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English Summary
This PhD study was part of a collaboration project named Individualized Os-
teoarthritis Intervention (IOI), which was funded by the innovation fund Den-
mark. The main goal with the IOI project was to conduct research within
treatment of knee osteoarthritis (KOA) and develop a work�ow for optimal
individualised non-surgical intervention by using advanced computational and
measuring technologies. This work�ow is expected to improve the management
of KOA and postpone the need for surgery.

This dissertation focusses on knee brace intervention and the design and
development of a patient-speci�c prototype with the aim of reducing joint loads
and thereby relieve joint pain in KOA patients during gait. The main aims with
the PhD study was 1) to analyse various approaches for e�ciently unloading
the knee joint and 2) to develop and experimentally test a subject-speci�c knee
brace prototype using a concept based on the �ndings from the �rst step. It
is believed that the �ndings in this thesis have the potential to advance the
state-of-the-art within knee braces, which will improve the quality-of-life for
the patients.

The �rst three chapters cover the opening of the dissertation, with the
�rst chapter as an introduction, which outlines the background and motivation
for the project. This describes the epidemiology of KOA including currently
known risk factors for disease development and common treatment methods for
early and late stage KOA. Next, the latest research within knee bracing is pre-
sented, where the state-of-the-art knee brace methods are discussed, pointing
out the limitations of the currently available options on the market. Finally,
the overall aims with the project, and how these are achieved, are presented
with three scienti�c studies. Additionally, the methods for evaluating the ef-
fects of a developed knee brace prototype are described including pain score,
electromyography (EMG) and musculoskeletal (MS) modeling.

In Chapter 4, the �rst paper is presented, which investigated how applied
moments in the lower extremity a�ect the knee compressive forces (KCF). This
was based on recorded gait data of ten healthy subjects and MS models, which
were used to apply moments in silico around all three joint axes for the hip,
knee and ankle joints. The moments were applied whenever needed with a
magnitude de�ned as a percentage of the net moment around the respective
axis during normal gait without any intervention. Combinations of applied
moments and a percentage value were examined and for each combination,
the total, medial and lateral KCF were computed and compared with a base-
line case with no external moments applied. All results presented here are
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English Summary

for combinations of 40% net moment. Generally, the moments acting in the
sagittal plane, hip �exion-extension (HFM), knee �exion-extension (KFM) and
ankle plantar�exion-dorsi�exion (APM), provided the largest reduction of the
total KCF during the stance phase. HFM and KFM mainly a�ected the �rst
peak of the total KCF, revealing reductions of 8.8% and 13.5%, respectively,
by compensating for rectus femoris and quadriceps muscle activation, respec-
tively. APM solely reduced the second peak with 11.4% through a reduced
gastrocnemius muscle activation during the late stance. Although, the results
from the �rst paper did not reveal a clear suggestion of the best suited brace
intervention, which will most likely vary between patients, the KFM was chosen
as the basis for the developed prototype in the next papers.

Chapter 5 presents the second paper, which is considered as a proof-of-
concept case study describing the design and experimental testing of the pro-
totype brace. The brace applies a knee extension moment from stored potential
energy in springs and the sti�ness of these can be chosen individually. A built-
in switch mechanism ensures that the brace moment is only applied in the early
stance phase to target the �rst peak KCF and to avoid interference during swing
phase. A work�ow to adjust the brace and choose the correct spring sti�ness
was established and the prototype was tested on a single healthy subject to
investigate the e�ect on muscle activity and internal KCF during normal gait.
Before the experimental tests, the brace concept was tested in silico using MS
models revealing a 35.9% reduction of the �rst peak total KCF and a 38.2%
reduction of the impulse illustrating the potential of the unloading concept.
The experimental tests were conducted with the use of EMG measurements
and motion capture recordings to support the simulated results, and the main
target muscles were vastus medialis (VM), vastus lateralis (VL) and rectus
femoris (RF). The peak activation of VM was reduced with up to 37% whereas
VL and RF peak activation increased with up to 43.8% and 7.7% respectively.
According to the MS models, the prototype brace reduced the �rst peak KCF
and the impulse with up to 24% and 9.1% respectively. This paper concluded
that the concept of applying a knee extension moment has the potential to
e�ectively reduce the total KCF by compensating muscle activation.

The last paper is presented in Chapter 6 and this paper examined a small
group of KOA patients. The brace concept was tested in silico on all the pa-
tients with the same approach as in the second paper. The reduction of the
�rst peak total KCF varied from 3.5% to 33.8% and the medial and lateral
�rst peak KCF reduction ranged from 0.1% to 24.4% and 18.4% to 56%, re-
spectively. These results illustrated the importance of including biomechanical
analyses to determine whether a patient is suited for a speci�c intervention.
Additionally, experimental tests were conducted on one of the patients with
the same prototype brace as in the second paper. A VAS pain score was eval-
uated after each test condition, but no e�ect was observed for this measure.
However, the EMG measurements revealed a VM muscle activity reduction of
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English Summary

up to 28.7% whereas the VL and RF peak muscle activation increased with up
to 2% and 18.3%, respectively. The MS models estimated the �rst peak total
KCF to be reduced with up to 26.3%, although the impulse increased with
up to 13.7%. The �ndings of this paper concluded that not all KOA patients
are suited for this unloading concept so initial gait analyses are needed before
prescribing this intervention type. The experimental results illustrated the po-
tential of reducing KCF, and although no immediate pain relief was detected
in this thesis, long-term studies may observe a pain reduction.

The �nal chapter includes a summary of key results from the publications
within this dissertation and a discussion regarding the methods and outcomes
of the studies. Additionally, limitations of these studies are addressed and
recommendations for future research are outlined. The research conducted
during this PhD is only the initial step for implementing an unloading knee
brace concept, which aims to decrease KCF through muscle compensation.
The results seem promising but more patient tests are required to draw any
conclusions. The prototype brace need to be redesigned to obtain a lighter and
more slim product in order to conduct long-term studies. Additionally, the
gait data of the KOA patients from the third paper highlight the importance of
including biomechanical analyses in the prescription of unloading interventions,
since the source to internal joint loads is highly individual. If the clinicians have
the tools to detect these individual factors, and the brace can be adjusted to
each patient like the prototype in this PhD study, the developed intervention
concept is expected to have a positive e�ect and will improve the quality-of-life
for the majority of patients.
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Dansk ResumØ
Dette ph.d.-studium var del af et samarbejdsprojekt ved navn Individualized
Osteoarthritis Intervention (IOI), som var �nansieret af Innovationsfonden.
Det overordnede mål med IOI projektet var forskning indenfor behandling af
knæartrose og udvikling af et work�ow til optimal individuel ikke-kirurgisk in-
tervention ved brug af avancerede computer- og måleteknologier. Dette work-
�ow forventes at forbedre behandlingen af knæartrose og udsætte behovet for
operation.

Denne afhandling fokuserer på intervention med knæortose samt design og
udvikling af en patientspeci�k prototype med det formål at reducere ledkræfter
og dermed lindre ledsmerte for knæartrosepatienter under gang. Hovedformålet
med ph.d.-studiet var 1) at analysere forskellige fremgangsmåder til e�ektivt
at a�aste knæleddet og 2) at udvikle og eksperimentielt teste en personspeci�k
knæortose prototype ved at bruge et koncept baseret på resultaterne fra den
fłrste del. Det vurderes, at resultaterne i denne afhandling har potentiale til at
avancere state-of-the-art indenfor knæortoser, hvilket vil forbedre livskvaliteten
for patienterne.

De fłrste tre kapitler dækker over indledningen af afhandlingen, hvor fłrste
kapitel er en introduktion, som fremhæver baggrunden og motivationen for
projektet. Dette beskriver knæartroseepidemiologien og inkluderer nuværende
risikofaktorer for udvikling af sygdommen samt typiske behandlingsmetoder til
tidlig stadie og senstadie knæartrose. Dernæst præsenteres den seneste forsk-
ning indenfor ortosebehandling, hvor state-of-the-art knæortosemetoder bliver
diskuteret, hvor begrænsningerne af de nuværende tilgængelige muligheder på
markedet udpeges. Til sidst præsenteres de overordnede mål med projektet og
hvordan disse opnås med tre videnskabelige studier. Derudover er metoderne til
at evaluere e�ekten af en udviklet ortoseprototype beskrevet, hvilket inkluderer
smertemål, elektromyogra� (EMG) og muskelskeletal (MS) modelering.

I kapitel 4 er den fłrste artikel præsenteret, som undersłger, hvordan pålagte
momenter i underekstremiteten påvirker kompressionskræfterne inde i knæet.
Dette var baseret på optaget gang data af ti raske personer og MS modeller,
som blev brugt til at pålægge momenter in silico rundt om alle tre ledakser i
hofte-, knæ- og ankelleddet. Momenterne blev pålagt, når det var krævet med
en stłrrelse de�neret som en procentdel af netmomentet omkring den respek-
tive akse, som var krævet under normal gang uden intervention. Forskellige
procentværdier og kombinationer af momenter blev undersłgt, og for hver be-
lastningseksempel blev den totale, mediale og laterale knækraft beregnet og
sammenlignet med en udgangsværdi uden eksternt pålagte momenter. Alle
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resultater, som præsenteres her, er for 40% pålagt moment. Generelt viste mo-
menterne i det sagittale plan, hofte �eksion-ekstension (HFM), knæ �eksion-
ekstension (KFM) og ankel plantar�eksion-dorsi�eksion (APM), den stłrste re-
duktion af den totale knækraft i lłbet af standfasen. HFM og KFM påvirkede
hovedsageligt den fłrste maksimalværdi af den totale knækraft, hvilket re-
sulterede reduktioner på henholdsvis 8.8% og 13.5% ved at kompensere for
henholdsvis rectus femoris og quadriceps muskelaktivering. APM reducerede
udelukkende den anden maksimalværdi med 11.4% ved at reducere gastroc-
nemius muskelaktivering i lłbet af den sidste del af standfasen. Selvom re-
sultaterne fra den fłrste artikel ikke gav et klart billede af den bedst egnede
ortoseintervention, hvilket hłjest sandsynligt vil variere mellem patienterne, så
blev KFM valgt som basis til den udviklede prototype i de næste artikler.

Kapitel 5 præsenterer den anden artikel, der kan betraktes som et proof-
of-concept case studie, der beskriver designet og eksperimentelt test af pro-
totypeortosen. Ortosen pålægger et knæekstensionsmoment fra lagret poten-
tiel energi i fjedre og stivheden af disse kan vælges individuelt. En indbygget
koblingsmekanisme sikrer at ortosemomentet kun pålægges i den tidlige stand-
fase for at påvirke den fłrste maksimalværdi af knækompressionskraften og for
at undgå indblanding under svingfasen. Et work�ow til at justere ortosen og
vælge den rette fjederstivhed blev etableret, og prototypen blev testet på en
enkelt rask forsłgsperson for at undersłge e�ekten på muskelaktivitet og in-
terne knæledskræfter under normal gang. Fłr de eksperimentielle tests blev
ortosekonceptet testet in silico vha. MS modeller, og disse afslłrede en 35.9%
reduktion af den fłrste maksimalværdi af den totale knækompressionskraft og
en 38.2% reduktion af impulsen, hvilket illustrerer potentialet af a�astningskon-
ceptet. De eksperimentielle tests blev udfłrt med brug af EMG målinger og
bevægelsesoptagelser til at underbygge de simulerede resultater, og hovedfokus
var på vastus medialis (VM), vastus lateralis (VL) and rectus femoris (RF).
Den maksimale aktivering for VM blev reduceret med op til 37%, hvorimod
maksimalværdierne for VL og RF steg med op til henholdsvis 43.8% og 7.7%.
Ifłlge MS modellerne reducerede prototypeortosen den fłrste maksimalværdi af
knækompressionskraften og impulsen med op til henholdsvis 24% og 9.1%. Den
anden artikel konkluderede, at konceptet med at pålægge et knæekstensionsmo-
ment har potentialet til e�ektivt at reducere den totale knækompressionskraft
ved at kompensere for muskelaktivering.

Den sidste artikel præsenteres i kapitel 6 og undersłger en lille gruppe af
knæartrosepatienter. Ortosekonceptet blev testet in silico på alle patienterne
med den samme fremgangsmåde som i den anden artikel. Reduktionen af den
fłrste maksimalværdi af den totale knækompressionskraft varierede fra 3.5%
til 33.8% og reduktionen af den tilsvarende værdi for medial og lateral kom-
pressionskraft varierede fra henholdsvis 0.1% til 24.4% og 18.4% til 56%. Disse
resultater illustrerer vigtigheden i at inkludere biomekaniske analyser til at
bestemme om en patient er egnet til en speci�k intervention. Derudover blev
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der udfłrt eksperimentielle tests på Øn af patienterne med den samme ortose-
prototype som i den anden artikel. En VAS smertevurdering blev noteret efter
hver forsłgsbetingelse, men der blev ikke observeret nogen e�ekt for dette mål.
EMG målingerne derimod viste en reduktion af VM muskelaktivitet på op til
28.7% hvorimod maksimal muskelaktivitet for VL og RF steg med op til hen-
holdsvis 2% og 18.3%. MS modellerne estimerede en reduktion af den fłrste
maksimalværdi af den totale knækompressionskraft på op til 26.3%, dog steg
impulsen med op til 13.7%. Resultaterne fra denne artikel konkluderede, at ikke
alle knæartrosepatienter egner sig til dette a�astningskoncept, så indledende
ganganalyser er nłdvendige for at kunne ordinere denne interventionstype. De
eksperimentielle resultater illustrerede potentialet til at reducere knækompres-
sionskræfter, og selvom ingen łjblikkelig smertelindring blev raporteret i denne
afhandling, så vil langtidssigtede studier muligvis detektere en smertereduktion.

Det sidste kapitel inkluderer et resume af hovedresultaterne fra publikation-
erne i denne afhandling og en diskussion omhandlende metoderne og udbyttet
af studierne. Derudover bliver begrænsninger i disse studier diskuteret og anbe-
falinger til fremtidig forskning bliver fremlagt. Forskningen i denne afhandling
er kun det indledende skridt til implementering af en a�astningskonncept, som
forsłger at reducere knækompressionskræfter vha. kompensering af muskler.
Resultaterne er lovende men endelige konklusioner kræver �ere patienttests.
Ortoseprototypen er nłdt til at blive redesignet til et lettere og mindre klodset
produkt for at kunne udfłre langtidssigtede studier. Ydermere understreger
gangdata fra knæartrosepatienterne i den tredje artikel vigtigheden af at inklu-
dere biomekaniske analyser i ordineringen af a�astningsinterventioner, eftersom
at kilden til de interne knælaster er meget individuel. Hvis sundhedsperson-
alet har værktłjerne til at detektere disse individuelle faktorer, og ortosen kan
justeres til hver enkel patient ligesom prototypen i denne ph.d. afhandling, så
forventes det, at det udviklede interventionskoncept har en positiv e�ekt og vil
forbedre livskvaliteten for stłrstedelen af patienterne.
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Part I

Introduction

1





1. Knee Osteoarthritis

1.1 Background and Motivation

Osteoarthritis (OA) is a chronic long-term synovial joint disease causing in-
�ammation of the synovial membrane, which produces in�ammatory mediators
that contribute to cartilage degradation and a�ect joint homoeostasis (Maniar
et al. [2018], Chen and Tuan [2008]). Homoeostasis is the balance between the
repair and destruction of joint tissues driven primarily by mechanical factors
(Moelgaard [2015]) for which reason these factors in�uence the initiation, pro-
gression, and treatment of OA (Wilson et al. [2009]). The balance between
tissue repair and deterioration is shown in Figure 1.1 by means of a stable and
unstable state.

Fig. 1.1: Illustration of joint homoeostasis, where abnormal mechanical loading can cause
the soft tissue deterioration to exceed the repair process (unstable state) (Moelgaard [2015]).

Once an imbalance in the homeostasis between the repair and destruction
of joint tissues occurs, the risk for OA development increases and the chance
for reversing the cartilage deterioration is minimal (Moelgaard [2015]).

The number of OA patients is currently growing and this is expected to
continue in the following years (Kiadaliri et al. [2018], Wallace et al. [2017]).
Since no cure currently exists (Fransen et al. [2015]), the need for managing the
symptoms increases. In UK, OA ranks as the fourth most demanding disease
regarding general practice time within the health care system but still, most
General Practitioners (GPs) wish for more time with the patients to provide
su�cient treatment (Kingsbury and Conaghan [2012]). Despite most GPs use
the NICE recommendations (Conaghan et al. [2008]), providing guidance in
patient management, educational material with common guidelines is still in
demand (Kingsbury and Conaghan [2012]). Due to this, OA treatment is often
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based on experiences and intuition with varying results (Bhatia et al. [2013],
Brooks [2014], Jamtvedt et al. [2008]), for which reason several consultations
between the patient and the healthcare system are required to achieve a satis-
factory result (Kingsbury and Conaghan [2012], Paskins et al. [2014]).

The main risk factor for a joint to lose homeostasis and initiate OA is be-
lieved to be ageing since the chondrocytes (cells in the articular cartilage) loses
the function of maintaining the articular cartilage (Buckwalter et al. [2004]).
The e�ect of age can be seen in Figure 1.2 showing the prevalence of knee OA
(KOA) for di�erent age groups.

Fig. 1.2: Prevalence of KOA patients as percentage of age groups for men and women, both
globally and locally in the Nordic region (Kiadaliri et al. [2018]).

Additional biomechanical factors also contribute to the risk of developing
KOA. Studies have identi�ed multiple phenotypes, depending on the joint, rep-
resenting di�erent mechanisms of the disease (Dell’Isola et al. [2016], Bierma-
Zeinstra and Van Middelkoop [2017], Deveza et al. [2017]). These includes pain
sensitization, radiographic severity, body mass index, muscle strength and in-
�ammation among others, for which reason the underlying cause can vary and
therefore also the necessary treatment, depending on the patient.

Once OA initiates, it is di�cult to return to a stable state in the a�ected
joint, and the disease will cause pain and sti�ness due to synovial in�amma-
tion and cartilage degeneration (Richard Steadman et al. [2016]). The disease
progresses gradually over time from mild to more severe cartilage degeneration,
which can lead to bone-on-bone contact causing even more pain and sti�ness
to the joint (Buckwalter et al. [2004],Peters et al. [2005]). These symptoms
limit the joint range-of-motion and thereby joint mobility. In most cases, the
quality-of-life is a�ected negatively due to a slowly decreased activity level
(Heidari et al. [2016]), which has a psychological e�ect (Dell’Isola et al. [2016]).

The most widely a�ected joint regarding OA is the knee (Arthritis Research
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UK [2013], Martel-Pelletier et al. [2016]), which is considered as a biomechani-
cally and anatomically complex joint (Turner and Craig [1980]). It consists of
the tibiofemoral joint between femur (thigh) and tibia (shank) and the patello-
femoral joint between patella (knee cap) and femur (Turner and Craig [1980]).
The former is responsible for allowing bending (�exion-extension) of the leg
and the patellofemoral joint allows patella to slide in a groove on the distal end
of the femur during �exion and extension. This allows the quadriceps muscles
to transfer the contraction force from thigh to tibia without spanning the knee
and getting damaged by sharp bony edges.

This thesis mainly focuses on the tibiofemoral joint, which is shown below
in Figure 1.3 for a healthy knee (A) and a knee a�ected by OA (B).

Fig. 1.3: A healthy knee joint (A) and a knee with cartilage deterioration caused by OA
(B). The �gure includes meniscus (a), lateral collateral ligament (b), femur bone (c), medial
collateral ligament (d), posterior cruciate ligament (e), anterior cruciate ligament (f) and
tibia bone (g). Modi�ed �gure from (Boyan et al. [2013]).

The joint connects the two longest bones of the human skeleton, and for
this reason the �exor-extensor muscles around the knee often have to balance a
large external moment in the sagittal plane created by gravity and inertia loads.
These muscles also assist the ligaments in preventing undesirable displacement
of tibia relative to femur, which can lead to loading of poorly suited structures
damaging the surrounding cartilage and meniscus (Richard Steadman et al.
[2016]). Even though the pathophysiology of the joint degeneration leading
to clinical OA symptoms is still poorly understood (Buckwalter et al. [2004]),
abnormal joint kinematics is considered as one of the most common reasons
for knee OA (KOA) initiation (Andriacchi and Mündermann [2006a], Richard
Steadman et al. [2016]). These kinematic changes are often caused by knee
joint injuries, such as cruciate ligament rupture (Van Der Esch et al. [2005],
Barenius et al. [2014]), which increases the laxity (joint looseness) of the knee,
causing joint instability. In this case, physical training of the surrounding
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muscles becomes crucial to maintain stability and avoid KOA initiation, since
knee instability changes the original load-bearing contact location to a new
region, which may not be suited for these loads (Andriacchi and Mündermann
[2006a]).

It has been shown that knee joint contact forces are not increased for early
KOA patients (Meireles et al. [2016], Baert et al. [2013], Du�ell et al. [2014]),
which supports abnormal load pattern as a cause of KOA initiation and not
the changes in joint load magnitude. However, once KOA initiates, the knee
structures are particularly vulnerable to stress and wear, and since meniscus
and cartilage deterioration rate depend on internal joint loads and stress dis-
tribution (Radin et al. [1991], Bennell et al. [2011]), mechanical overloading is
considered as a cause for disease progression (Miyazaki et al. [2002], Andriac-
chi and Mündermann [2006b], Meireles et al. [2016]). This can lead to loss of
meniscal tissue, which can permanently a�ect the knee homoeostasis to become
unstable and accelerating OA progression (Vannini et al. [2016]).

Generally, the knee is one of the main weight-bearing joints in the human
body (Segal [2012]) and plays a central role during most activities of daily
living due to the frequently large external knee moment (Gross and Hillstrom
[2008]). The �exor-extensor muscles must provide substantial muscle contrac-
tion forces to balance the large external moments around the knee joint, and
this contributes to the internal joint compressive forces. According to in vivo
studies, the knee is exposed to loads of approximately 2-3 times body weight
(BW) in the tibiofemoral joint during gait (Fregly et al. [2012]). Higher knee
compressive forces have been observed in females than male subjects (Ro et al.
[2017]), which may be the cause of KOA being 2-3 times more prevalent in
female patients (McKean et al. [2007]). Furthermore, women have smaller car-
tilage volume (Cicuttini et al. [1999]) and a smaller contact area in the knee
to distribute the stresses (Lonner et al. [2008]). This is shown in Figure 1.4
with the ratio between femur medial-lateral and anterior-posterior dimensions
for males and females. Despite the relatively low R2 values, the trend indicates
a generally smaller knee contact area for women, inducing higher stresses in
the joint tissue, which is especially critical for woman above 50 years (Nicolella
et al. [2012]).
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Fig. 1.4: The ratio between medial-lateral (ML) and anterior-posterior (AP) dimensions
has been shown to be larger for males than females (Lonner et al. [2008]).

Due to the critical impact of mechanical overloading after KOA initiation
in both males and females, biomechanical factors governing the loading and the
load distribution of the tibiofemoral joint, such as obesity (Neogi [2013], Gabay
et al. [2008]), joint malalignment (Mündermann et al. [2005], Isola et al. [2017])
and muscle activation (Fantini Pagani et al. [2013]), are considered risk factors
for disease progression. Therefore, a common treatment of KOA is to unload
the joint to stop the progression and to avoid the need for surgery, which is
usually only considered when the disease is at a critical stage and no other
options are available. To de�ne the stage of OA, the progression severity can
be evaluated by e.g. the Kellgren-Lawrence (KL) scale (Kellgren and Lawrence
[1957]) using �ve OA grades from none (0) to severe (4). The grade level is
based on the visual amount of degenerated tissue evaluated from an X-ray
image like the ones below.
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Fig. 1.5: X-ray images of A) a healthy knee and B) a knee joint a�ected by OA on the
lateral compartment (red arrow) (Sofat et al. [2011]).

Figure 1.5 shows an example of X-ray images of a healthy knee joint (A) and
a knee a�ected by OA (B) in the tibiofemoral joint. The dark space between
the bones in Figure 1.5A indicates a healthy layer of soft tissue and meniscus
for shock absorption, which is not visible in X-ray images. In Figure 1.5B, the
space between femur and tibia’s articular surfaces on the lateral side is reduced
due to the loss of cartilage, and this joint space narrowing is used to evaluate
a KL score. The lack of this stabilising tissue at the articular surfaces leads to
instability and malalignment of the bones at the a�ected joint (Van Der Esch
et al. [2005]) in�uencing the internal load distribution in the tibiofemoral joint.
This can lead to abnormal load patterns for which reason knee malalignment is
considered a risk factor for disease progression (Tanamas et al. [2009]). This is
supported by Isola et al. [2017] who showed that varus alignment in medial knee
OA patients alone is not responsible for increased medial contact force unless
medial compartment degeneration is already present. This implies that knee
malalignment is not responsible for KOA initiation but only disease progression,
i.e. a consequence of KOA.

Often a poor correlation between x-ray �ndings and symptoms is observed
(Bosomworth [2009],Bedson and Croft [2008]) regardless of the OA severity,
meaning that some patients experience extensive pain despite of a low KL-
score and vice versa. Especially pain a�ects the mobility during activities-of-
daily-living and reduces quality-of-life (Bosomworth [2009], Segal et al. [2009])
for which reason it is the major complaint from KOA patients (Dessery et al.
[2014]). Therefore, a scale to evaluate subjective pain is a common tool to
investigate the e�ect of an intervention compared to baseline in research studies
(Fransen et al. [2015]). Two frequently used pain evaluation schemes are "visual
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analogue scale" (VAS) (McCormack et al. [1988]) and "Western Ontario and
McMaster Universities Osteoarthritis Index" (WOMAC) (Bellamy et al. [1988],
McConnell et al. [2001]). These are further elaborated upon in Section 2.2.1.

As mentioned previously, most patients experience multiple consultations
with the health care system before reaching a satisfactory result, which might
be due to the many risk factors for developing KOA and causing disease pro-
gression. Therefore, a concept of phenotyping has been developed (Dell’Isola
et al. [2016]), which makes it possible to divide KOA patients into subgroups
based on individual risk factors. This helps doctors to classify the patients and
choose the right treatment with the best possible outcome.

1.2 Common Treatments of KOA
Regardless of the cause for developing KOA, the main purpose of the available
interventions is to reduce pain, since this is the symptom with the largest e�ect
on activities-of-daily-living (Segal et al. [2009]). A reduced pain will increase
mobility and the possibility to remain as active as their ability and condition
allows to maintain a healthy lifestyle (Bennell et al. [2014]). Physical exercise
keeps the joint tissue occasionally loaded, which can prevent the knee joint
from unstable homoeostasis, since underloading is a critical factor regarding
KOA progression (Moelgaard [2015]) (see Figure 1.1 on page 3). This has
also been demonstrated by Wellsandt et al. [2016] who found a correlation
between reduced knee joint loads during gait and development of KOA in a
group with anterior cruciate ligament injury. This highlights the complexity
of the disease and how the patient always must evaluate the pain symptoms
against the physical ability.

Early intervention of KOA is one of the key factors to reduce disease pro-
gression and maintain quality-of-life (Du�ell et al. [2014]), and if the soft tis-
sue damages are still at an early stage, the disease is reversible, particularly
in younger people (Ding et al. [2010]). This means that an intervention can
change the joint from an unstable state to stable homoeostasis (see Figure 1.1
on page 3). Thus, identifying patients with early KOA is crucial to maintain the
possibility for reversing disease progression or at least manage the symptoms
through early intervention. According to recent �ndings, the early detection of
KOA, or risk factors for developing KOA, should be done with magnetic reso-
nance imaging (MRI) since the early knee structural changes, such as cartilage
defects, meniscal tears, subchondral bone expansion and bone marrow lesions,
are best assessed with MRI scans (Ding et al. [2010],Lowitz et al. [2013]). These
early structural changes ultimately lead to more severe cartilage loss over time,
causing irreversible radiographic osteoarthritis at a later stage as illustrated in
Figure 1.5.

Variants of treatment are available to manage the symptoms for KOA pa-
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tients, depending on the stage of the disease. These treatments include physical
activity (Fitzgerald et al. [2016]), pharmaceuticals such as non-steroidal anti-
in�ammatory drugs (NSAIDs) and acetaminophen (paracetamol) (McAlindon
et al. [2014]), shoe insoles (Skou et al. [2013]), knee braces (Brooks [2014])
and surgery (Gardiner et al. [2016]). However, as mentioned previously, the
main cause of disease, and therefore also the right treatment, can be di�cult
to determine (Dell’Isola et al. [2016]).

1.2.1 Physical Training
One of the core treatments to manage KOA and most often the �rst approach
is physical training, either on land or in water, to obtain weight loss, muscle
strengthening and joint �exibility (Kingsbury and Conaghan [2012], McAlindon
et al. [2014]). The treatment is recommended for all OA patients regardless of
disease severity, age, pain and functional status (Bennell et al. [2014]), and it
usually consists of lower extremity muscular strength training, joint mobility,
and aerobic exercises Fitzgerald et al. [2016].

Since most KOA patients are obese, weight loss through physical training
is crucial for these patients to reduce the load burden and pain in the knee
joints (Messier et al. [2005], Richette et al. [2011]). This intervention has also
shown to improve pain and physical function (Richette et al. [2011], Fransen
et al. [2015], Skou and Roos [2017]), and Hanna et al. [2007] showed a posi-
tive e�ect on knee cartilage in healthy women aged 40 to 67 years using solely
physical training. However, most studies claim that this treatment only pro-
vides small to moderate e�ect for KOA patients regarding physical function
and pain is even less a�ected (Bosomworth [2009], Fransen et al. [2015], Yusuf
[2016]). Some patients do not experience any improvements at all to physi-
cal training (Yusuf [2016], Bennell et al. [2014]), and those who respond well
to the treatment often only experience a short-term e�ect in the duration of
the intervention due to lack of adherence to the exercise therapy (Bosomworth
[2009], Bennell et al. [2014]).

The �ndings above suggest a more structured and personalised training
program is needed taking individual needs and preferences into account to
maintain participation from the patients. This has been achieved with a Danish
supervised neuromuscular exercise program by certi�ed physiotherapists under
the name "Good Life with osteoArthritis in Denmark" (GLA:DTM) (Skou and
Roos [2017]). Such a program provides a relatively cost-e�ective approach to
exercise prescription and maximises the adherence to the exercises (Bennell
et al. [2014]). Furthermore, the continuous monitoring by physiotherapists
maintains the quality of the performance and enhances positive exercise beliefs
and self-e�cacy in people with KOA (Skou and Roos [2017]).
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1.2.2 Pharmaceutical Treatment
The missing compliance with physical training may be due to the option of
pharmaceutical treatment, which is often as e�ective and therefore makes it
tempting for the patient to take the easy way (Bennell et al. [2014], Fransen
et al. [2015], Yusuf [2016]). This type of pain medicine is often used as the
mainstay for managing KOA symptoms starting with mild paracetamol and
moving on to stronger NSAIDs (Sofat et al. [2011]), and 56% of the included
KOA patients in the Danish GLA:DTM project used pain medicine within three
month before the study (Skou and Roos [2017]). Oral NSAIDs are among the
most common pharmaceutical approaches for KOA treatment (Carlson et al.
[2018]), and in 2012, this type of drugs was prescribed to 65% of all American
KOA patients (Gore et al. [2012]).

As opposed to the physical treatment, pharmaceuticals mainly reduce pain,
whereas the functional e�ects varies in the literature (Miller et al. [2020]).
Despite OA is an in�ammatory disease and NSAIDs have anti-in�ammatory
functionality acting as a disease-modifying agent at higher doses (Haroon et al.
[2012]), currently no scienti�c evidence exists suggesting drugs to e�ectively
alter or prevent the progression of osteoarthritis (Cro� [2013]).

Despite limiting side e�ects using small doses, a long-term use of NSAIDs
can accumulate the amount of toxicity and increases the risk of gastrointestinal
complications (Miller et al. [2020]). For this reason, oral NSAIDs are generally
recommended for intermittent or cyclic use and the OARSI guidelines strongly
advise against oral NSAIDs for patients with high comorbidity risk (McAlindon
et al. [2014]). This recommended limited use results in a reduced therapeutic
e�ectiveness of a pharmaceutical treatment since KOA patients most often
experience continuous pain (Gallelli et al. [2013]).

1.2.3 Orthoses
Since the physical and pharmaceutical treatments often only provide small to
moderate e�ects, orthoses can be used as additional low-cost intervention to
manage KOA. These mainly include knee braces and laterally wedged insoles
with the aim to mechanically unload the critical loaded joint structures, which
is expected to improve function and relieve knee pain (Brooks [2014], Brand
et al. [2017]). Since the centre-of-mass of the body is located medially with
respect to the knee joints, a knee varus moment, known as the knee adduction
moment (KAM), is generated during most activities of daily living. This mo-
ment contributes to an uneven load distribution in the knee causing the medial
compartment to carry up to 2.2 times more load than the lateral compartment
during midstance of gait in normally aligned knees (Gohal et al. [2018]).

Due to this in�uence on the internal load distribution, KAM is often used
as a surrogate for the internal medial-lateral load distribution in the knee joint
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(Gohal et al. [2018]) and therefore a target measurement for orthotic interven-
tions. Furthermore, both peak and mean KAM during normal gait is larger in
medial KOA patients than in healthy subjects (Baghaei Roodsari et al. [2017]),
for which reason both knee braces and insoles most often aim to reduce KAM.
This is believed to shift the compartment loads more laterally from infected
areas to healthy structures. However, this intervention type is still debated
in the literature with inconclusive results, both regarding shoe insoles (Parkes
et al. [2013], Xing et al. [2017], Shaw et al. [2018], Felson et al. [2019]) and knee
braces (Richard Steadman et al. [2016], Moyer et al. [2017], Gohal et al. [2018],
Moyer et al. [2015b]). Researchers are still in contradiction whether insoles or
knee braces are the most e�cient treatment for KOA patients (Baghaei Rood-
sari et al. [2017]), but studies indicate that the two intervention types combined
have a greater e�ect on KAM than if used individually (Moyer et al. [2013],
Moyer et al. [2017]). Insoles have been reported to be more comfortable and
less bulky than knee braces (Baghaei Roodsari et al. [2017]), which may be
the main reasons for a higher compliance in insole groups compared to brace
groups (Duivenvoorden et al. [2015b]).

1.2.4 Surgery
If a patient experiences severe KOA accompanied with poor quality-of-life and
all of the above non-invasive pharmacological therapies are no longer e�ective, a
total knee replacement, also known as a total knee arthroplasty (TKA), can be
used as a last resort (Bourne et al. [2010], BruyŁre et al. [2014]). The treatment
is cost-e�ective (Dakin et al. [2012]) and a very common procedure, which is
expected to increase in rate (Ravi et al. [2012], Chawla et al. [2017]). However,
TKA is an invasive procedure that puts patients at risk for complications such
as infection and venous thromboembolism (Healy et al. [2013]). Furthermore,
some patients experience postoperative pain (wen Li et al. [2019]), infection (Le
et al. [2014]) and aseptic loosening of the implants (Zimmerman et al. [2016])
after surgery, leading to mechanical instability and the need for revision surgery
(Pedersen et al. [2012], Le et al. [2014]). Revision rates after 10 years have been
estimated to 12% (Labek et al. [2011]), and a study by Bourne et al. [2010]
reported dissatisfaction in 19% of the patients receiving a TKA, especially the
patients below 70 years of age. This may be due to a signi�cantly higher
risk of revision for this patient group (Bayliss et al. [2017]), since younger and
more active patients increase wear of the implants (Fernandez-Fernandez and
Rodriguez-Merchan [2015]). Thus, TKA is reserved for the older patients with
severe OA, which proves the importance of non-invasive treatment to slow down
disease progression delaying the onset of late-stage KOA and thereby postpone
the need for surgery.

12



1.3. Knee Braces

1.3 Knee Braces
This PhD thesis deals with knee braces as a treatment for managing KOA
symptoms, and this section presents the concepts currently available on the
market and latest research within clinical tests. Additionally, the missing ele-
ments in the current state-of-the-art braces are presented to identify how the
work and results of this thesis can contribute to the research area.

As written in Section 1.2.3 on page 11, the main goal with a knee brace
is to unload the internal knee structures of the KOA patient. This can be
done in several ways and, according to the American Academy of Orthopaedic
Surgeons, knee braces can be �tted into four categories covering di�erent target
groups and needs (France and Paulos [1994]):

1. Prophylactic - prevent or reduce the severity of knee injuries in con-
tact sports, most often through protection against lateral impact causing
damage to the medial collateral ligaments (MCL)

2. Rehabilitative - stabilization of injured knees during rehabilitation by
limiting and controlling the joint motion, mainly extension angle after a
cruciate ligament injury to avoid hyper-extension

3. Functional - has the same stabilization properties as category 2 and
additionally applies a load

4. Patellofemoral - designed to protect patella from abnormal motion,
mainly medial/lateral, and relieve anterior knee pain

Since this thesis deals with KOA patients, the most interesting brace group
is category 3, functional braces, however most knee braces relate to multiple
groups. Knee braces can be divided into soft and hard types of which the
former typically refers to an elastic neoprene sleeve, which compresses around
the knee joint. Hard knee braces has a more advanced design and provides
stability, movement limitation, or passively applies an external load to reduce
internal joint loads and ensure joint alignment. These additional functionalities
provide protection against injuries, instability during activities and prevention
of a previous or current disease from developing (Beaudreuil et al. [2009]).
Thus, hard brace types have more potential to a�ect the related symptoms
in KOA patients and a study from Kirkley et al. [1999] evaluated hard knee
braces to be more e�cient regarding pain relief than neoprene sleeves.

The main focus in this thesis is on hard braces since this is the type that
will be developed in the project, but soft braces are explained shortly in the
following section.
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Soft Knee Braces

These elastic protection sleeves are simple braces with minor mechanical actions
including compression from its elastic synthetic �ber material such as neoprene
or elastic cotton (Segal [2012]), which passively applies a very small extension
moment during knee �exion. It is designed to stretch in certain directions to
provide joint stability and is therefore often recommended when returning from
a ligament injury.

Studies on OA patients wearing sleeves have demonstrated pain relief (Kirk-
ley et al. [1999], Mazzuca et al. [2004]), but the sti�ness and mechanical action
of these have been reported to be very low and basically negligible compared
to hard brace types (Pierrat et al. [2014b], Pierrat et al. [2014a], Birmingham
et al. [2008]). Pain reduction may be caused by an increase in blood �ow due to
the tight material and retaining of body heat in the joint. However, Mazzuca
et al. [2004] compared a normal sleeve with one specially fabricated for retain-
ing body heat but found no signi�cant di�erence in pain relief between the two
groups. Therefore, the cause for pain reduction is unclear but placebo e�ect
may have an in�uence. Another explanation can be homeostasis (Gardiner
et al. [2016]), which is explained in Section 1.1 on page 3.

Research indicates that knee sleeves are e�cient for treating patellofemoral
OA due to realignment of the patella, which increases the contact area with the
femur, leading to reduced stresses in this joint (Hunter et al. [2011], Callaghan
et al. [2015]). Nevertheless, a knee sleeve is a low cost solution and due to
its simple design, it �ts more easily and is less bulky than a hard knee brace,
which may be the main reasons for the slightly higher compliance for soft knee
braces among OA patients (Birmingham et al. [2008]).

Hard Knee Braces

This type of brace (referred to as brace in the rest of the thesis) can have a sleeve
base made of elastic fabric such as neoprene with a solid surrounding frame
of aluminium, polymer or carbon composite (Brooks [2014]). Sti� protection
sidebars are attached on either both sides (bilateral or dual upright brace) or
only one side (unilateral or single upright brace) of each brace cu�. These
sidebars are connected with a dual/biaxial hinge to connect the thigh and
shank cu�s (Brooks [2014]), and adjustable Velcro straps are used to tighten
and ensure best possible �t.

Two sidebars and a hinge joint combined is called an upright, and if the
main purpose of a brace is to avoid abnormal knee kinematics between femur
and tibia (category 1), it is usually a dual upright brace to increase the sti�ness
and stability. If the brace is solely for stabilising (category 2), blocks in the
hinge joints are used to limit the extension angle to avoid hyper-extension of
the knee. This kind of brace is often needed for patients with prior ligament
injuries leading to increased laxity of the joint, for which reason the brace
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should prevent abnormal joint loadings. This is, as mentioned in Section 1.1
on page 3, a risk factor for developing KOA. These two brace categories apply
no mechanical actions and are referred to as simple hinge braces. Although,
the ability to improve con�dence and function in KOA patients during gait has
been demonstrated with a simple hinge brace, unloading braces (category 3)
have shown higher bene�ts regarding pain relief and knee joint load reduction
during walking (Richards et al. [2005], Gohal et al. [2018]). Thus, it seems like
an additional unloading function is necessary when dealing with KOA patients.

As mentioned in Section 1.2.3 on page 11, the medial knee compartment
carries twice the load compared to the lateral, partly due to the external KAM.
This varus moment is generated from the ground reaction forces (GRF) between
the foot and the ground during stance phase (Kaufman et al. [2001]), which is
illustrated in Figure 1.6a. The size of the GRF depends on body mass and the
dynamical impact between foot and ground, whereas the lever arm to the knee
centre is controlled through the mechanical alignment of the thigh and shank
bones. Additionally, cartilage deterioration rate depends highly on joint loads
(Radin et al. [1991]) for which reason the risk of having medial KOA is much
higher than lateral KOA (Segal [2012]). Therefore, most of the unloader knee
braces on the market are designed to unload the medial compartment (Dui-
venvoorden et al. [2015a]). Furthermore, due to the aforementioned focus on
KAM, the most common brace type is a valgus brace, which applies an exter-
nal valgus moment to counteract KAM (Brooks [2014], Moyer et al. [2015a]).
This moment is believed to redistribute the internal joint loads to less a�ected
structures and thereby slow down the disease progression and increase the mo-
bility of the joint. The counteracting brace moment can be applied in di�erent
ways, but the most common is the so-called three-point leverage system (Ebert
et al. [2014]), which is shown in Figure 1.6b. This approach uses an adjustable
force strap to produce a medially directed force (F1) on the lateral side and
two laterally directed forces (F2 and F3) at the side bar ends on the medial
side, transferring a valgus moment through the joint (Pollo et al. [2002]).
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(a) (b)

Fig. 1.6: A right leg illustrating a) KAM, which depends on the ground reaction force and
the moment arm (picture from Khalaj et al. [2014]), and b) the three-point leverage system
for applying a counteracting valgus moment (Mv) by means of the three forces F1, F2 and
F3 (modi�ed picture from Pollo et al. [2002]).

Although the majority of KOA patients su�er from medial OA, obviously
the unloading principle in Figure 1.6b is also applicable for lateral KOA patients
by using the same principle to apply a varus moment to unload the lateral
compartment.

1.3.1 Latest Research
Knee brace treatment is cost-e�ective with the potential to postpone the need
for surgery (Lee et al. [2017]), and especially valgus knee braces have shown
positive results regarding pain relief, knee compressive force reduction and func-
tionality during gait in medial KOA patients (Brandon et al. [2019], Brand et al.
[2017], Ostrander et al. [2016]). However, although the positive outcome sup-
ports brace use, there is currently no biomechanical evidence suggesting that
the reduction of knee compartment loads signi�cantly slows down disease pro-
gression (Richard Steadman et al. [2016]). Furthermore, some studies found
none or only small e�ect from the use of knee bracing (Ebert et al. [2014],
Duivenvoorden et al. [2015b], Moyer et al. [2015c]), which highlights the incon-
clusive evidence of bracing treatment.
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Knee Adduction Moment

The varying e�ect from knee braces may be due to the predominant focus on
the external KAM when evaluating the e�ect (Richard Steadman et al. [2016],
Petersen et al. [2016], Brand et al. [2017]), which is based on the intuitive
link between KAM and the compressive forces in the medial compartment.
However, these two biomechanical factors may not be directly related since a
reduced KAM does not guarantee a reduction of medial knee contact forces
(Walter et al. [2010]). The correlation between KAM and cartilage damage
has been investigated by Brisson et al. [2016] who only observed a correlation
for obese subjects with a Body Mass Index (BMI) above 30. However, obese
patients can be challenging to treat with knee braces due to the thickness of
soft tissues.

When combining �ndings from Fantini Pagani et al. [2010b] with in vivo
measurements, the reduction of the external KAM is 2-3 times higher than the
observed reduction in medial KCF (Kutzner et al. [2011]). This correlates well
with (Baghaei Roodsari et al. [2017]) who estimated a 3% reduction in KAM
would cause a reduction in medial KCF of 1%, which may be the reason for the
varying e�ect from valgus braces. Fantini Pagani et al. [2010a] tested a neutral
brace and a 4 degrees valgus brace and, despite a lower KAM for the valgus
brace, the same e�ect was observed regarding pain and functionality. In vivo
knee load data from Walter et al. [2010] revealed the best correlation between
the two variables at late stance (second peak), whereas Kutzner et al. [2013]
found the strongest correlation during early stance (�rst peak), also using in
vivo data.

Another approach for assessing brace e�ect in vivo is using �uoroscopy to
evaluate bone separation. Nadaud et al. [2005] reported medial condyle sep-
aration in most subjects with a valgus brace at heel strike, midstance and
toe-o�. However, at these stages the knee experiences the lowest compressive
loads during the gait cycle (Kutzner et al. [2011]), and therefore the separation
signi�cantly decreased when taken an average over the whole stance phase. A
study by Haladik et al. [2014] did not report any condyle separation during val-
gus bracing, which underlines the need for including additional biomechanical
factors other than KAM.

Knee Flexion-Extension Moment

The �ndings above illustrate the inconclusive relationship between KAM and
medial KCF and in vivo studies suggest that additional biomehanical factors
in�uence the joint loads and thereby a�ect brace e�ectiveness (Walter et al.
[2010], Kutzner et al. [2011], Meyer et al. [2013]). An alternative predictor of
peak medial compartment force was proposed to be the knee �exion-extension
moment (KFM), which has also been suggested based on in silico studies (Ku-
mar et al. [2013], Manal et al. [2015a], Meireles et al. [2016], Stoltze et al.
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[2018], Richards et al. [2018]). The KFM has been proposed to be an indicator
of the net muscular contraction across the knee joint (Meyer et al. [2013]), and
each muscle contraction contributes to the internal joint loads (Herzog et al.
[2003], Walter et al. [2010], Meyer et al. [2013]). Thus, both the KAM and
KFM need to be considered to evaluate the e�ect from an orthosis, which may
explain the varying response from KOA patients wearing valgus braces.

An increased concern regarding the role of KFM on KCF has been ob-
served in the literature when dealing with valgus braces (Creaby [2015]), since
the in�uence of the muscle contractions makes it hard to know if the medial
compartment is unloaded by the applied valgus moment (Moyer et al. [2017]).
As mentioned, in vivo knee load data suggests, that a reduction of medial com-
partment load requires 2-3 times higher reduction of KAM for which reason it
may require an uncomfortably large applied valgus moment to obtain a sat-
is�ed load reduction. Simulations by Miller et al. [2015] show that the joint
contact force is reduced almost twice as much from gait modi�cations minimis-
ing both KAM and knee �exor muscle activity compared to only minimising
KAM. This indicates that both KAM and KFM play a role in the joint loads
but despite of these �ndings, knee braces are often evaluated on the ability to
decrease KAM. Several studies claim to unload the medial compartment with
a valgus brace during walking based on a reduction of KAM, both in OA pa-
tients (Baghaei Roodsari et al. [2017], Maleki et al. [2016], Jones et al. [2013],
Dessery et al. [2014]) and healthy subjects (Hall et al. [2019], Orishimo et al.
[2013]). Furthermore, a review by Petersen et al. [2016] has KAM outcome as
an inclusion criterion, which limits the brace evaluation signi�cantly since other
biomechanical factors, which potentially could lead to a larger load reduction,
are not considered.

Both peak KAM and peak KFM has been demonstrated as signi�cant pre-
dictors of the medial KCF (Manal et al. [2015b]), but a combination of the
two improves the prediction signi�cantly (Walter et al. [2010], Manal et al.
[2015b]). This correlates well with in silico results in a study by Stoltze et al.
[2018] showing how a reduction in KAM and KFM a�ects the KCF, both in-
dividually and combined. The study demonstrated the potential for unloading
the �rst peak total KCF through KFM reduction in early-stance whereas a
reduced KAM only shifts the load from one compartment to the other.

According to (Manal et al. [2015b]), the Grand Challenge 2012 in vivo data
set revealed an increase of peak medial contact force from 1.80 BWs during
normal gait to 2.57 BWs during medial thrust gait despite a reduction in peak
KAM. This is expected to be due to an increased knee �exion angle at the
�rst peak, which is common when performing this type of gait modi�cation
(Walter et al. [2010], Fregly et al. [2007]). A larger �exion angle requires a
larger knee extension moment when approaching mid-stance leading to higher
KCF. Thus, if a valgus brace causes a patient to walk with medial thrust due to
the applied moment, it may not have the intended e�ect. An increase of KFM
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has been observed during normal gait when wearing a valgus brace (Moyer et al.
[2017], Jafarnezhadgero et al. [2018]), which may increase joint loads despite a
reduced KAM. This is consistent with a study by Walter et al. [2010] who also
observed reduced �rst peak KAM but not a reduced medial compartment load,
whereas the second peak medial compartment load was reduced despite no
change in second peak KAM. Similarly, an increase in KAM has been observed
in gait strategies which reduce KFM (Jenkyn et al. [2008], Favre et al. [2016]),
concluding that a reduction of one may cause the other to increase and the
KCF could be unchanged or increased.

Unloading Concepts

An alternative to the traditional three-point leverage system for applying a
valgus moment was presented by Hangalur et al. [2018], who developed an up-
right, which was used to apply an adjustable moment. The moment was solely
applied from potential energy stored in the pre-tensioned uprights eliminating
the need for the force strap in Figure 1.6 on page 16. The new design was
reported to be more comfortable than a conventional valgus brace and thus
could be used for longer periods of time.

Another way of reducing the medial compartment load is simply by distrac-
tion of tibia and femur as attempted with the Odra brace (Orthoconcept Inc.,
Laval, QC, Canada). This has a rack and pinion gear inducing translational
motion when the knee is extended and no e�ect when the knee is fully �exed
(Dessery et al. [2014], Laroche et al. [2014]). However, it seems unlikely that an
applied distraction force to femur and tibia would e�ciently unload the knee
due to soft tissue and possible migration of the brace up or down the leg. Ad-
ditionally, the Odra brace has external rotation of tibia during knee extension
which may be inspired from studies showing that altering the foot progression
angle laterally, known as toe out, decreases the KAM during walking and stair
climbing (Guo et al. [2007], Jenkyn et al. [2008]). Both Dessery et al. [2014]
and Laroche et al. [2014] indicate a decreased KAM with the Odra brace but
as previously mentioned, this does not provide su�cient information about the
joint loads.

Recent studies have investigated two di�erent knee braces providing knee
extension assistance to reduce the KFM; the OA RehabilitatorTM brace (Guar-
dian Brace, Pinellas Park, Florida) (Cherian et al. [2015]) and the Levitation R

Tri-Compartment Unloader (Spring Loaded Technology Inc., Halifax, Nova
Scotia, Canada) (McGibbon et al. [2021]). Both braces store potential en-
ergy during knee �exion and assist knee extension. The Rehabilitator brace
was compared to standard of care treatments in a prospective, randomized
trial study including patients with Kellgren-Lawrence grades 3 to 4 (Cherian
et al. [2015]). The braced patients demonstrated signi�cant improvements in
muscle strength, several functional tests, and patient-reported outcomes when
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compared to the matched cohort. It seems contradictory to obtain increased
muscle strength when using an intervention with the aim of assisting muscle
activation, but maybe the ability to be more active provides the additional mus-
cle activation compared to the control group. The levitation brace has been
tested in silico based on deep knee bend motion data providing a reduction in
total KCF of up to 27% body weight (McGibbon et al. [2021]). Budarick et al.
[2020] compared the applied moment for angles 0-90 degrees revealing that the
Levitation brace provides the largest assistive moment indicating this brace to
be the most e�cient in reducing muscle loads among those currently on the
market.

1.3.2 Limitation of Current Knee Braces
Despite the extensive research and development work of knee braces, some lim-
itations are still present. Both regarding the scienti�c studies and the function
of the common braces on the market, which are presented in the following
sections.

Subject-speci�c Data

As previously explained, the scienti�c evidence for bracing is missing and the
mechanical e�ects and the biomechanical understanding remains unclear (Dui-
venvoorden et al. [2015a], Gohal et al. [2018]). Furthermore, the pain reduction
and biomechanical behaviour vary with both the intervention device and the
patient (Pierrat et al. [2014b], Segal [2012], Duivenvoorden et al. [2015b]).
Since all humans are unique, individual assessment and intervention for mus-
culoskeletal dysfunctions are typically required, which is also the case for KOA
(Zhang et al. [2010]). As mentioned in Section 1.3.1, the intervention depends
on the cause of KOA, since only certain phenotype groups respond positively to
speci�c treatments (Dell’Isola et al. [2016], Deveza et al. [2017]). Thus, identi-
fying the di�erent phenotypes can optimise the treatment, so a pre-screening of
the patients would provide valuable clinical information to include the correct
subjects for the investigated treatment in clinical studies. If e.g. mechanical
overloading is responsible for the disease progression, the patient most likely
responds well to knee bracing whereas patients with chronic pain due to cen-
tral sensitisation or high levels of in�ammatory biomarkers may obtain a more
e�cient e�ect from NSAIDs. A pre-screening session, analysing activities-of-
daily-living with motion capture and MS modeling, could be a way to iden-
tify the patient group who experiences mechanical overload of the knee joint.
These biomechanical analyses provide information on the individual patient’s
anatomy, gait pattern and joint properties, which can be used to assess the
most suitable type of orthosis to match the speci�c patient. However, very
few studies consider the cause of KOA when including patients, indicating the
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lack of evidence may be a consequence of missing in-depth understand of what
factors have initiated the condition, and how this in�uences the individual
biomechanical behavior in the a�ected joint.

The expression "custom brace" is often seen in the literature (Petersen
et al. [2016]) demonstrating the e�ort to match a brace to the individual
patient. Although studies rarely specify what has been customised or �tted
to the included subjects (Ramsey et al. [2007], Moyer et al. [2013], Dessery
et al. [2014], Jafarnezhadgero et al. [2018]), it is assumed to be based on limb
size and morphology (Moyer et al. [2015a]). Arazpour et al. [2014] custom-
moulded knee braces from a cast of each subjects lower extremity, whereas
Draganich [2006] made custom braces based on anthropometric measurements.
The custom-made braces are believed to improve the �tting and comfort com-
pared to o�-the-shelf braces and thus enhance compliance. However, �tting a
brace according to the outer leg contour only takes the leg surface and knee
alignment into account. The brace is not �tted to the size of the applied loads
and external moments, which would be possible to take into account by us-
ing MS models. Roberts et al. [2017] identi�ed three KOA subgroups based
on gait characteristics; biphasics, �exors and counter-rotators. The biphasic
group exhibited a larger knee extension moment in the early stance phase and
a signi�cantly larger KAM than the other two groups, indicating that this
group is best suited for conservative treatments designed to apply an external
moment. MS models can be used to identify which group a patient falls under
and determine which treatment is most appropriate.

According to Brooks [2014], 42 OA-speci�c knee braces existed on the mar-
ket in January 2013, including both custom and o�-the-shelf braces, which has
increased since then. The large amount of di�erent braces makes it di�cult to
select the correct type and design for the speci�c patient. Physiotherapists and
GPs highly rely on patient feedback, which mostly depends on the comfort of
wearing the brace. However, a study from Pierrat et al. [2014b] indicated that
the most comfortable brace is not necessarily the best choice regarding stability
and function. This emphasizes the need for subject-speci�c biomechanical anal-
yses to determine the best-suited orthosis, which has the potential to reduce
consultant time with the health care system.

Compliance

Most studies are limited to examining immediate brace e�ect without including
long-term e�ects and compliance, which highly a�ect the treatment (Gohal
et al. [2018] ,Parween et al. [2019]). Large variability in compliance has been
observed, ranging from one to 27 hours a week (Hart et al. [2016]) and below two
to more than eight hours a day (YU et al. [2015]). Despite pain relief, brace
compliance for KOA patients has been reported to decrease already beyond
one-month period (Moyer et al. [2015a], Squyer et al. [2013]) and the chance
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for continued use of brace beyond the �rst year has been estimated to be
approximately 25% (Squyer et al. [2013]). However, according to Lee et al.
[2017] it requires at least two years of bracing to avoid surgery.

Another challenge in long-term studies is the high dropout rate. A study
by Brouwer et al. [2006] experienced discontinued bracing from more than 30%
of the participants within the 12 months completion period, and similarly less
than 60% of the total amount of participants completed week 52 in a study by
(YU et al. [2015]).

Multiple reasons for lack of compliance have been reported such as dis-
comfort (Brandon et al. [2019], Jones et al. [2013]), bad �t (Van Raaij et al.
[2010]), skin irritation (Van Raaij et al. [2010]) and aesthetic aspects (Squyer
et al. [2013]). Discomfort may arise from the applied valgus moment acting in
an "unatural" direction of the knee motion. Most medial KOA patients have
a varus-aligned knee (Brouwer et al. [2006]), and thus it would seem obvious
to apply a valgus moment to realign the knee joint. However, Van Raaij et al.
[2010] failed to reduce varus malalignment using a valgus brace, which may re-
quire a large valgus moment to achieve. A valgus adjustment of up to 10 degrees
is possible with e.g. the Donjoy De�ance OA brace (DJO Global, Guildford,
UK). However, wearing a brace with eight degrees for a longer durations of
time have shown discomfort in patients (Kutzner et al. [2011]), which most
likely causes lower compliance. Thus, some patients with large malalignment
might be more suited for an alternative bracing approach, which MS models
would be able to detect. Furthermore, reduced �exion angle wearing a valgus
brace during gait has been reported by Dessery et al. [2014], which could be
due to unwanted limitation or discomfort from the brace.

Placebo

The e�ect size of placebo in KOA treatment has been estimated to 0.52 (Zhang
et al. [2008]), which mostly a�ects the subjective measurements. This makes
it di�cult to determine whether outcome measures are changing due to the
function of a knee brace, or because the subject expects the device to improve
functionality. The latter was investigated by Balsamo et al. [2018] who tested
two identical braces on healthy subjects who were told one brace could dynam-
ically adapt to the speci�c gait. The study did not observe any di�erences in
gait kinematics between the two braces, but most participants preferred the
altered sti�ness brace, both before and after testing. This is called "placebo
analgesia" and highlights the importance of including a placebo group when
subjective measurements, such as pain, are used to evaluate orthotic devices.
However, out of 198 included studies in a meta-analysis by Zhang et al. [2008],
only three studies included a placebo group in addition to untreated control
groups and those three studies con�rmed the e�ect of placebo based on im-
provement from baseline.
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Placebo e�ect from braces can be evaluated by comparing measurements
with a passive/neutral brace without any function. A study from Moyer et al.
[2015b] observed a signi�cant reduction in pain and functional improvement
between a valgus brace group and a non-brace control group. However, the
standardized mean di�erence for pain dropped 60% and the functional e�ect
was omitted when comparing the brace group with knee braces in neutral posi-
tion. Furthermore, Fantini Pagani et al. [2013] investigated muscle activity in
KOA patients while comparing a neutrally aligned brace with a 4 degrees valgus
brace and trials without brace. The neutrally aligned brace increased stability
and functionality from reduced co-contractions, which may be due to psycho-
logical reasons of enhanced con�dence when wearing a device. Similarly, in a
previous study by Fantini Pagani et al. [2010a], the same neutral brace had the
same e�ect as a 4 degrees valgus brace regarding pain relief and improvement
in function. The same e�ect was observed by Ramsey et al. [2007] who found
no di�erence between a neutrally aligned knee brace and a valgus brace. Simi-
larly, Haladik et al. [2014] found bracing to be e�ective in improving pain and
function through WOMAC scores but no change was observed in medial nor
lateral compartment joint space based on in vivo �uoroscopy measurements.
A placebo condition would have demonstrated whether the improved outcome
was caused by the applied valgus moment.

KOA patients often show increased level of muscle co-contractions com-
pared to healthy subjects (Trepczynski et al. [2018]), for which reason patients
are sensitive to reduced activation of antagonist muscle groups leading to lower
KCF. It is well known that muscle co-contractions are reduced in the lower ex-
tremity muscles for patients wearing an unloader brace (Ramsey et al. [2007],
Fantini Pagani et al. [2013], Brandon et al. [2019]), for which reason the ef-
fect from conventional valgus braces may partly be caused by decreased muscle
contractions rather than the applied valgus moment. This may be the rea-
son why valgus bracing on healthy adults does not lead to reduced KCF (Hall
et al. [2019]), indicating a potential placebo e�ect is partly responsible for pos-
itive patient feedback from bracing. This may be caused by reduced muscle
co-contractions through psychological e�ects, which could be investigated by
including a placebo condition. Generally, the inclusion of blinded placebo in-
vestigation will enhance the level of evidence in clinical studies using subjective
measurements for evaluation.

Total Load Reduction

The main purpose of valgus braces is to shift the load from one compartment
to the other without any reduction of the total KCF. Thus, long-term use of a
valgus brace for medial KOA patients may have a negative e�ect on the lateral
compartment and vice versa due to the redistributed load from the applied
valgus moment (Brandon et al. [2019], Felson et al. [2019]).
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As mentioned previously, the Levitation brace from Spring Loaded Technol-
ogy applies a passive knee extension moment, using liquid compression springs
to reduce muscle loads with the purpose of reducing the total KCF (Budarick
et al. [2020]). However, the applied moment is limited when used for gait due to
a large �exion angle in the swing phase, which has been reported to be approx-
imately 60 degrees for KOA patients (Richards et al. [2005]). At this angle the
Levitation brace applies approximately 11 Nm (Budarick et al. [2020]), which
most likely a�ects the lower limbs negatively during swing phase regarding toe
clearance. This forces the tibialis anterior muscle to apply ankle dorsi-�exion
and increased activation of the knee �exor muscles. Since the KCF are usually
relatively small during swing phase (Kutzner et al. [2011]), increased muscle
loads in this phase will increase the loads and stresses in articular surfaces,
which are not suited for high loads. Thus, it would be preferable to limit the
applied extension moment to the stance phase only, although this would make
the brace design more complicated.

The Levitation brace has only been tested in silico assuming rigid con-
nection between brace and leg, and only for healthy subjects performing large
knee �exion angles during deep knee bends (Budarick et al. [2020], McGibbon
et al. [2021]). Soft tissue movements will in�uence the load transfer from the
brace to the leg and reduce the e�ect from the applied moment, which would
be much smaller during gait compared to a deep knee bend. The peak knee
�exion angle during stance phase of gait has been reported to be 19 degrees
in early stance for KOA patients (Heiden et al. [2009], Richards et al. [2005])
and at this angle, the Levitation brace would apply an extension moment of
approximately 5 Nm (Budarick et al. [2020]). The required extension moment
in early stance is highly individual, so 5 Nm may be su�cient to signi�cantly
reduce the KCF in some patients, but clinical tests of this type of knee brace
are needed to validate the approach in KOA patients.
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Due to the lack of evidence for knee bracing, the overall aim with this thesis
is to provide a better understanding of the biomechanical factors for optimi-
sing a subject-speci�c intervention and thereby improve the treatment through
bracing. The main aims with the work of this project are to 1) analyse various
approaches for e�ciently unloading the knee joint and 2) develop and experi-
mentally test a subject-speci�c prototype knee brace using a concept based on
the �ndings in step 1) and investigate the e�ect on pain during gait. The pro-
totype brace should have an adjustable design, which can be �tted individually
and thereby improve the brace treatment of KOA compared to existing braces
on the market. Most of these conventional braces aim to shift the load from one
compartment to the other, whereas the prototype should be able to reduce the
total knee compressive forces (KCF). The individual adjustment of the proto-
type is based on measured parameters, which are collected in a work�ow using
advanced biomechanical analyses to minimise the loads in the a�ected joint.
Thus, the outcome from this project is expected to have the potential to ad-
vance the state-of-the-art by ensuring the intervention to e�ectively minimise
the joint loads for every patient. This provides the patients a greater chance
for initially choosing the correct intervention, improving quality-of-life without
multiple consultations with the healthcare system.

The aim above will be achieved with three studies of which the �rst has
analysed how applied moments around the hip, knee and ankle joints a�ect
the knee compressive forces. The second study explains the development and
testing of a prototype knee brace on a healthy subject, using a novel unload-
ing approach and, in the third study, the same prototype is tested on a KOA
patient. The introduced unloading concept is not limited to a single compart-
ment, like a conventional valgus brace, but reduces the KCF of the entire knee
joint. Furthermore, the prototype is adjustable to obtain individual treatment,
which is tested to validate the potential of the unloading concept.

2.1 Concept of New Device
The concept of the prototype knee brace is similar to the aforementioned Le-
vitation brace, which applies a passive knee extension moment from stored
potential energy. The amount stored increases with �exion angle and is re-
leased during knee extension compensating for the extensor muscles.

Based on the current research, presented in Section 1.3.1 on page 16, a
reduced muscle activation is expected to decrease the internal KCF relieving
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pain in KOA patients. However, as described in Section 1.3.2 on page 20,
the Levitation brace is limited in function due to large knee �exion angles in
the swing phase during gait, which restricts the constantly applied extension
moment. Therefore, the developed prototype has an activation switch allowing
the applied extension moment to operate only through stance phase and being
disabled during swing phase. This gives the opportunity to apply a much larger
extension moment achieving a greater e�ect than possible with current braces.
A similar brace activation was presented by Reinsdorf et al. [2019], who added
the activation switch to a valgus brace and only applied an abduction moment
during stance phase to avoid discomfort. The brace concept developed for this
project is illustrated in Figure 2.1.

Fig. 2.1: Illustration of the brace concept which uses stored spring force during �exion to
apply a knee extension moment. This compensates for muscle forces causing a reduction of
the internal knee compressive forces.

Individual 3D CAD models of the brace cu�s are constructed based on a
surface scan of the leg to obtain the best possible �t and comfort, which is
expected to improve compliance. These cu�s have been manufactured with
3D printing, which is a common manufacturing technique within custom foot
orthoses, ankle-foot orthoses and prosthetics (Chen et al. [2016]). Despite the
advantages of additive manufacturing compared to traditional casting (Chen
et al. [2016]) and accurate scanning tools are available for 3D surface scans
(Dessery and Pallari [2018]), the manufacturing approach is rarely seen for
knee braces (Dessery and Pallari [2018]). The use of cu�s based on 3D leg
surface scans is to ensure a proper brace �tting and comfort when wearing the
brace. The two cu�s are connected on each side with commercial OAK hinges
(Fillauer LLC, Chattanooga, USA).
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Furthermore, the intervention is adjusted individually based on patient-
speci�c gait analyses, which is expected to improve the brace intervention for
knee OA patients. As shown in Figure 2.1, the applied moment is generated
from stored energy in springs and the spring sti�ness is chosen according to
the individual KFM estimated with musculoskeletal (MS) models of the initial
biomechanical gait analyses. The models predict the KCF in silico by including
biomechanical properties, ground reaction forces (GRF) and motion data, and
the estimated joint loads are used to de�ne the optimal set of brace parameters
for the speci�c patient. Additionally, the timing of the activation switch is
based on the available gait data to ensure the moment is applied correctly.
The amount of individual data, used to �ne-tune the intervention, will provide
greater knowledge about the biomechanical interaction between the brace and
the subject. Thus, a more valid choice of parameters can be made to reduce
muscle activation and minimise KCF for each patient.

An illustration of the work�ow for brace adjustment and testing is shown
in Figure 2.2.

Fig. 2.2: The work�ow for obtaining individual data to adjust and test the brace prototype.
Step 1) includes gait data recording and musculoskeletal modeling to identify the necessary
brace moment and other brace settings. In Step 2), the prototype brace is designed based
on leg surface scans, and the chosen settings are evaluated with in silico analyses in Step 3).
Finally, the prototype brace is experimentally tested in Step 4).
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2.2 Evaluation Methods
The knee joint complexity entails great challenges when designing a new inter-
vention for which reason the biomechanical e�ects of the prototype have been
analysed and validated with experimental tests. This section presents the tools
for obtaining the data to evaluate the brace concept developed in this PhD
project.

2.2.1 Pain score
Despite the high in�uence of joint load on KOA, many studies focus on pain as a
frame-of-reference when validating knee braces (Baghaei Roodsari et al. [2017])
since this is the leading cause of chronic disability and reduced quality-of-
life (Heidari [2011]). Furthermore, self-reported physical functioning is mainly
governed by pain in KOA patients (Nur et al. [2018]) since this is the most
important outcomes to improve, according to the patients (Gohal et al. [2018]).

Pain is a very challenging subjective sensation, which easily can be obscured
by placebo e�ects (Doherty and Dieppe [2009]). Di�erent pain measurement
scales have been proposed (Bellamy et al. [1999]). The standardized Western
Ontario and McMaster Osteoarthritis Scale (WOMAC) is widely used within
OA research (McConnell et al. [2001], Bellamy [2005]) evaluating three sub-
scales; pain, sti�ness and physical function based on health status question-
naires, which are answered with a score (McConnell et al. [2001]). The score
interval can vary depending on the used version, but generally the outcome
measure of the WOMAC questionnaire gives a good indication of whether an
intervention has had an e�ect or not (Duivenvoorden et al. [2015a]). The in-
cluded submeasures are convenient for long-term interventions to evaluate the
overall e�ect over time. Alternatively, if solely pain is validated during a tempo-
ral intervention, the visual analogue scale (VAS) is a common tool (McCormack
et al. [1988], Bellamy et al. [1999]). This is a visual continuous 100 mm long
pain score ranging from 0 to 10, but is often scaled to 0-100 (Downie et al.
[1978]). 0 is no pain at all and 10 (or 100) is the most unbearable pain ever
experienced, which works well to investigate an instant change in pain between
baseline and an intervention. Since the prototype brace is planned to be tested
as a short temporal intervention to investigate the in�uence on muscle activa-
tion, the VAS score is used to evaluate the brace e�ect on pain. This pain score
is a simple subjective measure and has been widely used in the literature to
evaluate knee valgus braces (Fan et al. [2020]).
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2.2.2 Electromyography
The concept of applying a knee extension moment is similar to the function of
knee exoskeletons, which assist the motion of the lower limbs for various activi-
ties and reduces muscle activity (Park et al. [2014], Karavas et al. [2015], Shep-
herd and Rouse [2017]). Therefore, studies on exoskeletons usually measure
electromyography (EMG) activities to validate the e�ect (Yan et al. [2015])
and the same method will be used to validate the e�ect from the prototype
brace.

Since KOA patients exhibit altered muscle activation characteristics com-
pared to asymptomatic controls (Heiden et al. [2009]), an EMG protocol is
required taking into account patient anthropometrics, pain, ability to repeat
trials and di�culties in producing maximal e�ort activations during some acti-
vities (Hubley-Kozey et al. [2013]). If these factors are considered when design-
ing the study, EMG measurements on KOA patients have shown to be reliable
outcomes for test-retest studies (Hubley-Kozey et al. [2013]). Therefore, the
prototype brace has been designed for easy modi�cation to test di�erent set-
tings and to reduce study duration.

2.2.3 Musculoskeletal modeling
Although muscle contractions contribute to the internal KCF, a poor relation
has been shown between EMG signals and internal knee joint loads during
gait (Meyer et al. [2013]). Therefore, MS models will be used to estimate how
the prototype brace a�ects the KCF, since this is expected to a�ect pain and
disease progression. The accuracy of MS models depends on several parameters
to estimate realistic muscle and joint loads (Lund et al. [2015], Marra et al.
[2015]) and the more subject-speci�c parameters included in the models, the
more accurate results will be obtained. However, the main purpose of the
included studies is to investigate a load reduction compared to baseline and not
necessarily predict very precise joint loads, so the amount of subject-speci�c
data will be limited in this work. Additionally, di�erent validation techniques
have been proposed to ensure the validity of the models (Lund et al. [2012],
Hicks et al. [2015]) and if these are considered, MS models are capable of
evaluating the joint kinetics accurately during gait (Marra et al. [2015]).
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3. Thesis Outline
This chapter presents the main outlines for the remaining chapters of the thesis.

Chapter 4 analyses in silico how applied moments around the lower ex-
tremity joints a�ect the knee compressive forces (KCF). The study presents
both the joint loads when applying individual moments and when combined
moments are applied simultaneously and the results demonstrate how muscle
contractions a�ect internal KCF.

Chapter 5 describes a developed prototype knee brace with a concept
based on the study presented in Chapter 4 and explains the work�ow to obtain
an individual adjusted brace to e�ciently reduce KCF and pain. The study
includes experimental tests of the prototype on a single healthy subject for
a proof-of-concept and the results seem promising for the chosen unloading
concept.

In Chapter 6, six KOA patients are analysed during gait to investigate the
muscle activation and gait characteristics for this patient group. Additionally,
the prototype brace from Chapter 5 is tested on one of the patients by applying
the work�ow presented in Chapter 5. The aim of this study was �rstly to apply
the new concept on a patient and secondly to examine the brace e�ect on pain.

The �nal Chapter 7 presents the key �ndings of the thesis and how this
thesis contributes to the research within the area. Additionally, the limitations
and future work are discussed, and concluding remarks wrap up the thesis
outcome.
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7. Discussion
This �nal chapter sums up and discusses the main �ndings, the contribution of
the results to the research society and the limitations of the conducted studies.
Additionally, subjects for future work within this research are suggested and
lastly concluding remarks are presented.

7.1 Summary of Key �ndings
The key results from the three publications within the thesis are presented in
this section. Paper I investigated how applied moments around the joints in the
lower extremity in�uence the internal knee compressive forces (KCF) and was
used to determine the most e�cient brace concept regarding KCF reduction.
Paper II introduced a prototype knee brace using an unloading concept based
on the results from Paper I and the current research. Furthermore, Paper II
presented a work�ow for individual adjustment of the prototype, and the e�ects
on internal KCF were demonstrated with both simulations and experimental
tests on a single healthy subject. Paper III investigated gait behaviour of six
knee osteoarthritis (KOA) patients to determine whether the developed concept
is valid to apply on this patient group. The developed concept from Paper II
was applied in silico on all patients and the prototype was experimentally
tested on a single patient.

Paper I - On the biomechanical relationship between applied hip,
knee and ankle joint moments and the internal knee compressive
forces

This paper used in silico results to determine the optimal intervention concept,
which was used as basis for designing a prototype brace for the next studies.
Musculoskeletal (MS) gait models of ten healthy subjects were used to simulate
the e�ect of externally applied moments on the internal KCF. The moments
were applied whenever needed around the two local axes perpendicular to the
coronal and sagittal plane of the hip, knee and ankle joints. The magnitude
was de�ned as a certain percentage of the net moment around the respective
axis needed during normal gait without any intervention. Initially, each of
the six moments were applied individually with 20, 40, 60, 80 and 100% of
the net moment and for each load case, the total, medial and lateral KCF
were computed and compared with a baseline case with no external moments
applied. All results presented in this chapter are for the 40% load case.
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Among the investigated moments, hip �exion-extension (HFM), knee �exion-
extension (KFM) and ankle plantar�exion-dorsi�exion (APM) provided the
largest reduction of the total KCF at various times during the stance phase.
These three moments reduced muscle activation leading to a reduction of the
knee joint loads, and the e�ect of HFM and APM moments on KCF is due to
biarticular muscles. HFM and KFM mainly a�ected the �rst peak of the total
KCF, revealing reductions of 8.8% and 13.5%, respectively, by compensating
for rectus femoris and quadriceps muscle activation, respectively. Additionally,
KFM reduced the impulse of the total KCF by 15.7%. APM solely reduced
the second peak with 11.4% through a reduced gastrocnemius activation, and
these results demonstrated the potential for reducing joint loads using a brace
concept, which compensates for muscle loads.

The applied knee adduction moment (KAM) showed the largest e�ect on
the medial KCF, reducing the �rst and second peaks by 13.5% and 11.5%,
respectively. However, as expected, this moment shifted the joint loads causing
an increase of the lateral compartment load by 30.1% and 23.8% for the �rst
and second peaks, respectively, leaving the total KCF una�ected.

These �ndings suggested moments in the sagittal plane to be most e�cient
regarding reduction of the total KCF, and KFM to obtain the largest reduc-
tion of the impulse. However, if combining the applied moments in the sagittal
plane, larger reductions of the KCF and impulse were achieved. The combi-
nations HFM+KFM, HFM+APM and KFM+APM reduced the �rst peak by
24.1%, 9.4% and 13.7%, respectively, and second peak by 16.7%, 17.8% and
22.6%, respectively. Additionally, applying all three moments simultaneously,
yielded even larger reductions, although this combination would be very chal-
lenging to include in a brace-like intervention. Even a combination of two
moments would be di�cult to comprise into a slim design, for which reason the
concept of applying moments in the sagittal plane, was limited to a single joint
in this thesis. The results did not reveal a clear suggestion of the best suited
intervention, which will most likely vary between patients, so similar in silico
analyses can be made before a treatment is prescribed.

Paper II - Development and Functional Testing of An Unloading
Concept for Knee Osteoarthritis Patients: A Pilot Study

The second paper applied the �ndings in Paper I to develop a prototype knee
brace and is therefore considered as a proof-of-concept case study. A work�ow
to adjust the brace individually was established and tested on a single healthy
subject to investigate the e�ect on muscle activity and internal joint loads
during normal gait. The prototype brace applies a knee extension moment
from stored potential energy in springs and the sti�ness of these can be chosen
individually. To avoid interference during swing phase, a switch mechanism
ensures that the brace moment is only applied in the early stance phase to
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target the �rst peak KCF.
Initially, the prototype brace concept was tested in silico using MS models

revealing a 35.9% reduction of the �rst peak total KCF and a 38.2% reduction
of the impulse. Additionally, the medial and lateral compartment loads were
reduced 24.4% and 6.2% respectively, illustrating the potential of the unloading
concept.

Subsequently, experimental tests were conducted to support the simulated
results using EMG measurements and motion capture recordings. Various
spring sti�nesses were used and it was hypothesised that a larger sti�ness
would cause a larger muscle activity reduction compared to normal gait without
brace. The target muscles were mainly vastus medialis (VM), vastus lateralis
(VL) and rectus femoris (RF) and the peak activation of VM was reduced with
up to 37%. VL and RF on the other hand increased with up to 43.8% and
7.7% respectively, for which reason the KCF could have been expected to be
unchanged or even increased. However, according to the MS models, the pro-
totype brace reduced the �rst peak KCF and the impulse with up to 24% and
9.1% respectively. The estimated knee �exion-extension muscle moment in the
MS models was reduced with up to 10 Nm when wearing the brace going from
32 Nm to 22 Nm. The joint kinematics of the lower extremity di�ered when
wearing the brace, so it is uncertain how much of the e�ect is due to these
kinematic changes and how much the applied moment is responsible for.

The paper concluded that the concept of applying a knee extension moment
has the potential to e�ciently reduce the total KCF by compensating muscle
activation. However, this study only included a single healthy subject and
since the brace is intended for delaying KOA progression and reducing pain,
the concept needed to be tested on KOA patients.

Paper III - Evaluation of an Unloading Concept for Knee Osteoarthri-
tis: A Pilot Study in a Small Patient Group

Paper III included a small group of KOA patients and the in silico brace was
analysed with MS models for all patients in the same way as in Paper II. The
reduction of the �rst peak total KCF varied from 3.5% to 33.8%, and this large
variation was expected since the �rst peak knee �exion-extension muscle mo-
ment ranged from 4.2 Nm to 59.6 Nm. Likewise, the medial and lateral �rst
peak KCF reduction ranged from 0.1% to 24.4% and 18.4% to 56%, respec-
tively. This illustrated the importance of including biomechanical analyses to
determine which patients are suited for a speci�c intervention.

The knee brace prototype was tested on one of the patients with the same
work�ow as in Paper II, resulting in a VM muscle activity reduction of up to
28.7% whereas the VL and RF muscle activation increased with 2% and 18.3%,
respectively. The MS models estimated the �rst peak total KCF to be reduced
with up to 26.3% but the impulse increased with up to 13.7% due to a larger
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second peak KCF. The applied brace moment peaked at 8.5 Nm causing the
�rst peak knee �exion-extension muscle moment to be reduced with 37.5%.
Similar to the subject in Paper II, the joint kinematics of the lower extremity
deviated when wearing the brace prototype compared to normal gait without
brace, which most likely in�uenced the results. Additionally, the gait speed
was generally higher for the trials without brace, with a mean of 3.0 km/h,
compared to the braced condition, ranging from 2.1 to 2.9 km/h. The gait
speed in�uences muscle activation (Den Otter et al. [2004]), for which reason
the reduced gait speed could have caused lower KCF. However, the gait speed
was also reduced in the placebo condition, where no moment was applied but
without the patient’s knowledge. For this condition, the �rst peak of the KCF
was larger when compared to the active braced conditions, demonstrating the
e�ect of the applied brace moment. Furthermore, these �ndings highlight the
importance of having a placebo condition to detect what factors in�uence the
outcome. After each condition, a VAS pain score was evaluated but no e�ect
was observed for this measure.

The �ndings of this paper concluded that not all KOA patients are suited
for this brace concept so initial gait analyses are needed before prescribing this
intervention. The experimental results illustrated the potential of reducing
KCF despite an increased VL and RF muscle activity, but more patient tests
are needed to draw any conclusions. Although no immediate pain relief was
detected, a future long-term study of the brace method may imply a pain
reduction.

7.2 Contributions and Impact
The initial in silico results from Paper I demonstrated the complexity of the
knee joint and the challenge of detecting the contributors to the internal knee
joint loads, since the muscles crossing the hip and ankle also in�uence the
KCF. Similar biomechanical analyses of patients can be used to detect the best
suited intervention and increase the chance for a positive outcome from bracing
to improve quality of life. The outcome of the analyses indicate at which peri-
ods the di�erent interventions unload the knee joint during the gait cycle, and
similar results could be obtained for other activities. Thus, if a patient com-
plaints about knee pain at a speci�c time during a certain activity, the analyses
can indicate which intervention would be most e�cient regarding reduction of
joint loads, which can lead to pain relief. The results indicate whether the pa-
tient needs a valgus brace, a knee extension brace or another brace type either
strapped around the hip, knee or ankle joint. These information combined with
the recent knowledge of phenotyping in KOA patients (Dell’Isola et al. [2016],
Deveza et al. [2017]) can potentially reduce the amount of consultations with
the health care system, since the correct intervention can be chosen initially
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leading to a costly advantage for the society (Neogi [2013]).
The functionality of the developed prototype is similar to the commercially

available Levitation brace from Spring Loaded Technology (McGibbon et al.
[2021]). A questionnaire has been used to collect individual evaluation of this
brace (Budarick et al. [2021]) to assess pain, function and physical activity in
KOA patients, but no experimental studies have been conducted to scienti�-
cally support this type of intervention. This thesis has experimentally tested
and demonstrated the potential of the method in papers II and III. The ef-
fect from the prototype brace was supported by collecting the forces in the
springs to estimate the transferred extension moment to the leg by means of
MS models. When this is combined with estimated muscle and joint loads, the
actual e�ect is more clear minimising the in�uence from placebo and other psy-
chological factors. The main di�erence between the tested prototype and the
Levitation brace is the activation switch that enables the possibility of apply-
ing a larger moment, and thus larger KCF reduction, compared to a constantly
applied moment. Since the used unloading method of applying a knee exten-
sion moment is acting in the "moving" degree of freedom of the knee, unlike
a valgus brace, it most likely feels uncomfortable to wear a brace applying an
extension moment during the swing phase. Thus, the activation switch can
have a positive impact on the compliance, since discomfort represents a large
part of the complaints among patients using a valgus brace (Brandon et al.
[2019]). Improved compliance ensures a long-term use of bracing, which is one
of the main challenges: to maintain the use of knee braces beyond the �rst
year (Squyer et al. [2013]). This will help postponing the need for surgery and
thereby reduce the chance for revision operations (Kurtz et al. [2009]). Fur-
thermore, if the patient experiences an improved e�ect from the new brace,
the compliance will most likely increase since lack of e�ect is another reported
complaint among patients (Brouwer et al. [2006]).

The developed work�ow, including gait analysis to determine the magnitude
of the applied brace moment, helps ensuring the correct brace settings to obtain
the most e�cient unloading and improved functionality of the patient. The
possibility of choosing among an additional unloading concept, besides the
conventional valgus braces, will provide more options for the physiotherapists
and therefore increases the chance for prescribing the correct treatment. This
is ensured with the biomechanical analyses, which will most likely improve the
scienti�c evidence of bracing since an individual intervention can be provided.

Lastly, unlike a valgus brace, the approach of decreasing KCF through
reduced muscle contraction has the potential to reduce the load in the entire
knee joint instead of only unicompartment reduction. Thus, the new brace
method can be used to treat both tibio-femoral and patella-femoral OA, and
thereby improve functionality in more patients.
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7.3 Limitations and Suggestions for Future Work
The main limitation of the studies within this thesis is the cohort size including
a healthy subject and a patient for brace testing. Additionally, six patients
were investigated with in silico brace testing, so no general conclusions can
be made based on the results. A large variation of the knee muscle moment
was observed across the six patients in Paper III, so more KOA patients are
required to investigate the prevalence of potential subjects for the developed
brace method. Additionally, the prototype must be tested on more patients to
determine the e�ect from the brace on KCF and pain.

The prototype brace has only been examined temporally including short-
term e�ect but the response may be di�erent for longer gait trials. Fantini
Pagani et al. [2010a] observed a positive e�ect from a valgus brace in short gait
trials but no e�ect during longer gait trials of 6 minutes duration. This indicates
that the prototype brace should have been tested for longer gait trials on e.g. a
treadmill. Similarly, only immediate pain relief can be observed and the short
duration of each trial may be the reason for the patient to only report minor
changes in the VAS pain score. A signi�cant pain reduction may require longer
gait trials to detect. The lack of pain relief could also be due to the patient
walking barefoot, which has been shown to increase medial loading during the
latter period of stance (Jones et al. [2015]). Thus, if the patient walked with
shoes, a reduced pain may have been observed. Furthermore, some patients
with advanced KOA can experience an increased responsiveness in the pain
receptors causing an increased pressure pain sensitivity as well (Skou et al.
[2016]). This can be relevant, if the brace provides pressure around the knee
causing the pain to increase no matter how much the knee is unloaded.

A meta-analysis by Fan et al. [2020] concluded that no clinical evidence
supports long-term e�ects from valgus braces on pain improvement and func-
tional activity. Thus, if long-term studies can demonstrate positive e�ects from
the developed brace concept, including reduced knee pain, joint functionality
and quality-of-life, the scienti�c evidence can have a positive impact on the
compliance, since the results are based on feedback from KOA patients. The
studies within this thesis have presented the brace e�ect based on both peak
loads and impulse, of which the latter is a measure of loading over the entire
stance period. However, in a study by Bennell et al. [2011], only the impulse
of KAM at baseline was associated with cartilage volume loss at a 12 month
follow-up suggesting cumulative loading to be stronger associated with KOA
progression than peak loading. Thus, the joint load impulse should be used
as target measure when adjusting the knee brace in long-term studies. The
e�ect from a reduced muscle �exion-extension moment is limited to the �rst
peak KCF in early-stance whereas the second peak in late-stance is governed by
gastrocnemius muscle contraction (Stoltze et al. [2018], Brandon et al. [2019]).
Thus, an additional ankle brace can be added to obtain an even larger impulse
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reduction, and if using stored potential energy to apply an ankle moment, in-
spiration can be found in Collins et al. [2015] who used a spring to compensate
for the gastrocnemius muscle leading to reduced energy consumption during
gait.

Long-term studies would require a more slim brace design. A lighter version
of the prototype brace could be inspired by the Levitation brace which uses
a liquid compression spring and a tension member crossing the hinge joint
to generate the extension moment. This brace only applies a moment in the
lateral upright but the developed prototype applies the moment equally in both
hinges. It is expected, that most patients need a relatively large moment to
gain an e�ect and if this is applied in only a single upright, the brace may rotate
internally/externally. Additionally, the activation switch must be installed with
a compact printed circuit and e.g. a solenoid instead of a stepper motor to
obtain a less bulky design. Currently, the Arduino boards are powered through
a USB cable, so a battery package will be needed to allow mobility with the
brace.

When computing the in silico e�ects from the prototype brace in the MS
models, the contact formulation between the brace and leg is rigid without
any damping, which should be included to provide more accurate results. If
additional subject-speci�c data are collected, the individual amount of soft
tissue can be taken into account, predicting the brace e�ect more precisely,
since the results from the MS models are the basis for the brace settings. Thus,
an improved contact formulation will most likely provide an initially optimal
treatment causing less post adjustment when the brace has been provided to
the patient. However, the brace must still be designed with the ability to be
adjusted regularly to adapt any future changes in the patient’s gait style after
prescription. Similarly, the brace cu�s must adapt to any changes of the leg
surface caused by e.g. changed muscle volume. Despite the cushioning, the 3D
printed brace cu�s are too sti� to ensure a tight �t if the leg circumference
decreases over time. This will cause the brace to slide down more easily, so a
more elastic material for the cu�s may be advantageous.

Another limitation of the in silico results in this thesis is the lack of kine-
matical changes when simulating the applied moments in Paper I and the e�ect
from the simulated brace in papers II and III using inverse dynamics analy-
ses. Kinematic alterations a�ect the muscle force prediction and thus also
the internal joint loads (Guess et al. [2014]). Additionally, antagonist mus-
cle co-contractions have not been considered in this thesis. The phenomenon
increases with KOA severity (Richards and Higginson [2010]) and has been
observed during bracing (Ramsey et al. [2007]). Thus, co-contractions must be
included in the MS models to estimate realistic KCF in KOA patients when
evaluating an intervention. Recent studies demonstrated that valgus braces
reduce quadriceps/hamstring and quadriceps/gastrocnemius co-contraction ra-
tios (Moyer et al. [2015a]) and the recorded EMG data can be used in future
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work to investigate whether the prototype brace has the same e�ect.
Generally, limitations in the MS models should be addressed to improve the

models and estimated results in future studies. Typical improvements, without
using time-consuming subject-speci�c data, are the joint degrees-of-freedom,
muscle model, and objective function for the optimisation problem (Moissenet
et al. [2017]). Several of these model parameters are chosen to obtain faster
analyses, so a time-e�ective work�ow will compromise the accuracy of the es-
timated outcome. These loads also depend on the measured kinematics, so
any deviations in these measurements will cause errors in the kinetics. The
individual kinematic data provide information on knee alignment, joint angles
and gait speed, which is useful information when choosing the right treatment.
Furthermore, the estimated joint and muscle loads from the MS models provide
additional knowledge for obtaining a successful unloading of the internal joint
structures. Thus, experienced personnel should be responsible for collecting
motion data to provide correct information of the patient’s gait patterns and
best possible basis for choosing an optimal patient-speci�c treatment.

The experimentally investigated intervention in papers II and III is limited
to the prototype knee brace, so the e�ects on KCF are only measured based
on the approach of unloading muscles from an applied knee extension moment.
Future studies testing this approach may consider comparing the results with a
conventional valgus brace to assess the two unloading concepts. Additionally,
the concept with an activation switch can be compared with a Levitaion brace,
which applies a constant extension moment. This moment can be estimated
based on the �exion angle of the brace, found with e.g. optical markers, and a
calibrated sti�ness of the brace, which can be estimated using a test setup as
in Budarick et al. [2020]. The same approach has been used for valgus braces
to estimate the applied abduction moment (Brandon et al. [2019]). The com-
parison between the developed brace method and conventional valgus braces
would provide an indication of the future potential for being the dominant
brace approach since valgus braces are the most common unloading concept on
the market (Brooks [2014]). However, due to the unclear scienti�c evidence,
unloading braces are much less frequently used compared to other non-invasive
treatments such as NSAIDs and intra-articular joint injections (Gohal et al.
[2018]). Thus, a novel subject-speci�c unloading concept may be necessary
to obtain an e�cient brace treatment and thereby acknowledgement from the
patients. However, it is important to note that too much unloading is not ben-
e�cial since reduced knee joint loading has been associated with early KOA due
to underloading of the articular cartilage (Wellsandt et al. [2016], Moelgaard
[2015]). Furthermore, the overall aim with the prototype brace is to compen-
sate the quadriceps muscle group, but knee extensor muscle weakness is a risk
factor for development of knee osteoarthritis (Øiestad et al. [2015]). However,
reduced KCF is expected to enable a more active lifestyle for the KOA patients,
due to reduced in�ammation and pain, which maintains muscles strength and
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keeps the knee articular structures healthy and improves the general health
(Skou and Roos [2017]).

A major challenge with the concept of applying a knee extension moment
at speci�c periods during an activity is to identify which activity the patient
is performing. The prototype in this project is programmed to activate and
deactivate only during gait, so if the patient e.g. starts to walk on stairs or
sits down, the applied moment will interfere with the intended motion. The
Levitation brace avoids this issue by using a constantly applied moment but
this also sets a limit to the magnitude of the moment in the interest of the swing
phase and hence reduces the e�ect. It requires live recordings from e.g. inertial
measurement unit combined with arti�cial intelligence to detect the current
activity and the correct activation timing. Additionally, force myography of the
extensor muscles can contribute with information on when to activate the brace.
This approach identi�es when the muscles contract based on surface pressure on
the skin and is common within exoskeletons to detect human intention (Islam
et al. [2020]). The pressure combined with the knee �exion angle can be used
as input for the activation switch to achieve a comfortable and safe knee brace
concept.

7.4 Concluding Remarks
The aim with the work behind this dissertation was to advance the �eld of knee
bracing for KOA patients. The bene�ts from the currently available products
are debated by researchers for which reason a prototype brace was developed
using a novel unloading principle. The principle was determined based on in
silico results from Paper I and the prototype was tested on a healthy subject
in Paper II and a KOA patient in Paper III. The intervention settings were
based on MS modelling taking individual biomechanical factors into account to
increase e�ciency. Although no e�ect on pain was reported during the tests,
the prototype revealed positive e�ect regarding reduced muscle activation and
internal KCF.

According to Paper III, not all KOA patients are suited for the developed
brace approach suggesting that biomechanical analyses are necessary to pre-
scribe the correct intervention and obtain a more e�cient treatment. These
analyses are part of a work�ow, which should be included in the consultation
and therefore needs to be easy to conduct for the health personnel.

If a more slim design can be achieved in the future with the same applied
moment and an improved activation switch, the developed brace method is ex-
pected to have the potential to improve intervention quality for KOA patients.
However, this must be demonstrated with large scale experimental tests and
further development of the knee brace design.
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