
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is also a certain sliding component, translation, which
occurs during all rotations (6-DOF). Kinematic joint
calculations assume that the segments are rigid and are
defined by markers in gait analysis. Calculations of an-
gles, between planes, are based on the Euler principles,
with the proximal segment fixed and the distal segment

as a moving part. The order of calculations is x, y, z.*)

Kinetics

Angles recorded during motion and ground reaction
forces recorded by the force platform are used to calcu-
late joint moments. In addition, the velocity and chang-
es in velocity are computed. Gait velocity is measured
in metres per second, m/s, and acceleration by m/s%
The position is given in Cartesian co-ordinates, first in
the horizontal and then in the vertical position. Exter-
nal forces that affect the body (Figure 75), such as the
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position of the centre of gravity and ground reaction forces (GRF) or the
centre of pressure (COP), can be calculated, based on data obtained from the
force plates (Figure 16). The centre of gravity of a body is one point at which
all the weight is concentrated in one moment. The ground reaction force is
presented as a line which represents its direction and magnitude. Using geom-
etry, the position, velocity and acceleration of any parts of the segments can
be determined. In this calculation, it is assumed that the segments are rigid,
which creates an opportunity for the use of studies in which the segments are
affected by external forces, rigid-body dynamics. The dynamics are described
by Newton’s three laws of motion and from Lagrangian mechanics, which

results in a description of the position, the motion and the acceleration of the

23,24]

segments, as a function of time.

Invasive methods for recording skeletal movements

Accurate recordings of skeletal motions are mandatory when it comes to
evaluating soft-tissue artefacts. For this purpose, intercortical pins have been
used. A procedure of this kind implies a certain risk of infection and results
in some pain, which raises ethical considerations. In addition, the pins them-

selves might alter the skin and soft-tissue motions during activity.”’)

Fluoroscopy
Fluoroscopy makes it possible to obtain digital medical imaging during mo-
tion. This technique is able to capture internal bone structures and joints

during movement. This method has been used to validate the accuracy of

Figure 16
Amti-force plate
© Advanced
Mechanical
Technology, Inc
(With permission
from Qualisys
AB, Gothenburg,
Sweden)

optical tracking systems (OTS) based on reflective skin-markers. Soft-tissue
artefacts have been primarily studied during different active motions or tread-
mill gaits. Fluoroscopy usually exposes the patient to higher radiation dos-
es than conventional radiography because of the longer exposure which is
necessaty for these types of study. The performed activity is limited to the
field of view between the X-ray source and the recording screen which corre-

sponds to a comparatively limited volume.”**

Roentgen stereophotogrammetric analysis

Roentgen stereophotogrammetric analysis (RSA) is an invasive tantalum mark-
er-based method, which has often been used to measure the migration and
wear of prosthetic components, mainly for research purposes. This method can
also be used to measure joint motions, either by repeated static examinations
ot by using dynamic techniques based on film exchangers or high-speed digital
screens. RSA can be regarded as the “gold standard” in the investigation of
joint motions because of its high accuracy, high resolution and detailed docu-
mentation.”*! There are only a few studies that have used the RSA method to
validate OTS measurements, perhaps because the activity performed is limited
to the field of view for the two X-ray tubes used when recording RSA images.

Soft-tissue artefact validity and reliability

Instrumental gait analyses based on recording the position of optical mark-
ers fixed to the skin introduce more or less pronounced soft-tissue artefacts
(STA). This occurs even if markers are routinely placed on locations with a
short distance between the skeleton and the skin. Markers may be individu-
ally attached to the skin or alternatively rigidly connected to one another in
clusters with the aim of facilitating data capture in the recordings. Soft-tissue
artefacts may have many causes such as skin deformation, skin sliding, muscle
contraction and gravity.

Recently, Cereatti et al. estimated the magnitude of soft-tissue artefacts
based on data from several studies, of which two reported level walking with
median values of 8 mm and maximum values of 25 mm. No consensus has
been reached on the true value of maximum errors in the available methods.
These studies would require comparisons with invasive methods. At present,
the available studies are difficult to compare due to variations in subjects” BMI
and the type of movement performed.P>*>

In 2010, Peters et al. B performed a systematic review comprising 20 stud-
ies with the aim of quantifying soft-tissue artefacts using OTS. In 13 of these
studies, invasive methods, including intra-cortical bone pins or X-rays, were

used. The authors concluded that there are several important factors such
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as the location of markers, activity performed, segment used and individual
characteristics that can influence the results. Exceptionally high soft-tissue
artefacts, up to 40 mm, have been reported at the thigh and the authors called
for improved methods to increase the resolution.

Recently, soft-tissue artefacts were studied during dynamic motions with
quantification of the error of the estimated position of the hip joint centre
(HJC). Measurements were made simultaneously using skin markers and dual
fluoroscopy. The mean and standard deviation (SD) of the variation in HJC
position was 16.6 (8.4) mm with skin markers and 11.7 (11.0) mm using dual
fluoroscopy using the femoral head centre as a reference.

Another bi-plane fluoroscopic system was used in 19 subjects when walk-
ing on a treadmill. Model-based RSA was used to identify the position of the
prosthesis and each of the bone segments with an accuracy of 0.18 degrees
root-mean-square difference (RMSD). Simultaneous recordings using 40 re-
flective markers attached to the thigh and shank were made. The individual
marker displacements varied between 4.4 and 24.9 mm on the thigh and be-
tween 2.5 and 15.3 mm on the shank. For both locations, the highest values
were recotded in the proximal direction.

In 2005, Stagni et al. studied STA during different activities using fluoros-
copy and OTS in two female subjects who had undergone total knee replace-
ment. The implants and the bone were tracked on the fluoroscopy images
and a grid with reflective markers was attached to the thigh and shank to be
tracked by the OTS. They recorded an SD of 31 mm and 21 mm for the thigh
and shank respectively. They also concluded that the magnitude of the error
was subject and performance specific.’)

In one study, OTS recordings were compared with dynamic radiostereo-
metry during active knee motions in nine subjects (10 knees). In this study,
flexion/extension showed good agreement and produced reliable data on an
individual and group basis with a difference of between two and five degrees
(4-10%) duting the flexion/extension movement of the knee. Movements in
the frontal and hotizontal planes (abd-/adduction and internal /external ro-
tation) showed less agreement. The authors assumed that the most probable
reason was soft-tissue artefacts and small motions in these planes, resulting in

large relative errors.!

Reliability of gait analysis using optical tracking systems

In a meta-analysis of the reliability of optical tracking system (OTS) studies,
McGinley et al. ! concluded that most errors in gait analysis are probably
acceptable but generally not small enough to be ignored in clinical studies.

Studies revealed varying results relating to measurements within assessors.
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Higher reliability was reported in the sagittal plane (correlation coefficient >
0.8), less in the coronal plane (>0.7) and least in the transverse plane (<0.7).
The authors felt that errors of two degrees would be acceptable, two to five
degrees reasonable, while more than five degrees would mislead the inter-
pretation. They presumed that new techniques, less dependent on accurate
marker placement, had the potential to improve the resolution of the OTS.
Inaccuracies in marker placement, the ability of the system to track mark-
ers and soft-tissue artefacts are also regarded as important sources of error.
The studies included in the meta-analysis were all based on repetitions of the
measurements for each application. None of them included a comparison
between skin-marker-based measurements and simultaneous recordings of

true skeletal motions.

1.1.4 Osteoarthritis

Osteoarthritis (OA) is a chronic disease which gradually destroys the joint over
time. This disease affects 235 million people worldwide, involves all the com-
ponents of the joint and is often associated with increasing stiffness, reduced
mobility and pain. The clinical course varies between patients and depending
on the joint(s) involved. Typical radiographic findings are a reduction in joint
space due to cartilage destruction and secondary changes in the bone adjacent
to the joint such as sclerosis, cysts and the formation of osteophytes.” The
underlying reason for primary osteoarthritis is not known. Several factors or
combinations of factors, such as age, genetics, overweight, joint mechanics,
changes in the synovial fluid and inflammation, have been discussed. Second-
ary osteoarthritis can develop for vatious reasons such as trauma, inflamma-

tory arthritis, avascular necrosis, growth disorder or metabolic disease.

1.1.5 Hip arthrosis
The symptoms of hip osteoarthritis commonly appear according to a certain
pattern, but there are numerous variations. In the eatly phase, the first steps
taken after inactivity or in the morning could be painful ot pain may only appear
after strenuous activities. Pain at rest and especially during the night often ap-
pears later and the walking distance is gradually restricted. Pain is often located
in the groin, radiating down to the knee joint, but the location of pain may vary
and may be localised in the buttock or the trochanteric region. Low back pain is
often added, but knee pain is rarely the most significant complaint.[*”

Hip joint extension and internal rotation are often first affected and re-
duced. Due to restricted hip extension, lumbar lordosis may be increased
during walking. Limping is common, as well as a feeling of stiffness. At visual

inspection, leg-length discrepancy, together with the atrophy of thigh and
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calf muscles, can be observed. When examining range of motion, extension
and internal rotation are almost always reduced, even if this finding may also

occur in any disease of the hip joint.

Hip arthroplasty

When performing a total hip arthroplasty the femoral head and parts of the
femoral neck are normally removed and replaced with a metal stem fixed with
or without bone cement into the femoral canal. On the concave pelvic side of
the joint, a cup with an outer shell of metal and an inner surface of polyeth-
ylene or more rarely ceramic or metal is used for uncemented fixation. Most
commonly, whole-polyethylene cups are used for cemented fixation.

Several ways of evaluating the outcome of a total hip arthroplasty have
been used during the last few decades. Commonly, recordings of revisions or
re-operations and examinations of radiographic images to evaluate bone re-
actions such as the development of radiolucent lines and osteolysis have been
used to account for different types of complication. Clinical evaluation has
traditionally been based on the collection of functional scores such as Harris
Hip score (HHS)(Appendix 1) and EQ-5D (Appendix 2), including different
parameters, such as the use of walking aids, walking distance, stair climbing,
sitting ability, tying shoelaces, the presence of pain and the clinical examina-
tion of the hip range of motion. Each item is given a certain score which is
added up to produce a total index score.[* ¢!

Patient-reported outcome measurements (PROMs), including the EQ-5D
questionnaire, have been used in the SHAR both pre- and postoperatively
since 2002. PROMs include measurements of disease symptoms, functional
ability and health-related quality of life.”) There have been some studies com-
paring outcomes after THA with gait analysis performed with OTS.[)

In 20006, Lindeman et al. investigated the correlation between the Western
Ontario and McMaster University questionnaire (WOMAC) and gait analy-
sis in order to determine objective gait parameters preoperatively and three
months postoperatively in 17 patients with a median age of 70 years. Tempo-
ral gait parameters together with health parameters improved postoperatively,
p < 0.047. The correlation between gait parameters and the WOMAC was
poor (r = -0.27) and bad to good according to changes in gait parameters (r
=0.01 to -0.72).14

Recently Foucher (2016) investigated the possibility to identify postoperative
benchmarks for values of minimal important improvements of self-selected

walking speed, hip flexion-extension range with peak values and hip moments
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measured during gait analysis. A number of 145 patients were analysed pre-
operative and 1 year postoperative with HHS and gait analysis. The minimal
important improvements, as the 75th percentile mark on a plot of the cumu-
lative percent of subjects with HHS >/= 80 versus the postoperative value
was used together with calculated 95 % confidence intervals. In order to test
the association of age, gender, BMI and benchmarks of HHS logistics regres-
sion was used. Minimal clinical important improvements in the comparison
for speed 0.32 (0.30, 0.35) m/s, hip flexion-extension 13.3 degrees (12.1-14.8)
and for adduction moment 0.87 (0.57, 1.17) % of Body Weight x Height was
observed. The results showed that lower BMI predicted hip flexion-exten-
sion and adduction moment postoperative (ORs 0.85-0.88, p </= 0.015).
Furthermore, lower preoperative HHS predicted speed, hip flexion-extension
and adduction moments in minimal clinical important improvements (ORs
0.95-0.97, p </= 0.012). The author concluded that validation, of clinical-
ly-relevant gait benchmarks can improve THA outcomes.””)

Instrumental gait analysis has been used for many years to evaluate the gait
performance after total hip arthroplasty, mainly for research purposes. There
are several factors which might make the interpretation of the results diffi-
cult, such as weight, height, BMI, gender and age. Other factors could include
velocity, implant selection, surgical approach, implant fixation and follow-up
period. The influence of these factors has been only partially mapped out,
which might be one reason for the restricted use of this method in clinical
practice. Another and perhaps even more important reason is that, in the
majority of its applications, this technique has been somewhat laborious and
time consuming,

In 2012, Ewen et al. performed a review of seven studies of patients after
THA surgery. There was a great variation in study design. Gait velocity was
reported to be significantly lower in three studies, while six reported shorter
stride length, four with significant stride length values compared with healthy
controls. All seven studies reported reduced hip range of motion (flexion/
extension). Sagittal peak moments tended to have a large variation across the
seven studies and significantly less abduction moment was reported in the
frontal plane in one study, while it was reduced in two studies in THA patients
compared with controls. The most important variables in the evaluation of
THA patients compared with a healthy control group were gait velocity, stride
length, range of hip flexion/extension and peak hip abduction moments.”

Recently, Bennett et al. (2016) presented the results of 139 unilateral
THAs, performed using a posterior approach by a single surgeon, who used
the same type of implant in all patients. The studies were performed 10 years
postoperatively and the patients were stratified in five different age groups
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from 54 to > 80 years. Reduced gait speed and stride length were found in all
groups but only reached significance in the group aged > 80 years. Compared
with healthy subjects, reduced peak hip extension moments but not flexion
and abduction moments were observed. Hip power generation at late stance
was significantly reduced in all groups compared with normal. The authors
concluded that good hip abduction moments were reached but not extension
and rotation moments, which they thought should be the focus during pre-

and postoperative rehabilitation.
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2. AIMS

The evaluation of total hip arthroplasty focused initially on the risk of re-
vision or re-operation.I” Walking ability and the presence of gait abnor-
malities such as limping were mainly evaluated using questionnaires filled
in by the examiner, together with a clinical examination." ! During the
last one to two decades, information about patient mobility, walking endur-
ance and other types of physical activity has mainly been collected using

questionnaires filled in by the patients themselves [ 4

I. Studies focusing
on objective recordings of motions and walking pattern have been com-
patatively few in number.”! Such studies are, however, of interest in order
more precisely to evaluate the result of the surgical procedure and to study
any association between patient dissatisfaction and failure to regain normal
walking ability. To perform studies of this kind, the methods used to record
motions need to be sufficiently accurate and reproducible. To further ex-

plore this field, the following studies were initiated.

2.1 Specific aims of studies
Study |
To evaluate the accuracy of two different marker models in a three-dimen-

sional gait analysis system using dynamic radiostereometric analysis during

simultaneous recordings of active hip motions.

Study I

To study the gait pattern using OTS in three groups; healthy controls, sub-
jects with unilateral hip OA and subjects undergoing unilateral THA. The
primary aim of the study was to determine whether there is a systematic dif-
ference in the repeatability of measurements within subjects with or with-
out hip disease, or with a replaced hip joint in terms of hip kinematic and
kinetic data obtained from the OTS measurements. The secondary aim was

to delineate differences in hip motion during walking between these groups.

Study I

To evaluate differences in hip flexion-extension, hip abduction-adduction
and hip abduction moment in patients undergoing one-stage bilateral THA
with the same type of uncemented acetabular cup during gait. The sec-
ondary aim was to evaluate the extent to which gait parameters in patients

undergoing one-stage bilateral THA returned to normal one and two years
after THA.
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Study IV
To report the clinical and radiological results of the Madreporic Lord THR
in 66 hips with at least the original stem left in place out of 107 THRs pri-

marily included, with a minimum follow-up time of 23 years.

Study V
To study the accuracy of an IMU system using a gait analysis system as a
reference, during simultaneous recordings of pelvic, hip and knee joint mo-

tions in patients undergoing a total hip replacement.
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3. PATIENTS AND METHODS

Table 1 | Summary of patient and subjects/controls participating in the five studies I-V.

Study | Il 1 \% \%
Patients 16 40 22 62 50
Subjects/controls 20 66

Males/females 30/30 20/42 25/25
Controls (Males/females)

Study |

16 subjects, 10 males and 6 females, volunteered for this prospective com-
parative therapeutic (level 2) study (Tabl 2). The median (range) age and
BMI was 58 (44-69) and 27 (23-34) respectively. All subjects had undergone
total hip arthroplasty (THA) surgery 5-13 years prior to study start. Nine
subjects had been operated with cemented (cup, stem) THA, three with
surface replacement and two with hybrid THA. All subjects participated
in different prospective studies with the aim to measure implant migration
and wear. At the previous THA operation 6 to 9 tantalum markers (6=0.8
or 1.0 mm) had been inserted into the pelvis and the proximal femur. We
used a median number of 5 (3-9) markers in the pelvic and 6 (3-9) markers
in the femoral segments. Two subjects (1 male, 1 female) had difficulties to

perform the requested movements and stay within the field of radiation and
had to be excluded.

Table 2 | Number of inserted implant in men, women and design of prosthesis.

Trilogy/Spectron

Spectron/Reflexion
CLS/Trilogy

Study II

This cross-sectional test-retest study included 3 groups with 20 subjects
(10 males and 10 females) in each (Figure 17). The first group constituted
healthy controls, the second group subjects with unilateral hip OA and the
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third group subjects operated with unilateral THA.
The control group was recruited locally from labora-
tory staff and their relatives and friends. None of the

healthy subjects had any problems related to the mus-

culoskeletal system.

Subjects with hip OA were recruited from the wait-
ing list for hip surgery at the Department of Orthopae- W
dics at our University hospital. Presence of hip OA was

verified on radiographs. 6 hips were classified as Stage 2
Tatal hip arthroplasty
n=20

according to Ahlbick, 10 hips as Stage 3 and 4 hips as

Stage 4 . On the contralateral side, all subjects were

without symptoms. 12 had no signs of OA and 8 had a
minor reduction of the joint space (Stage 1).

All 20 subjects with unilateral THA had undergone
surgery 1-2 years prior to the study. 13 of these sub-
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=10
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n=10
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Figure 17 | Flow shart of included subjects.

jects had their surgery on their right side. Femoral head

sizes of 32 mm (18 hips), 36 mm (1 hip) and 28 mm (1 hip) had been used.
A lateral incision was used in 13 hips, and an anterior incision in 3 hips. For
the remaining 4 hips, a posterior incision was used. All subjects were without
symptoms on the contra lateral side, even though radiographs revealed that 7

subjects had minor reduction of the joint space (Stage 1).""!

Study Il

Patients with primary hip osteoarthritis, idiopathic femoral head necrosis
or mild dysplasia involving both hips on our waiting list for bilateral THA
between 35-70 years of age were asked to participate (Figure 18). To become
included the anatomy of both hips should be compatible with use of a
short femoral stem corresponding to the Fitmore design (Biomet-Zimmer,
Warsaw, USA). 44 patients met the inclusion criteria and accepted to partic-
ipate in this randomised therapeutic level 1 study. Three patients had to be
excluded early in the study. One of these patients developed blisters on the
contralateral side during operation of the first one and two patients devel-
oped infection. Further one patient developed acute pancreatitis during the
postoperative period and later on severe heterotopic bone formation. Three
patients did not attend or withdraw consent for gait analysis at the 1-year
follow-up. Fifteen patients had not passed the 2-years follow up at the time
period for this study or did not want to undergo gait analysis at this occa-
sion. The remaining 22 patients, (8 males/14 females, mean age 60, range
45-75 years BMI 28 range 19.6-39.4) accepted to participate in gait analysis

studies both at one and two years after the operation.

66 individuals, 37 females and 29 males, mean age of 53 years (range 38-84)
with a BMI of 25 (range 16-35.8) served as a control group.

Primarily included patients
n=44

Did not attend/withdraw for Excluded:
gait analysis at 1 year n=3 T
Skin blisters n=1

Not followed for 2
Infection n=2

ears/withdraw for gait analysis
n=15 Heterotopic boneform. n=1

Gait analysis at

1 and 2 years

postop
n=22

Figure 18 | Flow shart of included and excluded patients and patients patients who has
conducted a gait analysis at 1 and 2 year follow-up.

Study IV

Between September 1979 and November 1986, 98 patients, 58 females and
40 males (107 hips), with a median age of 48 years (25-67), were recruited
to this prospective study. At the index operation, 59 had unilateral and 28
bilateral disease. 11 patients had reported multiple joint problems according
to the Charnley classification. The majority of the hips were operated on
due to secondary osteoarthritis (OA), (sequelae childhood diseases = 33;
idiopathic femoral head necrosis = 13; sequelae femoral neck fracture = 8;
ankylosing spondylitis = 5; other = 14). Thirty-four hips had primary OA.
Two stem lengths were used, 150 mm (69 hips) and 180 mm (38 hips), and
four different stem thicknesses, 11 (5 hips), 13 (64 hips), 15 (29 hips) and
18 mm (9 hips). Information about any re-operations and revisions was

obtained from medical records and cross-checked with the Swedish Hip
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Arthroplasty Register (SHAR).

At the last follow up, 71 patients (78 hips) of the
original 98 patients, with at least one of the prosthetic
components in situ, were still available (Figure 19). Five
patients (5 hips) had both components exchanged or
extracted. Two patients (2 hips) had moved abroad and
could not be contacted. Two patients (3 hips) could
not, or did not want to, participate due to high age or
generalised disease. Finally, one patient only underwent
radiographic examination but did not show up for the
clinical examination. Seventeen patients had deceased.

62 patients (66 hips), with a mean age of 72 (54-88)
years, attended the clinical examination 26 years and 1
month (23 years 6 months to 29 years 3 months) after

the initial operation.

Additional information

At the last follow up 16 patients (18 hips), 9 women
and 7 men, with both components in situ accepted to
perform a gait analysis assessment minimum 23 years

postoperatively compared with 48 healthy subjects.

Figure 19 | Madreporic Lord total hip
Study Vv arthroplasty, left side

A cohort of 25 patients operated with THA during

2011-2013 at the Sahlgrenska University Hospital and with no reported mo-
bility problems in the EQ-5D form was identified and accepted to partici-
pate. Further 25 operated during the same period in the same hospital, who
had reported mobility problems one year postoperatively also accepted to
participate. They were selected from a group of 54 patients with mobility
problems based on their acceptance to participate in our study. One patient
was excluded due to technical problems, which resulted in 25 males and 24
females analysed. Nineteen had been operated on the left and 30 on the
right side and sixteen of the patients had also been operated on the con-
tralateral side eatlier. At the latest operation the patients had a mean age of
71 years (51-80) and a body mass index (BMI) of 28.7 (20-44). The median
time between the last surgery with total hip arthroplasty and the gait inves-
tigation was 36 (22-56) months.
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3.2 Methods

3.2.1 Dynamic radiostereometry and synchronisation with the
oTS

Study |

An RSA system (modified Adora Laboratory, Nordisk Rentgen Teknik a/s,
Denmark) with two simultaneously exposing roentgen tubes angled at 40 de-
grees to one another was used, with a film focus distance of 1.5 m. This
system was supplied with two high-speed digital screens (Canon CXDI 50RF
detectors), designed for both static and dynamic RSA, with an imaging space
of 35x43 cm (2,208 x 2,688 pixels, equal to 3,943 pixels/1 square cm). At the
dynamic examinations, the exposure rate of the RSA system was set at four
exposures/s, exposed at 140 kV and 5 mAs. All the RSA radiographs were
analysed using UmRSA Analysis software, version 6.0 (UmRSA Biomedical,
Umed, Sweden).

The accuracy and precision of the calculations in radiostereometric anal-
ysis are dependent on the configuration or spread of markers. The condition
number (CN) describes the distribution of the tantalum markers in a seg-
ment. A low CN indicates well-scattered tantalum markers in the segment of
interest. The mean error (ME) of rigid body fitting describes the stability of
the markers. In the majority of previous RSA studies of implant migration,
the maximum value of the condition number and the maximum of the mean
error of rigid body fitting have usually been set at 125-130 and 0.35 mm re-
spectively. In this study, we occasionally accepted a slightly higher condition
number. This was done for solitary exposures preceded and followed by ex-
aminations with lower values for this parameter and a high degree of marker
stability, as reflected in a low mean error of rigid body fitting So, in this study,
the median CN and ME for the pelvic segment were 46 (range 22-154) and
0.1 mm (0.02-0.36) respectively. The corresponding values for the femoral
segment were 46 (range 19-156) and 0.07 mm (range 0.01-0.36). The mean
total effective radiation dose was 19.3 (SD 9) mSv.P!

Before the dynamic examination took place, a static examination was per-
formed, with the subject standing in an upright position in the calibrated
volume aligned to the axes of the global co-ordinate system. This static exam-
ination was used as a zero position for each of the two systems.

At the dynamic examinations, the patients performed three separate mo-
tions. The first series of sequential radiographs were exposed when the pa-
tent flexed his/her hip in the sagittal plane. In the second seties, the patient
performed abduction in the frontal plane. Finally, the subjects were instructed
to perform a rotation of the hip, from maximum external to maximum in-

ternal rotation in the coronal plane. The main load was on the hip of interest

GAIT AND MOTION ANALYSIS OF HIP ARTHROPLASTY ‘ Roland Zigner ‘ 51



and the subjects were instructed to perform a squat (flexion), a lateral flexion
of the trunk over the hip (abduction) and a twist (rotation). All motions were
to be performed at a relatively slow pace. Before exposure of the sequential
series, all the subjects had the opportunity to perform a number of trials for
each motion under the guidance of one of the authors (Figure 20a-d).

The examination of each of the three studied hip motions (flexion, ab-
duction, external-internal rotation) lasted for 1.25-5.5 seconds. The subjects
therefore had a window of 5.5 seconds to perform their motion. Some sub-
jects started immediately and others when one to two seconds had elapsed.
All the patients had reached their endpoint after 3.75 seconds, excluding cases
with too few observations for inclusion (<3). When hip flexion, for example,
was studied, there were also small rotations around the longitudinal and sag-

ittal axes.

|

Figure 20 | 1a static position, 1b a loaded flexion, 1c a loaded abduction and 1d a loaded
rotation.

We focused on the main rotation of the three studied hip motions. As a result,
these concomitant rotations around these axes were not accounted for.

A 12-camera motion capture system was used to determine the positions
of skin and cluster markers (Oqus 4, Qualisys AB, G6teborg, Sweden). The
exposure rate of the motion analysis system was set at 240/s, i.e. a ratio of
60 to 1 between the two systems. The motion analysis system was hardware
triggered to start at same time as the RSA system. The design of the RSA

system made it possible to achieve a trigger impulse at the time of the start of

52 ‘ GAIT AND MOTION ANALYSIS OF HIP ARTHROPLASTY ‘ Roland Zigner

exposures. A cable from the RSA system was connected directly to the trigger
input on the master camera of the OTS. Prior to the recording, the OTS was
set in external trigger mode awaiting the trigger signal from the operator of
the RSA system.

The local co-ordinate system for the two methods was aligned by posi-
tioning the reflective markers on the calibration cage (UmRSA™ Biomedical,
Umed, Sweden) in the RSA system, thereby allowing a comparison of motion
data between the two systems.

3.2.2 Optical Tracking System (OTS)
Studies I-lll and V, additional information Study IV
For data acquisition with the OTS system, in Studies I-11I and V, a 12-cam-
era motion capture system (Oqus 4, Qualisys AB, G6teborg, Sweden) was
used to determine the positions of reflective markers. In order to record the
hip kinematics and kinetics with the OTS, a total of 15 spherical markers (@
12 mm) were attached to the skin of the lower extremities and the pelvis,
with double-adhesive tape, according to a skin marker model presented in
detail by Weidow et al. "' Skin markers were attached to the proximal boz-
der of the sacrum, the anterior/superior of the iliac spine, the lateral knee
joint line, the proximal border of the patella, the tibial tubercle, the tuber
calcanei at the heel, the lateral malleolus and finally between the second and
third metatarsals. A modified Coda pelvis was used in the marker model.
This segment was based on the bilateral markers on the anterior superior
iliac spine, together with one marker at the mid-point on the proximal bor-
der of the sacrum. Hip joint centres were defined in relation to the pelvis
segment, according to the recommendations of Bell et al. for the right and
left hip joint centres.”"-*? In the OTS, the proximal segment was fixed and
the distal segment was moving. The OTS calculations were based on Euler
angles. The exposure rate of the OTS was 240 Hz. The recorded marker
data were filtered using a Butterworth 4th order filter, with a cut-off fre-
quency of 6 Hz. Before the dynamic examination took place, a static exam-
ination was performed with the subject standing in an upright position in
the calibrated volume aligned with the global co-ordinate system. During
the examination, the subjects wore underwear and they were then asked to
walk five to 10 times at a self-selected speed through the calibrated volume
to familiarise themselves with the situation. One trial was randomly selected
for further evaluation in all studies.

Two force plates were used (Kistler 9182C, Kistler Group, Winterthur,
Switzerland), synchronised with the OTS in order to record ground reaction
forces (Studies II and III) and additional in Study IV.
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The cluster-marker model (Study 1) comprised four clusters (plastic
shells) with four reflective markers in each cluster. They were attached lat-
erally with an elastic strap on the thigh and shank on both sides. On the
foot, skin markers were applied to the proximal joint of the big toe and the
fifth toe respectively. For this model, additional calibration markers were
attached bilaterally to the greater trochanter of the femur, the medial and
lateral central part of the femoral condyle, the medial malleolus, the inset-
tion of the Achilles tendon and finally between the second and third meta-
tarsals. The purpose of these markers was to define the end points of each
body segment.

Gait analysis in Study IV (additional information, not accounted for in
the paper) was performed using an eight-camera motion capture system
(ProReflex™ MCU240, Qualisys AB, Sweden) to record the hip kinematics
and kinetics. Fifteen spherical markers (@ 19 mm) were attached to the skin
of the lower extremities and the pelvis. The same skin-marker model as
above was used. The exposure rate of the OTS was 240 Hz. Marker data
were filtered using a Butterworth 4th order filter with a cut-off frequency
of 6 Hz.

Study I

The gait pattern was studied using the OTS in three groups with 20 subjects
in each group, 10 males and 10 females. Each group constituted healthy
controls, subjects with unilateral hip OA or subjects who had undergone
unilateral THA. Each of the subjects was examined by two observers. Both
examiners applied all the markers before each of the examinations and re-
corded the data. The order in which the two examiners studied the subjects
was randomised. Both examinations were performed during the same ses-

sion within a two-hour period. A total of 120 examinations were performed.

Study Il

Patients with primary hip osteoarthritis, idiopathic femoral head necrosis or
mild dysplasia involving both hips on the department’s waiting list for surgery
and between 35-70 years of age were asked to participate. To be included,
the anatomy of both hips needed to be compatible with the use of a short
femoral stem corresponding to the Fitmore design (Biomet-Zimmer, Warsaw,
USA). Gait analysis was performed with an optical tracking system (OTS) one
and two years after the operation. Variables chosen for further calculation
were hip joint maximum extension, flexion and range, maximum adduction,
abduction and range and finally maximum hip moment in adduction, abduc-

tion and range in the frontal plane.

Figure 21 | Right side view IMU’s
together with reflective skin markers.

Study V

For the inertial motion units (IMU) (GaitSmartTM,
Hertfordshire, United Kingdom), joint angle was cal-
culated by computing the angle required to rotate one
sensor onto the second sensor using an axis of rota-
tion that is not constrained to a specific plane. The de-
vice measures sagittal plane and frontal plane motions,
which will match those of the subject, provided that it
is correctly positioned in relation to anatomical axes.
After calibration, the IMU system measures angles in
relation to an axis perpendicular to the floor (global
system). Proprietary software (Poseidon Version 9.1.4)
transformed the raw data from the gyroscopes and ac-
celerometers into angular positions along the sensor
axes, primarily aligned laterally with the pelvis, thigh
and calf to measure rotations in the sagittal plane (flex-
ion-extension) according to the manufacturer’s instruc-
tions. The sampling rate was 102.4 Hz. Rotation in the
transverse plane is not measured by the IMU and it was
therefore excluded from our evaluation. The hip joint
angle was determined by the pelvis and thigh sensors
and, for the knee joint, the angle subtended by thigh
and calf sensors. The IMU model for the pelvis uses
two sensors which detect movements at the sacroiliac

joints (Figure 21). The joint angle is the angle required

to rotate the lower limb into alighment with the upper
about the hinge axis in a right-handed rule. In the IMU system, the angle mea-
sured corresponds to the combined angle in the sagittal and frontal planes,
whereas the OTS is based on calculations of Eulerian angles and therefore
more strictly measures flexion-extension as sagittal plane motions. Recordings
were performed simultaneously for the systems, following two consecutive
steps in the order of right and left.”
Randomisation, surgical procedure and clinical follow-up
Studies lll and IV
In Study 111, all the subjects were randomised, prior to their operation, to
one of the two THA stems, according to the hip with the most pronounced
pain. If a patient regarded both hips as equally painful, the one with the most
advanced degenerative changes on radiographs was randomised to either

of the two stems (CLS-Spotorno® or Fitmore®, Zimmer, Warsaw, USA).
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A Trilogy® cup (Zimmer, Warsaw, USA) was used on both sides. A lateral
incision with the patient placed on his/her side was used bilaterally. Four ex-
perienced surgeons performed the operations. Postoperatively, all the subjects
were mobilised the day after the operation with as much weight-bearing as
was tolerated.

All the patients were followed according to a standardised clinical pro-
tocol. For the purpose of this study, a pain VAS and the Harris Hip Score
(HHS) at one and two years were included. All the patients filled in a question-
naire in which they gave their opinion of the hip they thought was their best
one (left, right or no difference).

In Study IV, all the patients completed the EQ-5D form and reported
their pain and satisfaction on a VAS scale ?l. One physiotherapist carried
out all the clinical examinations. The Harris Hip Score (HHS) was evalu-
ated preoperatively, at the 10-year follow-up and at the last examination.
A database originally constructed for this study was used to collect clinical
information. It was, however, incomplete for some of the participating pa-
tients. However, for reasons not known to us, the total scores could only
be calculated preoperatively for 18 of the hips (six unrevised, 12 with cup
revision), at 10 years for 57 hips (20 unrevised, 37 with cup revision) and
at 26 years for 66 hips in the patients who attended the last follow-up (24

unrevised, 42 revised).

Evaluation of radiographs and bone mineral density

Studies lll and IV

Radiographs were examined using Mdesk software (RSA Biomedical, Umes,
Sweden). Stem offset and cup offset were measured on the postoperative ra-
diographs corresponding to the length of a line perpendicular to the centre of
the femur and the centre of the femoral head and the centre of the symphysis
respectively. The length of the remaining part of the femoral neck on post-
operative radiographs from the most prominent part of the lesser trochanter
was measured. At the follow-up examination at two years, the presence of
any heterotopic bone formation and tip sclerosis (yes/no) was recorded .
The percentage of radiolucent lines occupying the stem bone interface and
the location of these lines related to the Gruen regions (1-7 and 8-14) were
recorded on the AP and lateral views "%, In two patients, we used the one-yeatr
follow-up radiographs for both sides, due to missing radiographs. Correction
for magnification was performed using the known diameter of the femoral
head (6=32 mm) or a steel ball (o =30) placed at the same height as the hip
joint.

In Study 1V, 63 patients (67 hips) underwent a radiographic examination

including a frontal (AP), lateral and pelvic view. The extension of radiolucent
lines (RLL) was recorded in each Gruen region and classified into four groups
(0=0%; 1=1-50%; 2=51-99%; 3=100%)." Bone remodelling was classified
in four classes (1=obvious cancellation of the cortex; 2=probable cortical
thinning; 3=no obvious change from normal; 4=cortical hypertrophy). Oste-
olysis of the proximal femoral bone was classified in three classes (0=none;
1=up to one cm; 2=more than one cm). All 67 sets of radiographs were an-
alysed by two of the authors. The bone mineral density (BMD) was studied
in 55 of the hips using a Lunar DPX-1Q densitometer (Lunar Corporation,
Madison, WTI). ">

3.2.3 Statistics

Study |

Dynamic data from the RSA system were interpolated using a linear approach
at every 2.5 degrees. The high-speed data collection of the OTS could be read
directly without any interpolation. Mean values, standard deviations (SD) and
standard errors of the mean (SEM) and the difference between the methods
were calculated for the skin and cluster models and for the RSA data. Because
of difficulties visualising sufficient numbers of bone markers during motion,
the number of observations at each examination varied between three and
12 at each time point. Data from the hip flexion movement were available in
nine subjects, abduction movement in 13 subjects and rotation movement in
14 subjects.

Due to small sample size and problems covering the same range of mo-
tion in all subjects, only three observations were selected from each individual
examination for statistical calculations. Of the three observations, the first
and the last in each series and a further one observation in between, corre-
sponding to the one closest to the middle, based on the elapsed time period
of active motion, were used for statistical analysis. Comparisons between RSA
and the marker models were made using repeated measurement ANOVA to
evaluate any systematic over- or underestimation of the registered rotations.
Furthermore, the intraclass correlation coefficients (ICC) using single mea-
surements were calculated on the three occasions (first, middle and end) to
study agreement between the obtained data. A two-way single-measurement
model (model 3) to determine consistency in agreement was used. An ICC

equal to 0.7 or higher was regarded as acceptable.””

Study li
Two analyses were performed; the first one aimed to compare the data scat-

ter of measurements between the three groups, while the second aimed to
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detect systematic differences in kinematics and kinetics between the groups.
In the first analysis, we examined the difference in measurements that the
two examiners registered for each patient. The variances for this difference
were calculated for each group and their equality was assessed using Bart-
lett’s test.

In the second analysis, we evaluated the systematic differences in group
joint kinematics and kinetics using ANOVA, including data from all three
groups and linear regression for pairwise comparisons between groups. In
the first linear regression model, only the membership was included as a
dependent variable, while, in the second, BMI and age were added to the
covariates to compensate for any differences in BMI and age between the
three groups. In these analyses, the average values of the two examiners
were used.

Bland-Altman plots for joint kinematics of hip extension-flexion, adduc-
tion-abduction and joint moments of adduction-abduction were constructed
after averaging the two examiners’ findings. The affected side was investigated
in the OA and THA subjects, while only the right side was examined in the
healthy subjects.

Study Il
In this study, all the variables were not normally distributed and non-paramet-
ric statistical tests were used (Wilcoxon’s signed rank test and the Mann-Whit-

ney U test).

Study IV
The influence of age, gender, weight, diagnosis (primaty/secondary OA; se-
quelae of childhood disease/other), stem length, stem width proximally (re-
gions 1 and 7) and distally (regions 3-5) and bone mineral density at the last
follow-up was studied using linear regression analysis.
Cup and stem failure were defined as the exchange or extraction of the im-
plant for any reason and regardless of whether this procedure was performed
as a first- or second-time revision. Cup and stem survival were calculated
according to Kaplan-Meier . Non-parametric tests were used to compare
groups (Mann-Whitney U test) and changes over time (Wilcoxon’s signed
rank test).

In addition gait analysis was performed in 16 patients (18 hips) minimum
23 years postoperative with the Madreporic Lord stem and acetabular com-
ponent still in situ. Non-parametric tests (Mann-Whitney U test) were used to

compare the Lord groups with 48 healthy controls.
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Study V

An exploration of the data set with the Shapiro-Wilks test revealed that the
variables of hip and knee extension-flexion were normally distributed, where-
as the recorded pelvic motions were not. The reliability of the IMU- system
with use of the OTS as reference standard was evaluated with calculation of
the intraclass correlation coefficient and Bland-Altman plots. Wilcoxon rank
test was used to compare the calculated median values with use of the two

methods.

The significance level was set at p < 0.05 in all five studies (Study I-V). SPSS
18-22 was used for statistical calculations in all studies. In Study 11, the R sta-

tistics program was also used.
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4.RESULTS

Study |
The mean differences between the OTS and RSA system in hip flexion, ab-

duction and rotation varied up to 9.5 degrees for the skin-marker models and
up to 11.3 degrees for the cluster-marker models respectively (Figure 22-24).
Both models tended to underestimate the amount of flexion and abduction,
but a significant systematic difference between the marker and RSA evalua-
tions could only be established for recordings of hip abduction using cluster
markers (p=0.04). The intra-class correlation coefficient ICC) (Table 3) was
0.7 or higher during flexion for both models and during abduction using skin
markers, but it decreased to 0.5-0.6 when abduction motion was studied with
cluster markers. During active hip rotation, the two marker models tended to
deviate from the RSA recordings in different ways with poor correlations at
the end of the motion ICC = 0.4).
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Figure 22 | Hip flexion according to RSA, Skin- and Cluster marker recordings (mean and
standard error of mean, SEM).
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Figure 23 | Hip abduction according to RSA, Skin- and Cluster marker recordings (mean
and standard error of mean, SEM).
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Figure 24 | External/internal hip rotation according to RSA, Skin- and Cluster marker
recordings (mean and standard error of mean, SEM).
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Table 3 | Intraclass correlation (ICC) between RSA-Skin marker model and RSA-Cluster marker model at 3
time-points start, middle and end. P-values refer to testing using repeated measure ANOVA.

RSA vs Skin model (p=0.3)

RSA vs Cluster model (p=0.6)

Flexion n=9 ICC ICC
Start 0.8 0.8
Middle 0.7 0.8
End 0.9 0.9

RSA vs Skin model (p=0.8)

RSA vs Cluster model (p=0.04)

Abduction n=13 ICC ICC
Start 0.8 0.5
Middle 0.8 0.6
End 0.7 0.6

RSA vs Skin model (p=0.9)

RSA vs Cluster model (p=0.1)

Rotation n=14

ICC

ICC

Start

0.7

0.7

Middle

0.3

0.3

End

0.4 0.2

Study II

The variability of the extension-flexion recordings was smallest in healthy
controls (SD<7.7°), increased in patients with THA (SD<11.1°) and was
most pronounced in the OA patients (SD<12.2°). The degree of hip exten-
sion-flexion turned out to be the variable that was able most effectively to dis-
tinguish the controls from the two patient groups and the patient groups from
one another. One to two years after total hip arthroplasty, the gait pattern had
improved, but it still differed from normal (Table 4).

Study Il

No or only minimum differences were observed, between or within the two
different stem designs during gait, on the two follow-up occasions (Table 5).
Comparisons between each of the two stem designs and controls at two years
revealed reduced stride length (p=0.009), cadence, hip extension (p<<0.001)
and hip extension-flexion range (p=0.021) for both designs. Furthermore, the
range of hip adduction-abduction (p=0.046) and hip abduction moment for
both designs in the frontal plane was also reduced bilaterally (p<<0.001).
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Study IV

At the last follow-up, five stems and 54 cups had been revised, corresponding
to stem and cup survival rates of 92 = 3% and 45 £ 5% at 26 years. In all, 66
hips with a remaining Lord stem were available for clinical follow-up 26 years
(24-29) after the index operation. The mean total Harris Hip Score and pain
scores were 81 (SD 14) and 41 (SD 5) (Table 6). None of the stems was loose,
whereas the majority of the cups showed insufficient fixation. Osteolysis was

observed in Gruen regions 1 and 7 in almost half the cases. Bone resorption

was mainly seen in regions 1, 6 and 7.

Table 6 | Specific sub-scores and total Harris Hip Score preoperatively; 10 years and 26 years
after THR. Median, (range).

Difreies Difference
Preoperatively 10 years 26 years preop.- 10 10 - 26 years
years

Pain
Unrevised 0(0-20) 44 (20-44) 44 (30-44) 34 (10-44) 0(-14-20)
Cup revised 0(0-30) 42 (20-44) 40 (30-44) 40 (10-44) 0(-14-24)
Limp
Unrevised 0(0-8) 9.5 1) 11(0-11) 8(0-11) 0(-11-5)
Cup revised 0(0-8) 11(5-11) 8(0-11) 8 (0- 0 (-6-6)
Walking aids
Unrevised 2.5(0-11) (3-11) 9( ) 7(-2-11) 0(-11-4)
Cup revised 2(0-11) - 7( 8(0-11) -1(-11-8)
Walking
length
Unrevised 5(2-8) 9.5(5-11) 6.5(0-11) 4.5 (0-9) 0(-9-6)
Cup revised 2(2-11) 11(5-11) 5(0-11) 6(-3-9) -3(-11-6)
Total score* X
Unrevised 44.5(10-56) 90.5(66-100)* | 87.5(46-100)" | 49(22-81) 3.5 (-36-18)
Cup revised 33(10-81)" 95 (52-100)* 81 (52-100) 61(19-82) -12(-40-48)

"6 unrevised and 12 cup revised hips with complete data enabling total score calculation
#20 unrevised and 37 cup revised hips with complete data enabling total score calculation
124 unrevised and 42 cup revised hips with complete data enabling total score calculation

We performed gait analysis, additional information, after a minimum follow
up of 23 years postoperative in 16 patients (18 hips) with Madreporic Lord
stem and acetabular component in situ and compared these data with 48
healthy controls (Iable 7). The healthy controls were younger with a mean age
of 57 years compared to 71 years in the Lord group (p<<0.001) but with a BMI
which was comparable between the groups (p=0.9). The basic gait parame-
ters speed, stride, and cadence was affected (p=0.001), and hip extension and

flexion was less (p=<0.001) and (p=0.01) respectively. In frontal plane hip
adduction and range of hip adduction-abduction was also reduced (p<0.009)
together with the moments (p<<0.001) compared to healthy controls.

Table 7 | Descriptive data, temporal spatial gait parameters, hip kinematics in the sagittal and frontal plane
and hip kinetics in the frontal plane. Mean and 95% confidence interval of mean (Cl) for 16 patients (18 hips
with Lord Madreporic stem) and 48 healthy controls are presented. Nonparametric test (Mann Whitney U)
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were used.
. Mann Whitney
Madreporic Lord Healthy, controls U test
Mean 95% Cl Mean 95% Cl p-value
Hge 71 67.2t0 74.8 57 54.2t0 59.9 <0.001
\,geight 70.7 64.2 0 77.1 753 | 71410793 0.09
f”gth 1.66 1.61t0 1.70 1.71 1.69t0 1.74 0.008
BMI 25.7 23.9t027.5 25.6 24510 26.7 0.9
Sl 1.0 0.9t0 1.1 1.2 11t01.2 0.001
m/s
if'”de 1.1 1.0t0 1.2 1.3 1310 1.4 <0.001
Cadence
: 73.6 66.310 81.0 104 99.7 to 108 <0.001
Step/min
f/:ance 618 | 60210 63.4 613 | 607t061.9 0.60
Flip exiErien 37 7110-0.3 139 | -155t012.3 <0.001
degrees
Hip flexion 311 27310 34.9 269 | 25.11028.8 0.01
degrees
il g 34.8 30.4t0 39.2 40.8 39.2t0 42.4 0.058
degrees
i areicuction 1.0 28007 35 | -43t0-26 0.009
degrees
Hlip abeluition 6.1 471076 6.5 55t07.5 0.62
degrees
o acteslbermnge 7.2 601083 100 | 9.0t0104 0.002
degrees
Hip add moment Nm/kg 0.60 0.51to0 0.70 0.30 0.23t0 0.37 <0.001
Hip abd moment Nm/kg -0.18 -0.21t0-0.16 -0.78 -0.85t0 -0.69 <0.001
Hlip ciclel o] e 0.79 0.69 to 0.88 1.1 1.01t0 1.12 <0.001
range Nm/kg
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Study V

The comparison between the two gait analysis methods revealed no signifi-
cant difference for the mean pelvic tilt range (4.9 vs. 5.4 degrees) ot the mean
knee flexion range (54.4 vs. 55.1 degrees) on ecither side (p>0.7) (Table 8). The
IMU system did, however, record slightly less hip flexion on right and left
sides 36.8 and 37.7 degrees for the OTS compared with 34.0 and 34.4 degrees
for the IMU, p<0.001).

Table 8 | Gait parameters for optical tracking system (OTS) and inertial measurement units (IMU).

ors IMU Wilcoxon Intracla§s
correlation
Mean 95% C.I. | Median | Mean 95% C.I. | Median | p-value? ICC(CI)*=
Pelvic range Cos
dearee 5.4 4.5-6.3 4.5 4.9* 4.4-53 4.6 0.95 (-0.20-
9 0.35)
Hip ext/flex
; 35.2- 32.2- 0.75
(rjange right 36.8 38.5 36.2 34.0 35.9 33.4 <0.001 (0.34-0.89)
egree
Hip ext/flex
36.0- 32.7- 0.73
;ange left 37.7 394 38.3 34.4 362 34.4 <0.001 (0.22-0.89)
egree
Knee ext/flex
: 53.5- 53.1- 0.83
;ange right 55.1 56.7 55.0 54.9 56.6 53.9 0.75 (0.72-0.90)
egree
Knee ext/
52.8- 52.8- 0.86
gex range left | 54.4 559 54.2 54.4 560 54.9 0.69 (0.77-0.92)
egree

*Mean of right and left side
* P-values refer to Wilcoxon sign ranks test between OTS and IMU
2 Intraclass correlation coefficient (ICC) and 95% confidence interval (Cl)
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5. DISCUSSION

Validity and reliability

Optical tracking systems are based on the presumption that the kinematic
data that are recorded mirror the true skeletal motions occurring during
an examination reasonably well. Studies that explore the true influence of
soft-tissue artefacts are, however, rare > %7 Ideally, studies of this kind
should be available for different marker qualities, recording systems and
marker placements used with the OTS systems now in use. One way to
quantify soft-tissue artefacts is to use the RSA as a validation method for
the non-invasive OTS method. RSA is an invasive, marker-based method
that can be used to measure joint motions. Even if RSA can be regarded as
the “gold standard” for studying skeletal motions P, this method has its
limitations. Only a few laboratories in the wotld are able to conduct dynam-
ic studies and the number and types of joint motion that can be recorded
are limited, due to radiation issues and limitations related to the field of
view and the radiographic set-up.

In Study I, the patients performed three separate dynamic motions with
the main load on the hip of interest. The first series of sequential radiographs
were exposed when the patients flexed their hip and performed a squat in
the sagittal plane. This motion has similarities to parts of stair climbing, for
example. In the second series, the patients performed abduction in the frontal
plane, which has similarities to limping; Finally, the subjects were instructed
to perform a rotation of the hip corresponding to making a twist or turning.
This motion was made from maximum external to maximum internal rotation
in the coronal plane. All the motions had to be performed at a relatively slow
pace due to technical limitations related to the performance of the roentgen
generators and the image quality obtained. The motions that were studied are
therefore selections of motions that may actually occur, but they nonetheless
represent common ranges of motion during daily activities.

The choice of marker positions most probably influences the magnitude
of soft-tissue artefacts, but this question has not been studied in detail. Intu-
itively, it should be the case that, the less soft tissue, the fewer the artefacts.
It might be that the inferior results observed with the cluster-marker model
could be attributed at least in part to this factor, because the cluster markers
were placed on locations with more underlying soft tissue compared with the
skin markers. If the soft tissues happen to displace in the same direction as
the motion direction of interest, they might magnify or reduce the recorded
values. If they displace in a direction perpendicular to this motion, the error

might be smaller. In reality, the displacement can be expected to be more or
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less multidirectional and perhaps also unpredictable, which calls for experi-
mental studies to delineate this problem more precisely.

In Study I, the cameras were much closer to the performed motion than
during regular gait examinations in the gait laboratory, which will affect the
resolution of each marker position in some way. The subjects performed mo-
tions or sequences which may correspond to parts of a gait cycle but without
any forward propulsion, which might diverge from the situation occurring
during normal gait. The dynamic pace/velocity was also slower than during
normal gait, due to the comparatively slow digital screens exposing four imag-
es a second. Furthermore, there was limited visibility in front of the 40-degree
angled roentgen cameras and the digital screens, which made it difficult for
some patients to stay in the field of radiation, thereby limiting the number
of approved examinations. The implication of these circumstances in terms
of the observed results is unknown, but it might be that the differences have
been underestimated due to lower speed of motion compared with normal
gait and the well-controlled patterns of motion during the standardised ex-
aminations.

Compared with the only dynamic RSA study of the hip performed by
Digas et al. that has previously been published, the number of drop-outs
was, however, about the same. These authors used dynamic radiostereometric
examination at two exposures/s. In contrast to our examination technique,
active abduction was studied with weight-bearing on the opposite leg to eval-
uate femoral head translations and cup displacements.”” So far, our study is
therefore the only one that has evaluated the resolution of hip motions with
OTA using skeletal motions recorded with RSA as a reference standard.

The RSA technique is an invasive method, as the accurate determination
of skeletal motions with high resolution requires the use of implanted markers
or implants. In Study I, patients who had undergone THA and were already
equipped with bone markers were used. This opens the door to speculation
about whether these hips have a normal motion pattern. During the insertion
of a THA, bone and remaining cartilage are removed and the surgery itself
interferes to a varying degree with the soft tissues. This means, as demon-
strated in Studies II and II1, that the hip motions are not normal and that the
reproducibility of the hip motions might be slightly inferior compared with
the situation in the normal hip. Since the recording with RSA and OTS took
place simultaneously, it seems improbable that the choice of patients with
THA influenced the differences observed between the two methods to any
significant degree. Nonetheless, further studies of other types of activity and
also patient populations with normal joints or hip disease might be desirable.

During the examination of flexion, both marker models underestimated
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the amount of skeletal motion during the first five degrees. Thereafter, the
difference tended to remain fairly constant and was about five degrees for the
skin model and seven degrees for the cluster model, with reasonable or good
agreement between the methods (ICC values between 0.7-0.9). The reason
for this underestimation of flexion is probably the contraction of the thigh
muscles during hip flexion. As previously mentioned, the skin markers are
placed on skeletal landmarks covered with a comparatively thin layer of soft
tissue, which might explain why this model was superior to the cluster model.
The cluster markers are fixed with strapping around the leg. This tighter fixa-
tion to the skin and slight compression of the soft tissues should theoretically
reduce soft-tissue artefacts, but seemingly not well enough. It might be that
the strapping even has the opposite effect by displacing the soft tissues in a
way that obscutes the true skeletal motions.P”

Movement into loaded abduction of up to 15 degrees by swaying the body
laterally appeared to be easier to detect for both marker protocols. Again,
soft-tissue motions, especially in front of the abdomen, might have caused
artefacts, especially as the true amount of abduction in many of the patients
was comparatively small. The mean BMI in our patients was 27.6 (SD 3.9),
corresponding to “overweight” according to the WHO. This average does,
however, correspond fairly well to the average of all patients undergoing a
THA in Sweden (Swedish Hip Arthroplasty Register Annual Report 2013
www.shpr.se). The subjects in this study underwent surgery over a period of
several years, with different surgical approaches and different types of THA,
which could have influenced their ability to perform an abduction of the hip.
It does not, however, seem reasonable to think that this source of vatiation
had any influence on our comparisons.* "7

During hip rotation, both marker models showed a pronounced mean
divergence. The overall differences corresponding to the presence of any
systematic error or “off-set” did not, however, reach significance, probably
because of poor statistical power and comparatively high individual variability.
Based on the available observations, the cluster-marker model showed five
degrees of underestimation and the skin-marker model almost five degrees
of overestimation at the starting position. The skin-marker model recorded
neutral rotation of the hip about 0.5 seconds later than the RSA recordings
and, in the case of the cluster-marker model, the delay exceeded 1.5 seconds.
With proceeding internal rotation, the cluster model in particular failed to
react. The reason for this is not known, but factors such as decreasing marker
visibility and the inherent restriction of the cluster markers, tightly strapped
to the leg, might have had some effect. The total range of rotation extended

over more than 40 degrees for some of the patients. With the hip in extreme
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external or internal rotation, this might occur during some types of sport, but
this is rarely studied with an OTS.

In an OTS, the positions of the hip joint centres ate calculated, based on
the position of the two skin markers attached on SIAS and the sacrum mark-
er. If these calculations are skewed, due to incorrect marker positioning, this
could lead to a different alignhment of the segment co-ordinate systems, even
if the same mathematical principle is used. In this study, we define the pelvis
segment and hip joints by using a modified CODA pelvis. The location of the
hip joint centres is calculated in telation to skin markers located at the pelvis
segment. Individual variations in soft-tissue mass and body constitution will
probably mean that errors related to the OTS technique will vary between
patients, but, according to our study, there are nonetheless systematic errors
mainly related to recordings of hip abduction and probably also hip flexion
(p=0.06) using cluster markers.*"-?* "7

One of the strengths of this study is the use of a radiostereometric sys-
tem, which is probably the most accurate validation tool when subjects per-
form different dynamic bone movements. Fine-tuning the examination tech-
nique and using supporting frames and handles to guide the patient, as far as
possible, to stay within the field of radiation might be one way to improve the
examination technique.

In Study 1I, the reproducibility of the measurements varied between pa-
tient groups, indicating that the observed errors are at least partly associated
with the studied condition. The data scatter might therefore be more pro-
nounced in patients with different types of gait abnormality than in patients
without any disease or condition which influences the walking pattern. The
data scatter might also vary between patients with different types of disease,
because the ability of an individual patient to reproduce his/her pattern of
gait from one examination to another might vary, depending on the type of
disease. As a result, data relating to reproducibility in “normals” cannot al-
ways be directly transferred to studies of patient groups with various diseas-
es. Our observations instead indicate that the reproducibility of OTS should
preferably be tested for each individual patient group and especially in groups
where the pattern of motion is known to display pronounced deviations from
normal.

Hip osteoarthritis (OA) results in reduced joint mobility, stiffness and gait
dysfunction, due to the destruction of the joint, pain and the development of
contractures. After a total hip arthroplasty, the aim is for joint function to be-
come normal and for most of the pain to disappear more or less completely.
Previous studies of the walking pattern after THA have, however, shown that

gait does not return to normal, ¥ % as was also observed by us in Studies
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II and III. Even if the reason for this is not known, it is possible to speculate
that any remaining contracture or dysfunction of the muscles surrounding
the hip joint due to atrophy could be of importance. The establishment of
an abnormal walking pattern during the progression of the hip disease may
become habitual with time and this could be another explanation.

Ornetti et al. (2010) made a systematic review of OTS studies of subjects
with hip and knee osteoarthritis (OA). Eleven hip studies comprising 343 hip
OA patients were found and one study reported test-retest reliability data.
This study reported a variation of 10% for gait speed and stride and 20% for
hip angles in the sagittal plane. This study made assessments at an interval of
one month. The authors found two studies of hip OA patients comparing
the Lequesne index and the WOMAC with gait analysis. There was good cor-
relation between the Lequesne index and both gait speed and hip flexion. A
weak correlation was also found between the WOMAC, gait speed and stride
length. Seven studies have found that hip OA patients have reduced gait speed
and stride length, with a mean reduction of 13% and 8% respectively. Re-
duced hip extension was found in all the studies, whereas reduced hip flexion
was only observed in some of them.**® Two studies comprising 42 patients
reported that speed and stride length were able to distinguish OA patients
from normal individuals, with an effect size of 0.40-1.41. They concluded that
there still is lack of validated and reliable kinematic data that can be used to
distinguish between normal subjects and subjects with OA.!

A bilateral hip osteoarthritis gait analysis study was performed in 12 sub-
jects compared with 12 healthy subjects. Temporal-spatial gait parameters
were all affected, with lower gait speed, step length and cadence. The pelvis
was tilted forward, with less peak extension and a smaller abduction angle, to-
gether with less peak abduction moment in the hip joint, which instead results
in high cadence and power generation in the ankle joints.*!

In 2014, Constantinou et al. conducted a systematic review and meta-anal-
ysis of spatial and temporal gait parameters in hip OA subjects including 30
articles. They found that the self-selected speed was 26% slower than that of
healthy controls, with shorter stride length and greater asymmetry and also
shorter stance time in the affected limb.

We were able to confirm that patients with hip OA had a slower walk-
ing speed and reduced hip extension. We also observed reduced abduction,
range of hip extension-flexion, range of adduction-abduction, reduced ad-
duction moment and range of adduction-abduction moment. After adjusting
for covariates such as age and BMI, speed and adduction moment differences
decreased or became insignificant. The remaining decrease in the flexion-ex-

tension range is compatible with a remaining decrease in stride length, but it

GAIT AND MOTION ANALYSIS OF HIP ARTHROPLASTY ‘ Roland Zigner ‘ 75



could also be a functional adaptation to persistent abductor weakness.

Significantly reduced peak hip abduction moment in THA patients com-
pared with controls was observed by Beaulieu et al.* Foucher et al. and Nan-
tel et al. also observed reduced abduction moments, but this reduction did not
reach significance.® ¥ In the review presented by Ewen et al.,, including the
three above-mentioned articles, a reduced peak hip abduction moment with
an overall effect size of 0.539 (CI = -0.575/-0.064; I’=41.2%) was noted in
the THR group, with a negative effect, indicating a reduced peak hip abduc-
tion moment.”

Short femoral stems have the potential to offer better hip function and im-
proved gait by facilitating the insertion. Many patients with hip osteoarthritis
suffer from bilateral disease and it might be that the status of the opposite hip
has an influence in those cases. In Study II, patients with unilateral THA had
no symptoms from the opposite side, but radiographs revealed radiographic
signs of osteoarthritis in seven of them. According to our observations, it
does, however, seem that operating on both hips in patients with bilateral OA
results in about the same deviation from normal gait as observed in cases only
operated on one side.

Several studies of short stems with varying designs have shown similar
clinical outcomes when compared with stems of standard length after vari-
ous follow-up petiods ¥'. We performed one-stage bilateral operations and
found no or only minimal differences in gait parameters between the two
sides undergoing short stem and conventional hip arthroplasty. Compated
with healthy controls, both sides showed reduced hip extension, reduced
range of flexion-extension and reduced abduction moment.

In Study III, each patient was his or her own control, which should min-
imise the influence of any confounding factors. One potential limitation is,
however, the fact that there might have been unknown differences in muscle
strength between the groups of hips with different implants. The extent to
which this influenced the results is unclear, but the presence of these dif-
ferences should be less likely due to the randomisation process in which the
most painful hip or the one with the most pronounced degenerative changes
was randomised to one of two stems.

It appears that the OTS is able to differentiate gait between healthy con-
trols and patients that have undergone THA surgery in general and in patients
that have developed OA. There are, however, several intrinsic and extrinsic
factors that may influence the outcome of THA surgery, which makes the
reason for the gait disturbance difficult to determine. The influence of the
contralateral side is one confounding factor which also influences the gait

pattern in some way. In Study 11, a comparison between groups of THA and
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OA patients was performed with healthy subjects. The contralateral side was
examined in order to ascertain that a diseased hip on the opposite side also
had an influence on the studied gait parameters. In Study 111, both hips under-
went surgery at the same time and were randomised to different THA designs.
This means that, in our study, each patient was his/her own control, which
should minimise the influence of any confounding factors. In spite of this,
the 22 patients who were examined exhibited the same movement pattern as
patients after unilateral THA surgery.

The gait analysis of THA patients may raise questions about the extent
to which gait can deviate from normal and have any influence on patient
satisfaction, performance and the risk of late implant failure. Further studies
including PROM data and CT-based determinations of implant positioning
and offset, in addition to gait analyses preferably preoperatively and about
one year after the operation with further long-term follow-up, are necessary
to answer these questions.

In Study V, we observed a 26-year survival rate of the stem using all the
reasons for revision as the end-point of 95% and a corresponding survival
rate of 65% for the cup. These observations concur fairly well with or may
even be somewhat superior to previous and contemporary observations in
the literature. Overall good long-term results have been reported for fully
coated uncemented stems even in younger patients (Eskelinen et al. 2005).
According to a similar study also from the Finnish Arthroplasty Register, the
15-year survival of the Lord Madreporic stem in patients younger than 55
years was only surpassed by the Bi-Metric and reached 90%, based on any
stem revision as the outcome. Later on, excellent long-term survival based
on mechanical failure as the outcome has been reported for other uncement-
ed stem designs.” ! Grant and Nordsletten (2004) followed 59 patients (70
hips) undergoing surgery with a Lord stem in a prospective study. After 17.5
years, they observed 98% survival of the stem and 65% for the cup, based on
any kind of mechanical failure or radiographic signs of loosening as the end-
point. Similar observations were made by Inoue et al., who reported a stem
survival of 96.9% after 16 years.”!

Our study was initiated in 1979 to address the loosening problem that was
starting to become evident with cemented fixation in young patients at this
time. In 1987, however, the Madreporic Lord THR was abandoned because
of concerns about possible negative effects of stress shielding over time. Lat-
er on, the poor fixation of smooth threaded cups was reported and high revi-

96,97

sion rates were observed **l. The uncemented Lotd cup did not address the

loosening problem, whereas, at least in our study with only a few dedicated
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surgeons involved, the stem reached survival comparable to that reported for
cemented stems with a polished surface.” These authors performed a sys-
tematic review of cemented femoral stems with a minimum follow-up of 20
years. They observed better survival as regards aseptic loosening for polished
stems reaching 93.5 to 98% at 20 years compared with stems with a rougher
surface finish.

Even if there was a clear tendency towards increased bone loss proximally,
the radiographic evaluation indicated wide individual variability. Female gen-
der and the length of the stem were able to predict the amount of loss of
bone mineral density to some extent, but the degree of explanation in the

regression analysis (t*-value) was poot.

Metle and Streit et al. ! used DXA to measure bone remodelling between 12
and 17 years around the uncemented CLS® stem and noted a minor decrease
in most regions during this period. Despite the fact that the CLS® stem with
its tapered design might transfer more load proximally, the recorded BMD
in regions 1 and 7 was fairly similar to ours. In the proximal region, factors
other than stress shielding will influence the rate of bone resorption and par-
ticle-induced synovitis in particular and will increase joint fluid pressure. Dis-
tally, in regions 3-5, the Madreporic Lord stems did, however, appear to have
lost more bone than the CLS® stems in the study mentioned above, with an
average difference of about 0.2 g/cm? Several confounders and not least the
absence of preoperative data in both studies obscure this comparison.
There are concerns that progressive stress shielding around uncemented

[100-193] T the present study,

stems will result in loosening in the long term
only one stem loosened and this loosening occurred at an early stage. To our
knowledge, there is no case of stem loosening that can only be related to
severe stress shielding. The loss of bone mineral around uncemented stems
does, however, have clinical implications, because the results of any revision
due to infection or other reasons might be jeopardised by extensive proxi-
mal bone loss. As the proximal bone becomes thinner and even disappears,
the stem is unsupported by bone, with an increased risk of implant fracture
P31, We had two such fractures. In one case, the stem broke 5 cm distal to the
shoulder, probably because this part of the stem had lost its bone support.
In the second case, there was a neck fracture, probably initiated by taper

n 1041915 A similar case has previously been reported . These

corrosio
fractures occurred 17 and 20 years after the primary operation. Since several
stems had lost their proximal bone support, in our follow-up, further frac-
tures could be anticipated during the third decade after the operation. To

date, no further implant fractures have been observed.
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We also performed gait analysis, unpublished data, a minimum of 23
years postoperatively in 16 patients (18 hips) with Madreporic Lord stems
and acetabular components in situ compared with 48 healthy controls. The
results indicated that most of the basic gait parameters, such as speed,
stride, cadence and hip kinematics in the sagittal and frontal plane, were
significant (p<<0.009). Even with a comparable BMI (p=0.9), the healthy
control group was significantly younger (p=<0.001), which could influence
the outcome. In a longer perspective, this comparison indicates that some
of the hip kinematic and kinetic variables, together with basic gait parame-

ters, remain over time.

To summarise, our Madreporic Lord stems showed excellent fixation in a
26-year perspective. The main problem with this stem is proximal bone loss
caused partly by stress shielding and partly by particle-induced inflammatory
osteolysis. This problem raises concerns about further future revisions due to
implant fracture. The extent to which this problem can be reduced in modern
designs using improved metallurgy and better articulation materials remains
to be seen.

Patient dissatisfaction with the movement pattern after THA could have
several reasons. Expectations could be too high due to insufficient informa-
tion or unexpected complications might have occurred. After the hip has
been replaced, symptoms due to general osteoarthritis in the spine or other
loaded joints, for example, might become more evident. Further studies of
remaining mobility problems such as this must therefore not only include
the hip. Nonetheless, the hip joint and its function are of primary interest if
patients are dissatisfied with the outcome of the operation.

Gait analysis based on optical systems is a comparatively time-consum-
ing examination requiring resources in terms of advanced equipment, data
analysis and interpretation. The use of simpler devices that can be used to
scan important gait parameters in a larger cohort of patients is therefore
of interest in order to find patients who are dissatisfied due to poor hip
function. However, the question of whether recordings of only range of
hip flexion-extension could be used to select patients with complaints re-
lating to inferior hip function for further analysis after THA remains to be
studied.

Unlike the OTS system, the IMU-based systems all use their own al-
gorithms. IMU and OTS comparison studies therefore refer to specific
systems. McCarthy et al. used the same system as in the present study to
compare the OTS with the IMU system to measure knee flexion range.

The conclusion was that there was no statistical difference between the two
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systems, which supports the findings of this study.

In 2014, Leardini et al. performed a reliability and validity study of an
IMU system (RiabloTM; Trento, Italy) using the OTS [, The accuracy
was tested in 17 healthy subjects with five different rehabilitation exercises
which were repeated twice, including re-mounting the IMUs. The OTS was
used simultaneously to record thorax and knee flexion angles in the sagittal
plane with attached reflective markers. Thoracic motions were measured in
relation to the laboratory co-ordinate system and the thigh and shank rela-
tive to one another. Synchronisation between the systems was made visually.
The reliability of positioning the IMU sensors was acceptable for rehabili-
tation programmes due to the shape of the IMU, including an alarm when
the malalighment was greater than 15° during calibration. Furthermore, the
results from the validation using the OTS showed a mean difference of 5°
in knee flexion and 3° in thorax flexion between systems. This discrepancy
is higher than the difference between OTS and IMU systems that was ob-
served for knee motion in the present study, which did not reach statistical
significance.

Bolink et al. compared a single IMU sensor with OTS recordings of pel-
vic movements during gait in 17 healthy subjects ['"®. The error of the IMU
system was estimated at 2.7°, which is higher than in this study, although the
correlation between the two methods was high (tho= 0.92), which is also in
contrast to our observations.

The IMUs and the OTS system use a global co-ordinate system, but the
correlation between the data for recorded pelvic movements was nonethe-
less poor. It should, however, be noted that the measured values for pelvic
tilt were small. Soft-tissue motion around the pelvis generates about the
same magnitude of errors as when recording hip and knee flexion. The
relative influence of the error when related to the magnitude of the record-
ed value will therefore be larger than for measurements of hip and knee
motions. Another source of error could be that the definition of the pelvic
position is based on skin markers initially attached overlying skeletal land-
marks. The proximity of the landmark and the IMU sensors may be lost by
the time the investigation starts. This will cause inaccuracy in measurements
of the rotation of the pelvis in the sagittal plane due to different starting
positions according to the global co-ordinate system. Positioning the IMU
sensors on the pelvis (left and right) will not take account of the amount
of pelvic tilt compared with the OTS in a standing still position. Another
difference is that the OTS uses one pelvic segment and the IMU system
uses two separate sensors (left and right) during calculations, assuming that

the left and right pelvis move independently. The mean value of the two
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sensors (left and right) was used in the comparison of the two systems.
This might allow the range of motion to slide relative to one another in
the sagittal plane. Furthermore, the OTS calculates hip motions relative to
the pelvis co-ordinate system and knee motions relative to the co-ordinate
system of the thighs. The IMU system calculates the sagittal angles between
the segments relative to the global co-ordinate system defined by an axis of
rotation that is not constrained to lie in either the sagittal or frontal planes.
It is also important to be aware that there is a certain amount of movement
in the other planes which can generate cross-talk, which, at least to some
extent, could obscure the results. Despite these potential soutrces of error,
the two systems showed a comparatively high degree of agreement when

measuring range of hip and knee motions in the sagittal plane.
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6. CONCLUSIONS

Study |

During active hip motions, soft-tissue displacements occasionally induced
considerable differences when compared with skeletal motions. The best cor-
relation between RSA recordings and the skin- and cluster-marker model was
found for studies of hip flexion and abduction with the skin-marker model.
Studies of hip abduction using cluster markers were associated with a con-
stant underestimation of the motion. Recordings of skeletal motions using
skin or cluster markers during hip rotation were associated with high mean

errors amounting to about 10 degrees in certain positions.

Study II

Patients with hip osteoarthritis showed the poorest repeatability between gait
recordings collected by different examiners, as compared to patients undergo-
ing a THA and healthy controls. The walking pattern after THA still differed

from that of healthy controls one to two years after the operation.

Study i

We found no difference in gait parameters between the short and the con-
ventional stem after one-stage bilateral total hip arthroplasty. Although both
hip joints were operated on at the same time, motions and moments did not

normalise after bilateral one-stage operations.

Study IV

The study population displayed comparatively good function after 26 years,
despite the fact that more than half the population had undergone revision of
the cup once or twice. The documented poor fixation of the original Madre-
poric Lord cup continued to cause revisions in both the second and third
decade after insertion. The Lord stem showed a high survival rate and the

clinical results were acceptable after revision of the cup.

Study V

We found that inertial measurement units are able to produce reliable data in

range of motion in the pelvis and knee flexion-extension range. Slightly less

hip flexion was recorded with the inertial measurement units.
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7. FUTURE PERSPECTIVES

The gait analysis method has areas which need to be improved from the pa-
tient and community perspectives. A camera technique with higher resolution
would make it possible to use smaller reflective markers which might reduce
soft-tissue artefacts. There is therefore a need for further studies of modified
markers, in addition to studies of alternative placement. The development
of mathematical models to define the true position of the joint for different
types of body constitution could improve the resolution of optical tracking
systems.

The further development of the examination technique during dynamic
RSA studies (e.g use of a treadmill in front of an RSA system) would facilitate
future studies and the validation of the OTS system.

Further comparisons between OTS recordings and simultaneous mea-
surements with dynamic RSA, including joints other than the hip, should be
performed.

Another possible way to improve the resolution is to find mathematical
algorithms that are able to compensate for soft-tissue artefacts. These algo-
rithms should be validated against dynamic RSA studies of the corresponding
joints.

Further studies are needed to evaluate the extent to which gait analyses
could be used to distinguish patients who report remaining problems after
THA due to mobility complaints with causes that can be related to implant
positioning or insufficient muscular function from those who are dissatisfied
for other reasons.

Further studies should be conducted to determine whether gait analyses
using a more finely tuned approach are able to distinguish different functional
deficiencies after THA and relate these findings to possible reasons for their
presence. If so, this method should occupy a firmer position in the diagnosis
and treatment of remaining problems and complications after THA.

Further studies of motion analysis systems that are not based on reflective
markers should be conducted. If data from these systems (e.g. IMU based)
are able to provide relevant information with sufficient resolution, this would
facilitate studies of larger patient populations.

In order to make gait analysis easier to use, models without reflective
markers, using the body shape together with BMI, should be used when de-

veloping new software.
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APPENDIX

UPPFOL_]NING
HARRIS HIP SCORE mm.

Personnr. I:":”:”:":”:H:”:":”:I
Sida I:‘

1. Hoger
2. Vénster

Undersdkningsdatum I:”:":”:”:":‘
Klinik I:":‘

15. MéIndal

Tid efter op &r I:”:‘

Medicinering med bisfosfonat (eller motsv.)
1. Nej
2. Ja, ange preparat + dos

Medicinering med kalcium +/- D-vitamin
1. Nej
2. Ja, ange preparat + dos

Medicinering med cortison

1. Nej
2. Ja, ange preparat + dos

Medicinering med NSAID (tom 1 v. preop)
1. Nej
2. Ja, ange preparat + dos

Smarta 0-44

44. Ingen, eller obetydlig
40. Latt, begransar dock ej aktivitetsnivan
30. Latt smarta, ej paverkan daglig aktivitet, ibland analgetika
20. Smartan begransar aktiviteter, regelbundet analgetika
10. Uttalad smarta stark begrénsning av aktiviteter

0. Invalidiserad, vilovark

Hilta |:||:|

11. Ingen
8. Latt
5. Mattlig
0. Uttalad

Ganghjéalpmedel DI:‘

11. Inget
7. Kapp vid langa promenader eller motsv.
5. Kapp, nastan alltid eller alltid
3. 1 krycka
2. 2 kappar, rullator
0. 2 kryckor, rullstol

Gangstracka

11. Obegransad
8.1.5-2km
5.0.5-1km
2. <500m, mest inomhus
0. Séng, rullstolsbunden

ADL - trappgang

4. Anvander ej ledstang/racke
2. Anvénder ledstang/racke

1. Klarar med svarighet

0. Klarar ej trappor

ADL - pakladning

Tar pa sig skor och strumpor
4. Utan svérighet

2. Med svarighet

0. Kan ej

ADL - sitta I:'

5. Bekvamt i stol
3. Pa hog stol i 30 min
0. Kan e sitta bekvamt

ADL - anvénder allmdnna kommunikationsmedel I:'

1. Ja
0. Nej

Héftrorlighet
Extension extensionsdefekt = neg. vérde

Flexion

Utatrotation
Abduktion om fix adduktion = neg. vérde

Adduktion

Benlangdskillnad i mm
100 Nej

2. HOolangre imm

3. Vélangreimm

Trendelenburg
1. Negativ
2. Positiv
3. Osaker

Charnleyklass

1. 1 hoft sjuk, i 6vr. frisk

2. Bilat héftsjd, i dvrigt frisk

3. Flera leder paverkade, annat ganghandikapp
4. Bilat hoftsjd, en hoft opererad

5. Bilat hoftproteser

Rev 070905




VAS skala belastningssmarta I:”:'
VAS skala vilovirk I:”:'

Nytillkommen komplikation I:'
Ingen

. Luxation (endast en)

. Luxation (2 eller fler)

. Infektion (protes kvar)

. Radiol lossning cup

. Radiol lossning stam

4+5

CANNAt ANGE.. .o

NoOURWN=O

Fysisk aktivitetsniva
0. Inget

1. Promenad

2. Simning

3. Cykling

4. Lopning, joggning

5. Kombination; annat

Frekvens av fysisk aktivitet
1. Dagligen

2. 2-5 ggr/vecka

3. 1 gang per vecka

4. < 1 gang/vecka

5. Vill/lkan ej motionera

Patientens asikt om operationen
1. Nojd

2. Tveksam

3. Missngjd

Rev 070905

EQ-5D-5L

Svensk version

(Swedish version for Sweden)



Kryssa under varje rubrik bara i EN ruta som bast beskriver din halsa IDAG.

RORLIGHET

Jag har inga svarigheter med att ga omkring
Jag har lite svarigheter med att ga omkring

Jag har mattliga svarigheter med att ga omkring
Jag har stora svarigheter med att ga omkring

coooo

Jag kan inte g& omkring

PERSONLIG VARD

Jag har inga svarigheter med att tvatta mig eller kl& mig
Jag har lite svarigheter med att tvatta mig eller kla mig

Jag har mattliga svarigheter med att tvatta mig eller kla mig
Jag har stora svarigheter med att tvatta mig eller kla mig

ooooo

Jag kan inte tvatta mig eller kla mig

VANLIGA AKTIVITETER (t ex arbete, studier, hushallssysslor, familje- eller
fritidsaktiviteter)

Jag har inga svarigheter med att utféra mina vanliga aktiviteter
Jag har lite svarigheter med att utféra mina vanliga aktiviteter

Jag har mattliga svarigheter med att utféra mina vanliga aktiviteter
Jag har stora svarigheter med att utféra mina vanliga aktiviteter

o000

Jag kan inte utféra mina vanliga aktiviteter

SMARTOR/BESVAR

Jag har varken smartor eller besvar
Jag har latta smartor eller besvar
Jag har mattliga smartor eller besvar

Jag har svara smartor eller besvar

ooooo

Jag har extrema smartor eller besvar

ORO/NEDSTAMDHET

Jag ar varken orolig eller nedstdmd
Jag ar lite orolig eller nedstamd
Jag ar ganska orolig eller nedstamd
Jag ar mycket orolig eller nedstamd

ooooo

Jag ar extremt orolig eller nedstamd

2
Sweden (Swedish) v.2 © 2010 EuroQol Group. EQ-5D™ s a trade mark of the EuroQol Group

* Vivill veta hur bra eller dalig din halsa ar IDAG.
¢ Den héar skalan ar numrerad fran 0 till 100.

* 100 &r den basta hélsa du kan tanka dig.

0 &r den samsta halsa du kan tanka dig.
e Satt ett X pa skalan for att visa hur din halsa ar IDAG.

e Skriv nu i rutan nedan det nummer du har markerat pa skalan.

DIN HALSA IDAG =

3
Sweden (Swedish) v.2 © 2010 EuroQol Group. EQ-5D™ is a trade mark of the EuroQol Group

Basta halsa du kan

tanka dig

Samsta halsa du

kan ténka dig

100

95

90

85

80

75

70

65

60

55

50

45

40

35

30

25

20

15

10





