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ABSTRACT 

Munukka, Matti 
Exercise as stimulus for cartilage health in knee osteoarthritis 
Jyväskylä: University of Jyväskylä, 2018, 104 p. 
(JYU Dissertations 
ISSN 2489-9003; 35) 
ISBN 978-951-39-7597-5 (PDF) 
Finnish summary 
Diss. 
 
Knee osteoarthritis (OA) is a leading cause of musculoskeletal pain and disabil-
ity and has significant socio-economical costs globally. There is no known cure 
for OA. Therapeutic exercise has been shown to evoke acute positive post-
treatment effects on pain and function. Even though cartilage degeneration is 
crucial in OA progression, there is sparse knowledge about exercise effects on 
osteoarthritic cartilage. The purpose of this study was to investigate the efficacy 
of aquatic resistance training on the estimated biochemical composition of tibio-
femoral cartilage and the association between leisure time physical activity 
(LTPA) and tibiofemoral cartilage in postmenopausal women with mild knee 
OA.  

This study utilizes data from a large randomized controlled trial (RCT) in-
tervention project, AquaRehab (ISRCTN65346593). In 4-month progressive 
aquatic resistance training (RCT) and in 12-month LTPA follow-up studies, the 
biochemical composition of the knee cartilage was evaluated using T2 relaxa-
tion time and dGEMRIC index quantitative MRI methods in 87 postmenopausal 
women with mild knee OA. Cardiovascular fitness, muscle force, symptoms, 
quality of life and self-assessed function were also measured. Additional data 
from our previous RCT intervention project, LuRu (ISRCTN58314639), was uti-
lized in a cross-sectional study assessing the association between neuromuscu-
lar performance and lower limb bone strength in 139 postmenopausal women 
with mild knee OA. 

The 4-month progressive aquatic resistance training resulted in positive re-
gional changes in mildly osteoarthritic knee cartilage and improved cardi-
orespiratory fitness. Also, there was a significant decrease in self-assessed stiff-
ness in the training group compared to controls. In addition, higher LTPA level 
was related to regional improvements in knee cartilage quality during a 12-
month follow-up period. Further, neuromuscular performance predicted lower 
limb bone strength in every measured skeletal site in women with knee OA. 

In conclusion, continuously implemented physical activities may result in 
regional adaptation in mildly osteoarthritic knee cartilage and a positive effect 
on cardiorespiratory fitness and self-assessed knee stiffness. 
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1 INTRODUCTION 

Osteoarthritis (OA) is the most common form of arthritis and a leading cause of 
pain and disability in older adults that develops slowly over years (Loeser et al. 
2012). Knee OA accounts for 83% of the total OA burden and overall OA has 
significant socio-economical costs globally (Vos, Flaxman & Naghavi 2012, Lit-
wic et al. 2013). OA is referred to as a slowly progressive degenerative joint dis-
ease (Loeser et al. 2012) and characterized by degeneration of articular cartilage, 
intra-articular inflammation with synovitis and changes in subchondral bone 
(Goldring & Goldring 2007). Also, biochemical changes in the composition of 
cartilage, such as decrease in the glycosaminoglycan content (GAG) and loss of 
integrity of collagen matrix, are characterized by early OA (Goldring & 
Goldring 2010). Further, it has been suggested that subchondral bone may have 
an important role in the progression of OA, as a mechanical damper and as a 
source of inflammatory mediators implicated in the OA pain process and in the 
degradation of the deep layer of cartilage (Berenbaum 2012).  

OA is considered a whole-organ disease which is amenable to prevention, 
reducing the symptoms in early stages (Roos & Arden 2016). The prevalence of 
symptomatic knee OA and knee pain has approximately doubled in women 
and tripled in men over a period of 20 years (Nguyen et al. 2011). The preva-
lence of knee OA rises with age. The global prevalence of radiographically con-
firmed symptomatic knee OA was estimated to be 4.8% in females in 2010, and 
it peaked at around 50 years of age (Cross et al. 2014). In Finnish women, the 
prevalence of clinically diagnosed knee OA is 36% in the age group of 85 years 
and older (Arokoski et al. 2007). However, defining OA has proven to be prob-
lematic as in most research OA has been defined by radiographs without con-
sidering other structural findings (Roos & Arden 2016). Further, up to 50% of 
patients with radiographic knee OA do not experience regular pain and up to 
50% with knee pain do not have any radiographic features of OA (Lawrence, 
Bremner & Bier 1966). Nevertheless, as the population ages throughout the 
world, larger numbers of osteoarthritic people require health services. Thus, 
preventive strategies, i.e. interventions, to control this socio-economic burden 
are needed. 
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There is no known treatment or cure for OA (McAlindon et al. 2014). Evi-
dence-based clinical guidelines recommend weight loss, exercise and education 
as the early treatment of OA (Roos & Arden 2016), i.e., the focus of OA man-
agement is on the reduction of the symptoms and the decreased function asso-
ciated with the disease (McAlindon et al. 2014). Irrespective of type (aerobic or 
strength) or modality (aquatic or land), therapeutic exercise has been shown to 
evoke acute posttreatment effects in achieving these goals (Uthman et al. 2013, 
Fransen et al. 2015). The biochemical properties of cartilage can be maintained 
with an active lifestyle with participation in exercise by both healthy humans 
(Tiderius et al. 2004, Teichtahl et al. 2009) and animals (Kiviranta et al. 1988, 
Brismar et al. 2003). Further, in a recent systematic review (Bricca et al. 2017) 
investigating the impact of a daily exercise dose on cartilage composition and 
thickness in healthy animals, it was shown that a high daily dose of exercise 
may have negative effects and a moderate daily dose positive effects on animal 
cartilage matrix composition. Even though the author highlighted that only 50% 
of findings from animal studies predict human outcomes, this promotes the 
need for further studies of humans in order to better understand the effects of 
different types and doses of exercise on articular cartilage. Randomized con-
trolled trials on human cartilage are sparse (Roos & Dahlberg 2005, Multanen et 
al. 2014, Koli et al. 2015, Hawezi et al. 2016), but there are promising results 
showing that exercise interventions can improve the estimated biochemical 
properties of both tibiofemoral (Roos & Dahlberg 2005) and patellofemoral 
(Koli et al. 2015) cartilage. Importantly, despite the training modality and carti-
lage region investigated, none of the aforementioned exercise interventions 
were harmful to the knee articular cartilage and exercise was well tolerated by 
these study populations (Roos & Dahlberg 2005, Multanen et al. 2014, Koli et al. 
2015). 

The main purpose of this thesis was to investigate the efficacy of progres-
sive 4-month aquatic resistance training on the estimated biochemical composi-
tion of tibiofemoral cartilage, physical function, OA-related symptoms and 
quality of life. Also, the association between 12-month leisure time physical ac-
tivity (LTPA) and cartilage health in postmenopausal women with mild knee 
OA was investigated. As far as we know, no randomized controlled trial has 
been performed in OA population to investigate the efficacy of aquatic re-
sistance training on the biochemical composition of tibiofemoral cartilage. Fur-
ther, to our knowledge, we are also the first to follow participants’ LTPAs daily 
during the 4-month intervention period and the 12-month follow-up period in 
this population. Better understanding of the interactions between physical ac-
tivity and cartilage health in osteoarthritic population will produce practical 
help when assessing physical activity levels for cartilage-quality-related exer-
cise interventions and also in clinical rehabilitation. Additional purpose of this 
thesis was to research whether neuromuscular performance predicted lower 
limb bone strength in different lower limb sites in postmenopausal women with 
mild knee OA. 



  

2 REVIEW OF THE LITERATURE 

The joints and the skeletal system represent important homeostasis by holding 
bones together in a way that allows for movement and flexibility (Tortora Der-
rickson 2006, 258-261). Joints are functional units that transfer mechanical loads 
and impacts, i.e. absorbs shocks, between adjacent bones during normal daily 
activities (Arokoski et al. 2000, Neumann 2002, Griffin & Guilak 2005). Bones 
provide rigid support for the human body, and due to their structure bones are 
able to bear huge amounts of weight (Tortora Derrickson 2006, 172). Joints are 
structurally classified as one of the following types (based on the presence or 
absence of a synovial cavity and the type of connective tissue that binds the 
bones together): 1. fibrous joints (immovable, no synovial cavity), 2. cartilagi-
nous joints (allow little or no movement, no synovial cavity) and 3. synovial 
joints (highly mobile, synovial cavity) (Tortora & Derrickson 2006, 258-261). The 
majority of limb joints are synovial, such as the knee joint, and the articular sur-
faces of the bones are covered with articular cartilage (Palastanga, Field & 
Soames 2006, 23). In this doctoral thesis, which investigates relation between 
physical activity and knee OA, synovial knee joint is under close investigation.  

2.1 Knee osteoarthritis 

2.1.1 Anatomy and function of a knee joint 

The knee joint, i.e. tibiofemoral joint, is the most complex and largest joint of the 
human body. It is a hinge joint which consists of three joints within a single 
synovial cavity: medial and lateral tibiofemoral joints and patellofemoral joint. 
In a knee joint, convex condyles on the distal end of the femur connect with two 
rounded concave condyles at the proximal end of tibia, permitting mainly flex-
ion and extension movements with slight medial and lateral rotation. The patel-
la lies proximal to the knee joint line when standing in a relaxed position, and 
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patellar ligament attaches between the apex of the patella and the tibial tuberos-
ity. Femoral condyles articulate with the nearly flat surfaces of the tibia, which 
are held in place by an extensive ligamentous capsule and large muscles. Thus, 
the stability of the knee is based primarily on its soft tissue constraints rather 
than on its bony configuration. As foot is in direct contact with the ground, the 
soft tissues of the knee are often subjected to large forces from both external 
sources and muscles. Therefore, cartilage and ligament injuries are two com-
mon consequences of the large functional demands placed on the knee (Tortora 
& Derrickson 282-283, Neumann 434-436). 

 

2.1.2 Articular cartilage 

Articular cartilage is supplementary to bone, forming wherever rigidity, elastic-
ity and strength are required. It is aneural and avascular tissue, which is nour-
ished by tissue fluids (Tortora & Derrickson, 126-130). There are three main 
types of cartilage in the human body: hyaline, fibrous and elastic cartilage (Hall 
2005, 33). In this doctoral thesis, “cartilage” or “articular cartilage” indicates 
hyaline cartilage as it is the most common cartilage and is typically found in a 
diarthrodial synovial joint. The role of knee cartilage is to bear burden, resist 
tensile, shear and compressive forces, distribute impacts to subchondral bone 
and allow bones to move smoothly against each other due to its nearly friction-
less surface (Buckwalter, Mankin & Grodzinsky 2005, Eckstein, Hudelmaier & 
Putz 2006). Healthy cartilage is light, smooth, firm, slippery and elastic in order 
to ensure that bones move easily without friction (Loeser et al. 2012), and it is 2 
to 4 mm thick depending on location (Fox, Bedi & Rodeo 2009).  

Articular cartilage is connective tissue comprising of only one unique cell 
type, chondrocytes, which are embedded within a dense extracellular matrix 
(ECM) (Houard, Goldring & Berenbaum 2013). Chondrocytes make up about 1% 
of the volume of adult human cartilage and contain the organelles necessary for 
matrix synthesis. They are highly specialized metabolically active cells that play 
a unique role in the development, maintenance and repair of the ECM, even 
though cartilages ability to heal from injury or disease is generally poor. Chon-
drocytes also synthesize type II collagen, large aggregating proteoglycans (PG) 
(Buckwalter, Mankin & Grodzinsky 2005, Fox, Bedi & Rodeo 2009). ECM con-
sists of two main components: tissue fluid, out of which 70-80% is water inter-
acting with macromolecules and structural macromolecules such as type II col-
lagen and the large aggregating PG aggrecans. The network of collagen fibers, 
mainly type II collagen, gives cartilage its tensile strength, stiffness and cartilag-
inous framework, whereas proteoglycans, with their highly negatively charged 
glycosaminoglycans (GAGs), provide compressive strength, viscoelasticity and 
lubricative traits allowing water to fill this molecular network as it can bind up 
to 50 times its weight in water (Buckwalter, Mankin & Grodzinsky 2005, Fox, 
Bedi & Rodeo 2009, Dahlberg et al. 2012). 

Articular cartilage contains different zones with respect to depth from the 
articular surface and has a regional organization around the chondrocytes 
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(Poole et al. 2001). The layers of articular cartilage include the superficial tan-
gential zone (STZ) (10-20%), middle zone (40-60%), deep zone (30%), calcified 
cartilage, tidemark and subchondral bone (Mandelbaum et al. 1998, Fox, Bedi & 
Rodeo 2009) (Figure 1). In the superficial zone, the chondrocytes are flattened 
and aligned parallel to the surface together with a very polarized close-knit or-
ganization of thin collagen fibers protecting the deeper layers. Chondrocyte 
density is lower in the middle (transitional) zone, as it contains proteoglycans 
and the collagen fibers are arranged obliquely and have a larger diameter. The 
middle zone provides functional and an anatomic bridge between the superfi-
cial and deep zones, being the first line to resist compressive forces. The deep 
zone contains the largest diameter collagen fibers, the highest proteoglycan con-
tent and the lowest water concentration, being responsible for providing the 
greatest resistance to compressive forces. The chondrocytes are arranged in co-
lumnar orientation, parallel to the collagen fibers (Poole et al. 2001, Buckwalter, 
Mankin & Grodzinsky 2005, Fox, Bedi & Rodeo 2009). 

 

 

FIGURE 1 A cross-sectional diagram of healthy articular cartilage. 1: Cellular organization 
in the zones. 2: Collagen fiber architecture. Adapted from Buckwalter et al. 1994.  

A variety of proteoglycans, such as aggrecan, which is present in the articular 
cartilage, are the second largest group of macromolecules in the ECM after col-
lagen. They consist of a protein core with one or more glycosaminoglycan 
(GAG) chains covalently attached (Fox, Bedi & Rodeo 2009). In the articular car-
tilage ECM, most aggrecans associate with hyaluronic acid and link proteins, or 
small noncollagenous proteins to be more specific, to form proteoglycan aggre-
gates (Figure 2). This aggrecan formation helps proteoglycans anchor within the 
ECM, preventing their displacement during tissue deformation (Buckwalter, 
Mankin & Grodzinsky 2005). GAGs form long strings of negative charges that 
repel one another and other negatively charged molecules. This negative charge 
attracts osmotically active cation ions, causing water molecules, which bind to 
PGs, to rush into the matrix, initially creating a swelling hydrostatic pressure 
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(Lu et al. 2004, Buckwalter, Mankin & Grodzinsky 2005, Fox, Bedi & Rodeo 
2009).  
 

  

FIGURE 2 Production and structure of collagen, proteoglycans and glycosaminoglycans. 
Adapted from Bucwalter & Martin 1995.  

 
Articular cartilage is subjected to a variety of dynamic and static loads. Com-
pressive, tensile and shear forces during joint loading cause the fluid within the 
articular cartilage matrix move, resulting in an immediate increase in interstitial 
fluid pressure dampening and distributing loads within cartilage to subchon-
dral bone. Increased pressure causes the fluid to flow out of the ECM, and 
when the compressive loading is removed, interstitial fluid flows back into the 
tissue (Buckwalter, Mankin & Grodzinsky 2005, Fox, Bedi & Rodeo 2009). Nu-
trition of the articular cartilage takes place during this diffusion from synovial 
fluid. Without a direct supply of nutrients via blood vessels, chondrocytes de-
pend primarily on anaerobic metabolism (Fox, Bedi & Rodeo 2009). Regular, 
cyclic loading of the joint enhances PG synthesis (making cartilage stiff), carti-
lage nutrition and the removal of catabolites from the cartilage. Further, carti-
lage that is regularly subjected to high levels of stress shows a higher cell vol-
ume, higher content of PGs and is stiffer (Arokoski et al. 2000), whereas inactiv-
ity of the joint has been shown to lead to the degradation of cartilage (Buckwal-
ter & Mankin 1998). Also, abnormal loading or cartilage related injury may 
compromise this metabolism equilibrium and lead to the loss of articular carti-
lage, its biochemical properties and normal function, leading to the clinical syn-
drome of OA (Arokoski et al. 2000, Buckwalter, Mankin & Grodzinsky 2005). 

Age determines the composition of ECM, and even though the total num-
ber of chondrocytes remains essentially unchanged, aging causes zonal changes 
in the distribution of chondrocytes. In the superficial zone, chondrocytes start to 
dissipate, whereas an increase can be observed in the deeper layers (Fox, Bedi & 
Rodeo 2009, Loeser et al. 2012). The aging of articular cartilage may lead to car-
tilage degeneration, including the fraying, i.e. surface fibrillation, and the sof-
tening of the articular surface (Martin & Buckwalter 2002). Aging also decreases 
hydration, tensile strength and the stiffness of the matrix, with a corresponding 
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increase in compressive stiffness. This may affect subchondral bone, which may 
be directed with higher forces as cartilage loses its ability to undergo reversible 
deformation, increasing the risk of joint degeneration (Martin & Buckwalter 
2002, Buckwalter, Mankin & Grodzinsky 2005, Fox, Bedi & Rodeo 2009). Also, 
during aging, the tidemark separating calcified from non-calcified cartilage du-
plicates itself and moves towards the articular surface. Therefore, the conse-
quent thinner rim of non-calcified cartilage leads to increased shear stress, and 
thus, increased cartilage vulnerability (Felson & Zhang 1998).  Furthermore, 
decreased cell function, the size and aggregation of proteoglycan aggrecans, the 
ability of chondrocytes to maintain and repair the tissue, responsiveness to an-
abolic growth factors and less functional link proteins are all related to aging 
(Martin & Buckwalter 2002). 

 

2.1.3 Definition of knee OA 

Osteoarthritis is a whole organ disease that develops slowly over 10-15 years, 
affecting individuals’ activities of daily living and the ability to work (Wieland 
et al. 2005, Roos & Arden 2016). OA has been often referred to as the most 
common degenerative joint disease which causes pain and disability (Loeser et 
al. 2012). Additional characteristics of OA are the remodeling of subchondral 
bone, osteophyte formation, ligamentous laxity, periarticular muscle weakness, 
meniscal damage and synovial inflammation (Bennell & Hinman 2011, Litwic et 
al. 2013, Roos & Arden 2016). OA has a direct correlation to age, i.e. aging in-
creases the risk of OA (Martin & Buckwalter 2002). Aging itself does not cause 
OA, but the age-related metabolic and phenotypic decline of chondrocytes in-
creases articular cartilage degeneration risk and limits cells ability to repair the 
tissue once degenerative changes occur (Martin & Buckwalter 2002). 

Defining knee OA has shown to be problematic, as in most OA research, 
the disease has been defined by radiography without considering other struc-
tural findings and the symptoms experienced by the patient. It has been shown 
that up to 50% of patients with radiographic knee OA do not experience regular 
pain and up to 50% of patients with knee pain suggestive of OA do not have the 
radiographic features of OA (Wieland et al. 2005, Litwic et al. 2013, Roos & Ar-
den 2016). Thus, knee OA can be defined as radiological, clinical or subjective. 
The radiological definition is most widely assessed using the 0-4 Kellgren & 
Lawrence score, in which the severity of knee OA is related to the presumed 
appearance of osteophytes, joint space loss, cysts and sclerosis (Kellgren & 
Lawrence 1957) (Table 1). Clinical knee OA is defined by finding features from 
examination and the history of the patient using standards and criteria for di-
agnosis such as the American College of Rheumatology (ACR) criteria (Altman 
et al. 1986). Subjective OA relies on the assessment of the patient and whether 
the disease is present or not (Litwic et al. 2013).  

 



23 
 
TABLE 1 Radiographic OA classification according to the Kellgren-Lawrence grading 

system (Kellgren & Lawrence 1957). 

Grade Description 
0 No changes 
I Doubtful narrowing of the joint space and possible osteophytic lipping 
II Definite osteophytes and possible narrowing of the joint space 
III Moderate multiple osteophytes. Definite narrowing of joint space, some 

sclerosis, and possible deformity of the bone ends 
IV Large osteophytes, marked narrowing of the joint space, severe sclerosis, 

and definite deformity of the bone ends 
 
In summary, the association between structural signs and symptoms is essential 
when defining OA, as symptomatic OA is influenced by comorbidities, pain 
processing factors and other personal traits (Javaid et al. 2012, Roos & Arden 
2016) (Table 2). 
 

TABLE 2 Summary of knee OA symptoms, clinical and radiological findings. 

Symptoms Clinical findings Radiological findings 

Pain 
Joint stiffness in morning 
Reduced knee ROM 
Reduced functional capacity 

Reduced knee ROM 
Malposition 
Painful stability tests 
Swelling 
Muscle weakness 
Crepitus  

Joint Space narrowing 
Osteophytes 
Subchondral sclerosis 
Bone cysts 
Bone end deformities 

 

2.1.4 Magnetic resonance imaging in knee OA 

Noninvasive imaging techniques are important tools for monitoring articular 
cartilage or whether knee OA diagnosis needs to be confirmed (Fox, Bedi & Ro-
deo 2009). Conventional radiography predominantly reveals the bony and joint-
space-related changes in the knee joint, whereas different MRI methods can in 
addition visualize all the structures within the knee joint and subchondral can-
cellous bone as well as the structural pathology associated with pain (Hunter et 
al. 2015). MRI is superior to radiography because of its superior soft tissue con-
trast and multiplanar capabilities and because it requires no exposure to ioniz-
ing radiation (Fox, Bedi & Rodeo 2009, Hunter et al. 2015). Different MRI tech-
niques can be used for the semi-quantitative evaluation of cartilage morphology, 
primarily when diagnosing focal lesions and tissue volume (clinical purposes) 
and for cartilage quality studies using quantitative mapping that is sensitive to 
the biochemical and structural changes in the ECM that precede visible changes 
in cartilage (research purposes). Techniques that usually have been applied in 
clinical trials include T1 and T2-weighted image mapping with fast spin-echo-
based sequences (Bashir et al. 1999, Hunter et al. 2015). However, it has been 
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shown that MRI-assessed cartilage measures do not discriminate mild radio-
graphic (K/L ratings 0/I/II) OA severity (Multanen et al. 2015). 

Nondestructive visualization techniques for the distribution of functional-
ly important macromolecules in living cartilage have been under development 
during the last couple of decades. One promising approach has been proton-
based delayed gadolinium enhanced MRI of cartilage (dGEMRIC) for measur-
ing the estimated GAG content of articular cartilage (Bashir et al. 1999, Niemi-
nen et al. 2002, Burstein & Gray 2003). This approach involves the intravenous 
injection of a negatively charged MRI contrast agent, gadolinium, embedded in 
diethylene triamino pentaacetic acid (Gd DTPA2-). With appropriate doses, 
gadolinium will distribute in a higher concentration in areas that are depleted 
in GAG and will be excluded from areas which have high GAG concentration 
(i.e. lower concentrations of negatively charged GAG chains lead to higher con-
trast agent distribution due to the ionic properties of Gd DTPA2-) (Bashir et al. 
1999, Burstein & Gray 2003, Lammentausta et al. 2006). Gadolinium reduces the 
T1 relaxation time and has a concentration-dependent effect on the dGEMRIC, 
thus the images in the presence of gadolinium reflect the GAG concentration of 
the articular cartilage (Bashir et al. 1999, Dahlberg et al. 2012). 

T2-weighted images are directly related to the cartilage collagen content, 
integrity of the collagen network in the ECM and fiber orientation (Fragonas et 
al. 1998, Nieminen et al. 2000, Nieminen et al. 2001). T2 mapping has also been 
shown to be feasible to reflect the mechanical properties of articular cartilage at 
clinical MRI field strength, i.e. 1.5 Tesla (Lammentausta et al. 2006), and it has 
been shown to correlate with loading, i.e. thicker cartilage was correlated with 
higher condylar loading during walking (Van Rossom et al. 2017). Furthermore, 
T2 values are associated with the disease development of radiographic knee OA 
(Dunn et al. 2004). However, these MR parameters are not unambiguous indica-
tors for estimated cartilage quality due to their low response to PG depletion 
and thus T2 imaging alone may not be suitable for a complete characterization 
of articular cartilage condition (Nieminen et al. 2000). 

In summary, combining different MRI methods, such as dGEMRIC, which 
is sensitive to the cartilage GAG content and T2 mapping, which is sensitive to 
the properties of the collagen network, may give more in-depth analysis on the 
structural and functional integrity of articular cartilage. However, these meth-
ods are challenged by several issues, such as long imaging times, the significant 
delay between contrast agent injection and imaging, the susceptibility to motion 
and pulsating artefacts and contrast agent dosing bias in obese/overweight 
subjects (Dahlberg et al. 2012). 

 

2.1.5 Symptoms and signs 

OA may develop in any joint, but knee is the most commonly affected location 
for the disease (Litwic et al. 2013). Most common early symptoms for knee OA 
are pain, stiffness, swelling and limited functional capacity (affecting e.g. the 
ability to walk the stairs and get in and out of the car) and reduced knee range 
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of motion. Pain might get worse during physical activities but alleviate during 
rest, and as the disease advances, pain might occur during rest and the night. 
An increase in knee pain over the period of three years has been found to be 
associated with an increase in activity limitations. This result emphasizes the 
important role of knee pain in the development of activity limitations in early 
knee OA (van der Esch et al. 2014). Chronic pain in OA depends primarily on 
the activation of sensory neurons that innervate the knee joint. All joint tissues, 
except cartilage, including subchondral bone and synovium are densely sup-
plied by small-diameter nociceptive neurons and neuronal sensitization is an 
important feature in OA pain (Wieland et al. 2005, Lohmander et al. 2007). Also, 
central pain sensitization may occur, and psychosocial factors are important 
determinants of pain severity in OA (Lohmander et al. 2007). 

OA affects the whole joint, not just the articular cartilage but also the sub-
chondral bone, ligaments, menisci, joint capsule, synovium and the surround-
ing musculature (Figure 3). Further, OA symptoms may lead to impaired per-
formance in the workplace, and 25% of the patients cannot perform their main 
activities of daily living, often leading to depression and social isolation 
(Hunter & Felson 2006, Wieland et al. 2005, Bennell et al. 2011).  
 

 

FIGURE 3 Healthy and osteoarthritic knee joint. Reproduced and adapted with permissi-
on from Kumppanina nivelrikko – näin tulen toimeen, Suomen Nivelyhdistys 
ry. 

In OA, cartilage homeostasis, i.e. the balance between synthesis and degrada-
tion of matrix components, is compromised as matrix degradation outpaces its 
synthesis. As cartilage degenerates, its surface starts to fibrillate, changes in the 
subchondral bone, such as sclerosis, cysts, thickening and osteophytes can be 
observed and also cause crepitus, synovium becomes inflamed, joint space nar-
rows down and reduction in surrounding musculature size can be observed 
(Bennell et al. 2011). The International Classification of Functioning, Disability 
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and Health (ICF) represent a broad view of functioning and disability across all 
domains of functioning in daily life. ICF framework can be used to represent 
the wide range of factors that are related to the progression of knee OA. Figure 
4 summarizes the screening of knee OA using ICF framework.  

 

 

FIGURE 4 Screening of knee OA using ICF framework. Adapted (Polven ja lonkan nivel-
rikon fysioterapia 2013).  

 

2.1.6 Pathogenesis of knee osteoarthritis 

Cartilage matrix is continually being turned over as degraded matrix molecules 
are replaced by newly synthesized molecules (Dahlberg et al. 2012). Alteration 
or disruption of the molecular structure and composition of the matrix are 
among the first events to occur in articular cartilage degeneration. Other early 
degenerative changes include surface fibrillation of articular cartilage, superfi-
cial fissures, sclerosis (thickening) of subchondral bone and disruption of ma-
trix–molecular framework (decreased proteoglycan content and increased water 
content). As a result of cartilage breakdown, the synovium becomes inflamed. 
Damage to the tissue stimulates a chondrocytic synthetic and proliferative re-
sponse that maintains or even restores the articular cartilage. However, in in-
stances of progressive cartilage degeneration, the chondrocytic anabolic re-
sponse eventually declines and the imbalances between degradative activity 
and chondrocyte synthesis lead to the progressive thinning of articular cartilage 
(Buckwalter & Martin 1995, Buckwalter 2002, Wieland et al. 2005). Further, a 
loss of matrix proteoglycans increases the permeability of articular cartilage and 
decreases its stiffness. Also, minimal joint space narrowing can be observed. 
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These changes may cause a greater loading of the remaining macromolecular 
framework, including the collagen fibers, increasing the vulnerability of the tis-
sue to additional damage from loading which in part can cause swelling of the 
matrix and injure chondrocytes (Buckwalter 2002). Furthermore, a change in the 
homeostasis of anabolic versus catabolic processes can cause a net catabolic in-
crease and thus cartilage degeneration. Many knee OA patients also experience 
muscle atrophy in the surrounding muscles of the involved joint, in particular 
in the quadriceps muscle (Buckwalter & Martin 1995, Buckwalter 2002, Wieland 
et al. 2005, Dahlberg et al. 2012. 

As OA advances, fibrillated cartilage comes off into joint space, fissures 
penetrate the subchondral bone and the sclerosis of subchondral bone is pro-
nounced. Enzymatic degradation and thinning of articular cartilage is present, 
joint space is narrowing, bone starts to remodel and osteophytes start to form 
(Buckwalter & Martin 1995). It has been discussed whether osteophytes can 
help stabilize the joint and redistribute forces to protect the cartilage (Brandt 
1999). However, it has been shown that cartilage degeneration positively corre-
lates with osteophyte formation, osteophytes limit knee ROM and that osteo-
phyte formation is more closely associated with pain than the joint space nar-
rowing (Lanyon et al. 1998). 

In the end-stage of knee OA, the articular surface of subchondral bone is 
exposed (bone-on-bone articular surface), subchondral bone has altered (im-
bedded cartilage, cysts and sclerosis) and bone shows remodeling osteophytes 
(Buckwalter & Martin 1995, Buckwalter 2002, Wieland et al. 2005). Figure 5 
shows the etiopathogenesis hypothesis of the early loss of GAG and collagen in 
OA. 

Pathologic changes in menisci are common among people with knee OA 
(Loeser et al. 2012). The key functions of menisci are to transfer weight, reduce 
the compressive load in tibiofemoral joint and ensure the joint lubrication, pro-
prioception and stabilization (Englund et al. 2008, Englund, Guermazi & 
Lohmander 2009). It has been shown that meniscal damage occurs in 63% of the 
adults with radiographically confirmed symptomatic (knee pain or stiffness on 
most days) knee OA and in 60% of those without these symptoms (Englund et 
al. 2008). The relationship between knee OA and meniscal damage is complex 
as a meniscal lesion in a healthy knee can lead to knee OA as a result of the loss 
of meniscal function, but knee OA may also lead to meniscal tears which can 
accelerate the disease process (Englund, Guermazi & Lohmander 2009). Fur-
thermore, an increase in vascular penetration together with increased sensory 
nerve densities has been noted in OA menisci, making menisci serve as a possi-
ble source of pain in knee OA (Loeser et al. 2012). 
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FIGURE 5 Etiopathogenesis of OA in a beagle dog model. Oval structures represent chon-
drocytes, dots GAGs and curved lines collagen fibers. I: Normal histology of in-
tact articular surface. II: Depletion of GAGs in superficial and intermediate 
zones with disorganization of the superficial zone collagen network and thick-
ening and softening of cartilage. Simultaneously, calcified cartilage and sub-
chondral bone plate grow thicker. III: Further loss of GAGs, fibrillation of carti-
lage surface and progression of subchondral bone sclerosis. Adapted from Aro-
koski et al. 2000). 

 

2.1.7 Risk factors 

OA is a heterogeneous disease with a large number of risk factors that often 
interact with each other (Roos & Arden 2016) (Figure 6). These complex multi-
factorial processes take decades to develop. This is caused by aberrant local 
biomechanical factors acting within the context of systemic susceptibility (Fel-
son & Zhang 1998, Hunter & Felson 2006, Bennell et al. 2011, Roos & Arden 
2016). Systemic factors operate by making cartilage more vulnerable to injuries, 
by directing damage to joint tissue or by impairing the repair process in dam-
aged joint tissue, thus increasing the risk for OA (Felson & Zhang 1998, Hunter 
& Felson 2006, Litwic et al. 2013). Once systemic vulnerability factors are in 
place, local biomechanical factors, such as muscle weakness, misalignment or 
altered structural environment of the joint such as meniscal damage, facilitate 
the progression of the disease. Also, overweight/obesity and joint injury can 
affect the loading of the knee and thus increase the risk of developing OA or 
experiencing its progression (Hunter & Felson 2006). This dissertation will focus 
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on the following risk factors: Age, gender, obesity, muscle strength, joint insta-
bility, knee injury and loading (physical activity/occupation).  

 

 

FIGURE 6 Potential risk factors for susceptibility to OA incidence. Reproduced with per-
mission from Johnson & Hunter 2014. 

 
Age and gender 
 
Aging itself is not necessarily a risk factor for OA, whereas age-related changes 
in bodily structures and loading patterns might be. Nevertheless, the preva-
lence and incidence of radiographic and symptomatic OA in all joints are 
strongly correlated with age (Felson & Zhang 1998, Litwic et al. 2013, Silver-
wood et al. 2015). Age-related increase in the prevalence and incidence of OA is 
likely due to several biologic changes that occur with aging, including a de-
creased responsiveness of chondrocytes to growth factors (decreased cartilage 
repair), an increase in the laxity of ligaments surrounding the joints (unstable 
joints and joints that are more susceptible to injury) and a failure of structures 
and proprioception protecting joints, (e.g. weakened muscles and slowed pe-
ripheral neurologic responses) (Felson & Zhang 1998, Johnson & Hunter 2014). 
All these factors together result in a decline in functional capacity. The aging of 
articular cartilage has been discussed earlier. 

Men have a higher prevalence and incidence of OA before the age of 50, 
but after 50, women’s prevalence and incidence for the disease increases dra-
matically (Felson & Zhang 1998). Also, women tend to have more severe knee 
OA, particularly after menopausal age (Srikanth et al. 2005). It has been hy-
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pothesized that hormonal factors might play a role in OA development, but the 
results of epidemiologic and clinical studies are controversial (Spector et al. 
1997, Cirillo et al. 2006, de Klerk et al. 2009). Some studies have shown protec-
tive effect for hormone or oestrogen on progression to joint replacement (Cirillo 
et al. 2006) or on radiographic knee and hip OA (Spector et al. 1997). On the 
other hand, it was shown in systematic review from de Klerk et al. that there 
was no clear association between gender hormones and radiographic knee, hip 
or hand OA (de Klerk et al. 2009).  Differences between genders may also be 
caused by differences in bone strength, alignment, ligament laxity, pregnancy 
and neuromuscular strength (Johnson & Hunter 2014). The age-related loss of 
cartilage and declined functional capacity together with hormonal changes put 
women at high risk for knee OA.  

 
Obesity 
 
Obesity is a major risk factor for knee OA as a strong link between obesity and 
the development of OA, particularly that affecting knee, has been illustrated 
(Litwic et al. 2013, Silverwood et al. 2015, Makaram & Clement 2016). This is 
true regardless of how knee OA is defined, be it through symptoms or radio-
graph, and irrespective of whether the focus is on the tibiofemoral or patello-
femoral joint (Felson & Zhang 1998). Further, it has been demonstrated that 
women in the highest tertile of BMI had six times higher odds of developing 
knee OA and almost 18 times higher odds of developing bilateral knee OA 
compared with women in the lowest tertile (Hart & Spector 1993). This has been 
also seen in similar studies of a population of African-American and Caucasian 
women (Lachance et al. 2001) and of general population in Norway (Grotle et al. 
2008). There are two different mechanisms for weight causing OA (Felson & 
Zhang 1998, Makaram & Clement 2016). First, being overweight increases the 
forces across the weight bearing joint (Felson & Zhang 1998). Obesity-related 
abnormal loads have been associated with atypical chondrocyte and cartilage 
functions (Makaram & Clement 2016). Second, in recent years, significant re-
search effort has been established with respect to adipose tissue and its influ-
ence on OA (Chen et al. 2006, Gegout et al. 2008). Research has been done in 
particular on the involvement of leptin expressions, or adipocytokine secreting 
in adipose tissue, in the development of OA, as it has been shown to be actively 
present in synovial fluid and is now thought to directly influence joint degrada-
tion or through indirect inflammatory processes involving cartilage degenera-
tion (Wieland et al. 2005, Vincent et al. 2012, Makaram & Clement 2016). Further, 
higher body weight and BMI are associated with increased leptin expression 
and levels, which is directly associated with greater cartilage degeneration 
(Dumond et al. 2003). 
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Muscle strength and joint instability 
 
Lower limb muscles, especially the quadriceps, play an important role in the 
management of knee OA. The muscles in the knee produce movement and 
maintain stability, and they also have an important influence on joint loading 
by controlling how loads and forces are distributed within the joint (Bennell et 
al. 2013, Makaram & Clement 2016). Muscle weakness is an independent risk 
factor for the development of knee OA. Together with impaired muscle func-
tion, which is a consequence of physical inactivity, muscle weakness is com-
monly seen after a knee injury and is associated with knee pain when weak 
quadriceps are unable to provide adequate control of tibial translation during 
ambulation (Segal & Glass 2011, Bennell et al. 2013, Øiestad et al. 2014, Roos & 
Arden 2016). These impairments may also reduce the shock absorbing proper-
ties of the cartilage, impairing the ability to dissipate knee joint loads and thus 
increasing contact stress (Segal & Glass 2011). Therefore greater dynamic loads 
result in the progressive degeneration of knee articular cartilage (Makaram & 
Clement 2016), whereas greater quadriceps muscle strength in women is associ-
ated with a lower risk for cartilage loss and progression of tibiofemoral joint 
space narrowing (Segal & Glass 2011). It is possible that knee OA itself or OA-
related chronic pain will lead to quadriceps weakness due to disuse atrophy, 
thus it is unclear whether muscle weakness is a cause or consequence of knee 
OA (Wieland et al. 2005, Litwic et al. 2013). Furthermore, in early OA patients, 
decreased muscle strength is associated with an increase of activity avoidance 
because patient minimizes the use of the painful limb (van der Esch et al. 2014). 

Lower muscle strength has been associated with the presence of self-
reported knee instability (Knoop et al. 2012), and majority of OA patients report 
knee instability (Fitzgerald, Piva & Irrgang 2004, Knoop et al. 2012). Knee insta-
bility has demonstrated as buckling, shifting or giving way of the knee during 
the activities of daily living (Fitzgerald, Piva & Irrgang 2004, van der Esch et al. 
2012). Knee instability is significantly associated with activity limitations, in 
addition to knee pain and muscle strength, and thus should be addressed to-
gether with muscle weakness in clinical assessment and targeted for therapeutic 
interventions (van der Esch et al. 2012). 
 
Knee injury 
 
In theory, joint damage can occur either through sudden major injury or stereo-
typed repetitive activity that exceeds the ability of muscles and tendons to 
withstand such use, thus transmitting force to cartilage (Felson & Zhang 1998, 
Buckwalter 2002). It has been shown that those with previous traumatic knee 
injury are at higher risk for the onset of knee OA (Litwic et al. 2013, Silverwood 
et al. 2015). In many patients, acute injuries occur simultaneously with injuries 
to other tissues, including cruciate and meniscal tears, fractures and disloca-
tions, which can lead to increased risk of knee OA and musculoskeletal symp-
toms (Buckwalter 2002, Litwic et al. 2013). Major injuries often lead to altered 
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biomechanics, causing increased impulsive or shear stress on local cartilage ar-
eas, which may induce progressive changes associated with cartilage (Felson & 
Zhang 1998). Especially two specific types of major knee injuries have been 
strongly associated with subsequent knee OA: meniscal tears and anterior cru-
ciate ligament (ACL) damage (Felson & Zhang 1998, van Meer et al. 2015). OA 
development in the injured joints is caused by intra-articular pathogenic pro-
cesses initiated at the time of injury, together with long-term changes in dynam-
ic joint loading (Lohmander et al. 2007). 

In a longitudinal study by Englund et al., it was shown that 50-79 year-old 
women and men with significant meniscal damage (versus no meniscal damage) 
had an odds ratio of 7.4 for the development of tibiofemoral OA 30 months after 
the incidence (Englund et al. 2009). A partial of full removal of the meniscus 
leads to increased joint cartilage strain under static loading and to increased 
dynamic deformation in knee joint areas known to develop post-meniscectomy 
OA as the central load bearing cartilage region remains chronically deformed 
and dehydrated even after the cessation of loading (Song et al. 2006, Song et al. 
2008, Englund, Guermazi & Lohmander 2009).  

OA is a long-term complication of ACL rupture (van Meer et al. 2015). 
ACL rupture affects the kinematics of the knee, such as the anterior displace-
ment of tibia resulting in shear forces being applied mainly on the medial side 
of the knee. Thus, increased shear forces on articular surface lead to a loss of 
articular cartilage. At the same time the posterior horn of the medial meniscus 
becomes wedged between the posterior condyle of the femur and the tibia, re-
sulting in longitudinal splints and leading to medial meniscal tear if left un-
treated for ten years (Lohmander et al. 2007, Louboutin et al. 2008). Secondarily, 
the origin of ruptured ACL induced knee OA might be due to knee instability 
and giving away, i.e. the stretching of the peripheral ligamentous structures, 
and injury-related alterations in the biomechanics caused by shearing forces 
affecting the articular cartilage (Louboutin et al. 2008). Furthermore, a substan-
tial force is required to tear a healthy ACL. Injured knee joint cartilage will have 
sustained a considerable mechanical impact, which in itself can lead to disrup-
tion of the cartilage matrix, chondrocyte death and changes in cell metabolism, 
which are associated with OA development (Buckwalter 2002). 

Prevalence for painful and functional impairment-related knee OA of both 
ACL and menisci injury is 50% at 10-20 years after the diagnosis (Lohmander et 
al. 2007). Injuries to menisci (patient mean age around 35 years) and ACL (pa-
tients often younger than 30 years) often occur in athletes and physically active, 
young, healthy population causing a phenomenon described as “young patients 
with old knees”. Symptomatic OA in this young population remains a largely 
unsolved treatment challenge as there is insufficient evidence to prove that sur-
gical treatment of ACL or meniscus lesions is able to diminish the future devel-
opment of knee OA (Lohmander et al. 2007, van Meer et al. 2015). 
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Daily physical loading and joint alignment 
 
Articular surface injuries depend on how loads and the rate of loading affect 
articular cartilage. Slowly and suddenly applied loads differ considerably in 
their effect. Slowly applied loads allow the cartilage to deform and decrease the 
force applied to the matrix framework through fluid movement whereas with 
rapid and sudden impact or the torsional joint loading of the joint surface, the 
matrix framework sustains greater a force. If this force is great enough, it rup-
tures the matrix macromolecular framework, damages the cells and exceeds the 
ability of the cartilage to prevent subchondral bone damage by distributing and 
dampening loads (Buckwalter 2002). Further, there is no evidence of a causal 
link between the estimates of structural progression of knee OA and knee joint 
loading during walking (Henriksen et al. 2014). According to a recent meta-
analysis, results on the role of running in knee OA are conflicting and it is im-
possible to determine the actual role of running (Timmins et al. 2017), although 
it has been previously proposed that elite runners appear to be at an increased 
risk of knee OA in later life (Felson & Zhang 1998). 

Radiographic imaging routinely shows that joint space narrowing is pre-
sent to a greater extent in the medial compartment versus the lateral compart-
ment. This has been found to be due to knee malalignment that places the knee 
joint into a varus position, thus increasing loading on the medial side of the 
joint (Vincent et al. 2012). During walking, 60-80% of the load passes through 
the medial tibiofemoral compartment in healthy knees, making it more vulner-
able to factors that increase load across the knee (Dayal et al. 2005). Peak knee 
adduction moment (Madd) describes this load across the medial and lateral tibial 
plateaus As degeneration of the knee joint cartilage during OA progresses, an 
increase in varus malalignment can be observed causing increased Madd (Vin-
cent et al. 2012). Thus, increased Madd has been associated with the progression 
and possibly the initiation of knee OA (Andriacchi, Koo & Scanlan 2009). Fur-
ther, medial and lateral femoral condyles are both shaped like cams, but the 
two tibial surfaces these condyles are in contact with are shaped differently 
(Vincent et al. 2012). When exposed to loading, the medial femoral condyle will 
experience increased contact with the concave tibial surface when comparing 
with the lateral condyle that will experience less contact with the convex tibial 
facet (Andriacchi et al. 2006). Repetitive exposure of the thinner medial cartilage 
to greater internal rotation will wear areas of thinnest cartilage first and possi-
bly induce symptomatic knee OA (Vincent et al. 2012). 

The risk of developing knee OA in mid-life is also shown to be two times 
greater in occupations that require both carrying and repetitive kneeling or 
squatting compared to those whose occupation did not require these physical 
activities (Felson & Zhang 1998, Jensen 2008, Klussmann et al. 2010, Zhang & 
Jordan 2010). Further, this association has been found to be much higher among 
subjects who were overweight and whose occupation involved lifting (Coggon 
et al. 2000). 
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2.2 Management of knee osteoarthritis 

There is no known cure, treatment or drug available with proven disease-
modifying efficacy in OA. Therefore, the current management of knee OA fo-
cuses on prevention and reducing the symptoms and decrease in function asso-
ciated with the disease (Hunter & Felson 2006, Wieland et al. 2005, McAlindon 
et al. 2014, Roos & Arden 2016). Most appropriate individual management 
strategies - usually a combination of treatment strategies - should be identified 
by selecting interventions to correct or at least attenuate the risk factors of knee 
OA (Roos & Arden 2016). It is also known that there is considerable discordance 
between the symptoms and the structural signs of knee OA. Thus, the recom-
mended non-pharmacological main aims of knee OA management according to 
current evidence-based clinical guidelines in early treatment are to educate pa-
tients about the disease, exercise, control pain, lose weight, improve function 
and alter the process of the disease and its consequences (Hunter & Felson 2006, 
Roos & Juhl 2012, Roos & Arden 2016). Pharmacological management (e.g. pa-
racetamol and NSAIDS), aids (e.g. orthoses/braces) and passive treatments (e.g. 
physiotherapy and acupuncture) are the second line treatment whereas joint 
replacement surgery (e.g. arthroscopy) is the third and final line for joint failure 
(Hunter & Felson 2006, Roos & Juhl 2012, McAlindon et al. 2014) (Figure 7). 
These treatment lines are not hierarchical, i.e. OA treatment would progress 
step-by-step towards surgery, but they overlap each other as depicted in Figure 
7.  
 

 

FIGURE 7 Osteoarthritis treatment pyramid. Reproduced with permission from Roos & 
Juhl 2012. 



35 
 
Prevention strategies for knee OA continuum can be separated into primary, 
secondary and tertiary prevention strategies.  Primary prevention includes the 
prevention of knee injury (susceptible individuals), secondary prevention in-
cludes exercise and dietary intervention in individuals who are overweight, 
have impaired muscle function or prior joint injury (early disease, minor joint 
impairment) and tertiary prevention involves early treatment of OA to prevent 
the progression of the disease (late and end stage of disease, joint failure) (Fel-
son & Zhang 1998, Roos & Arden 2016). 
 

2.2.1 Non-pharmacological treatment 

According to several international guidelines, exercise, strength training, self-
management and education and weight management are the key elements for 
non-pharmacological treatment of knee OA (Hochberg et al. 2012, Fernandes et 
al. 2013, McAlindon et al. 2014, Schiphof, van den Driest & Runhaar 2018). To-
day, additional treatment options such as knee braces, orthoses, insoles or phys-
ical therapy (e.g. acupuncture) alone are less supported or uncertain, and the 
guidelines related to them are inconsistent (Bennell, Hall & Hinman 2015, 
Schiphof, van den Driest & Runhaar 2018). Thus, the main focus of this disserta-
tion is on exercise interventions. There is a high level of evidence supporting 
the benefits of exercise in mild and moderate knee OA (Roos & Juhl 2012). Exer-
cise is recommended for the treatment of knee OA by all current clinical guide-
lines (Bennell, Hall & Hinman 2015) and is shown to be an effective non-
surgical method in pain reduction and improving function in OA population 
(Figure 8). There is high-quality evidence from 44 RCTs indicating that thera-
peutic land-based exercise has short term pain benefits compared to no exercise 
and that this benefit is sustained for at least two to six months after the cessa-
tion of treatment. There is also moderate-quality evidence of improved self-
reported physical function. This benefit also remained for longer than six 
months. In the same study, but with 13 RCTs, a small but significant benefit of 
exercise on quality of life was found on short term (Fransen et al. 2015).  

Even though land-based exercise has these beneficial effects on pain, self-
reported physical functioning and quality of life, there is no evidence that any 
type of land-based exercise modality would be superior to another, and fre-
quency, intensity and dosage varies a lot (Roddy, Zhang & Doherty 2005, Juhl 
et al. 2014, Fransen et al. 2015, Schiphof, van den Driest & Runhaar 2018). Actu-
ally, exercise, irrespective of modality (land- or water-based) or type (strength 
or aerobic), has shown to be effective in reducing the symptoms related to knee 
OA and decreased function (Waller et al. 2014, Fransen et al. 2015). Therefore, 
land- or water-based exercise therapy can vary considerably in its content and 
can include muscle strengthening, aerobic exercise, balance retraining and 
mixed training (Bennell et al. 2011). Nevertheless, it has been suggested that 
optimal exercise programs for knee OA should have a single aim and focus on a 
single type of exercise (i.e. improving aerobic capacity, muscle strength or low-
er extremity performance) rather than mixing several types of exercise with dif-
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ferent goals (Juhl et al. 2014). Clinical trials have provided strongest evidence 
for the efficacy of muscle strength training, neuromuscular training and aerobic 
exercise in reducing pain and/or self-reported disability in knee OA (Roddy, 
Zhang & Doherty 2005, Multanen et al. 2014, Lange, Vanwanseele & Fiatarone 
Singh 2008, Tanaka et al. 2013, Juhl et al. 2014, Zacharias et al. 2014).  

As mentioned earlier, patient education and weight loss are also key ele-
ments for non-pharmacological treatment of knee OA. Shortly, the aim of the 
patient education is to enable patients, carers and clinicians to participate jointly 
in the choice of OA care pathway. Educational packages, checklists and moti-
vating factors have been developed to overcome known barriers (Roos & Arden 
2016). Weight loss is an important factor in the OA treatment pathway 
(McAlindon et al. 2014), as a 5-unit increase in BMI has been associated with a 
35% increase in the risk of knee OA (Jiang et al. 2011). Combining exercise and 
diet has been shown to be more efficient in order to lose weight than one of 
these modalities alone (Messier et al. 2013), and weight reduction may lead to 
improved physical function (Christensen, Astrup & Bliddal 2005). 

  

 

FIGURE 8 Effect sizes for the non-surgical treatment of knee OA based on meta-analyses 
from Juhl et al. 2014 and McAlindon et al. 2014. Adapted from Skou 2015.  

 

2.2.2 Pharmacological treatment and surgery 

Pharmaceutical agents, especially paracetamol and non-steroidal anti-
inflammatory drugs (NSAIDs) play a key part in knee OA symptom control 
(Glyn-Jones et al. 2015). Paracetamol is a core recommendation of oral analgesic 
for knee OA because of its safety and efficacy for mild to moderate pain (Wie-
land et al. 2005, Zhang et al. 2008), but daily dose should not exceed 4g/day as 
paracetamol is a known liver toxin (Zhang & Jordan 2010). NSAIDs are superior 
to paracetamol for the relief of pain and should be considered for patients who 
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do not respond to paracetamol, preferably at the lowest effective dose and for 
the shortest duration due to the possible gastrointestinal and renal risk (Wie-
land et al. 2005, Bijlsma, Berenbaum & Lafeber 2011). Slow-acting drugs, such as 
glucosamine, chondroitin and hyaluronic acid have conflicting evidence for 
their effectiveness, even though some beneficial effects have been observed 
(Wieland et al. 2005, Bijlsma, Berenbaum & Lafeber 2011). Intra-articular injec-
tion of long-acting corticosteroids has shown to be an effective treatment of in-
flammatory flares of OA, but the effect starts to diminish after one week, lasting 
for 2-4 weeks (Wieland et al. 2005, Bellamy et al. 2005). 

When conservative, non-operative treatment modalities for knee OA are 
no longer effective and quality of life is notably compromised, surgery could be 
considered (Lespasio et al. 2017). Surgical options for early knee OA include: 
treatment of chondral and osteochondral defects (Angele et al. 2016) and in later 
stages arthroscopy, osteotomies, cartilage repair and partial or total knee re-
placement  (Lützner et al. 2009, Zhang & Jordan 2010, Rönn et al. 2011). Radio-
logical evidence of knee OA alone does not justify surgical treatment. Patients’ 
degree of suffering, together with radiological and clinical findings determines 
the time point of the possible surgery (Rönn et al. 2011). It needs to be acknowl-
edged, that surgeries always require rehabilitation period afterwards, and it has 
been shown that deficits in muscle torque and power in the knee extensor mus-
cle cross sectional area were present ten months after knee replacement, poten-
tially causing mobility limitations, disability, limitations in negotiating stairs 
and risk for falls (Valtonen et al. 2009). 
 

2.2.3 Effect of physical activity on knee articular cartilage 

Daily dynamic physiological loading of the knee articular cartilage is important 
for the biosynthesis of various ECM molecules (Nia et al. 2013). Loading, on the 
other hand, as discussed earlier, may be a risk factor for developing knee OA. 
This interaction emphasizes the important role of biomechanics in knee OA 
(Bricca et al. 2017). Recent and first systematic review and meta-analysis by 
Bricca et al. 2017 concluded that the relationship between daily exercise dose 
and cartilage composition may be non-linear in healthy animals. They found 
inconclusive evidence for a low daily dose of exercise, possible positive effects 
for moderate and possible negative effects for a high daily dose of exercise on 
cartilage matrix composition (Bricca et al. 2017). For example, in a study com-
paring the response of the collagen network and GAG content of articular carti-
lage to physiological low dose of exercise (2.5km/day 5 days a week for 15 
weeks) in young and adult guinea pigs, no significant changes between groups 
were observed in either of the measured variables (Hyttinen et al. 2001). In a 
moderate dose exercise study (4km/day 5 days a week for 15 weeks) it was 
found that with beagle dogs running on a treadmill the GAG content was aug-
mented by 28% (Kiviranta et al. 1988). In the same study series with beagle dogs, 
but with a higher dose of exercise (40km/day 5 days a week for 15 weeks), run-
ning had negative effects on both GAG content and type II collagen (Arokoski 
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et al. 1994). Lifelong exercise studies show that moderate, long lasting exercise 
(1km/day) on a treadmill accelerated the development of knee OA of C57BL 
mice between 2 and 18 months of age (Lapveteläinen et al. 1995), whereas the 
effect of long-term exercise (3 km/h, 75min/day, 5 days a week for 527 weeks 
while carrying jackets weighing 13% of their body weight) on canine knees 
showed that a lifetime of regular weight bearing exercise in healthy canines did 
not cause alterations in the structure and mechanical properties of articular car-
tilage that might lead to degeneration (Newton et al. 1997). Nevertheless, the 
results of the animal studies cannot be directly generalized to humans due to 
the differences between human and animal knee metabolism, biomechanics and 
loading patterns and due to the general knowledge that only 50% of findings 
from animal studies predict human outcomes (Perel et al. 2006, Bricca et al. 
2017). 

As discussed earlier in more detail, different MRI techniques have been 
developed for semi-quantitative evaluation of human cartilage morphology 
(Bashir et al. 1999, Hunter et al. 2015). Physically active lifestyle together with 
exercise has been shown to be beneficial for the maintenance of the biomechani-
cal properties of cartilage in healthy humans (Tiderius et al. 2004, Wijayaratne 
et al. 2008, Teichtahl et al. 2009, Van Ginckel et al. 2010). Tiderius et al. (2004) 
found in a cross-sectional study that human knee cartilage in physically active 
individuals adapts to exercise by increasing the GAG content when compared 
to sedentary. Teichtal et al. (2009) observed that vigorous physical activity over 
two years is beneficial (associated with a reduced annual rate of patella carti-
lage loss) to patellofemoral joints for people without pre-existing cartilage dam-
age. This is also supported by a cross-sectional study showing that participation 
in exercise among middle-aged women tends to be associated with a reduction 
of patella cartilage loss (Wijayaratne et al. 2008). However, in a longitudinal 
study, Cotofana et al. (2010) did not observe any evidence that three months of 
strength or endurance training in untrained middle-aged women would alter 
tibiofemoral or patellar knee joint  cartilage thickness or volume (Cotofana et al. 
2010). Further, Van Ginckel et al. (2010) showed in another a longitudinal study 
that dGEMRIC indices in healthy young female novice runners were improved 
after a 10-week moderate running program (three times a week for 5km or 
30min) compared to a sedentary control group. Therefore, physically active life-
style can be effective for the maintenance of human cartilage health.  

So far there are only few RCTs investigating the immediate posttreatment 
effects of exercise interventions on human cartilage, but they have shown that 
the loading created by land-based exercise interventions can improve the esti-
mated biochemical composition of tibiofemoral (Roos & Dahlberg 2005) and 
patellofemoral (Koli et al. 2015) cartilage. Roos and Dahlberg (2005) found that 
moderate neuromuscular exercise (three times a week for four months), in pa-
tients at risk for knee OA, caused a positive change in the estimated GAG con-
tent of tibiofemoral cartilage compared to controls. Only two RCTs have inves-
tigated the effects of land-based exercise on the biochemical composition of car-
tilage in postmenopausal women with mild knee OA (Multanen et al. 2014, Koli 
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et al. 2015). Koli et al. (2015) found an improvement in the collagen matrix in 
the patella cartilage of women with mild knee OA following a 1-year, three 
times a week, high-impact exercise intervention while Multanen et al. (2014) did 
not see any worsening or improvement in the collagen matrix or GAG concen-
tration of the tibiofemoral cartilage in the same study. In addition to positive 
cartilage responses observed in these studies (Roos & Dahlberg 2005, Koli et al. 
2015), impact (Multanen et al. 2014, Koli et al. 2015) and neuromuscular (Roos & 
Dahlberg 2005) exercises are shown not to be harmful for the estimated bio-
chemical composition of the knee articular cartilage in population with mild 
knee OA (Multanen et al. 2014, Koli et al. 2015) or at high risk of developing 
knee OA (Roos & Dahlberg 2005). Also, exercise is well tolerated in these popu-
lations (Roos & Dahlberg 2005, Multanen et al. 2014, Koli et al. 2015). Therefore, 
there is sufficient evidence to show that human cartilage has potential to adapt 
to loading change and that cartilage health is maintained by appropriate me-
chanical stimulus and environment (Teichtahl et al. 2009, Wang et al. 2013).  

 

2.2.4 Therapeutic aquatic exercise 

Therapeutic aquatic exercise (TAE) is considered one of the most central ele-
ments in the current non-pharmacological recommendations in the manage-
ment of knee OA together with land-based exercise and weight loss (Zhang & 
Jordan 2010, Hochberg et al. 2012). Pain, which is one of the most common 
symptoms of knee OA, is also hypothesized to lead activity avoidance in people 
with knee OA, and thus also causing muscle weakness and activity limitations 
(e.g. instability of knee) (Holla et al. 2014). Water as an exercise environment on 
the other hand allows people with lower limb OA to train safely and comforta-
bly at high intensities utilizing full joint range of motions (Roper, Bressel & 
Tillman 2013). Several systematic reviews have concluded that TAE has positive 
effects on pain, physical function and quality of life (Waller et al. 2014, Lu et al. 
2015, Bartels et al. 2016). 

Outcomes of aquatic exercise appear to be comparable to land-based exer-
cises (Batterham, Heywood & Keating 2011). Therapeutic aquatic exercise offers 
several benefits over land-based exercise for osteoarthritic population because 
of the reduced loading across joints affected by pain due to buoyancy (Waller et 
al. 2014, Hinman, Heywood & Day 2007, Heywood et al. 2016). Water turbu-
lence enables a method of increasing resistance (Hinman, Heywood & Day 2007) 
and due to the up-thrust of the water, a percentage of body weight can be de-
creased in proportion to the depth of immersion (Harrison, Hillman & Bul-
strode 1992). Pressure and warmth of the water can further assist with pain re-
lief, reduction of swelling and ease of movement (Hinman, Heywood & Day 
2007). Although unproven, the reduced loading created by water has been 
thought to protect joints from further damage and allow more efficient training 
for populations who are unable to train effectively on land (Waller et al. 2014). 
Nevertheless, as with land-based exercises, there is no known superior exercise 
protocol of TAE, be it aerobic or strength training that would be more effective 
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than another in the management of knee OA (Bennell et al. 2011). However, one 
promising TAE modality for knee OA could be progressive aquatic resistance 
training that can be achieved by using different sizes of resistance equipment 
that increases the surface area and shape of the limb (Pöyhönen et al. 2000). It 
has been shown that in healthy women wearing large resistive boots, the mean 
of the peak drag value in knee extension was 145 ± 30N, whereas in barefoot 
conditions it was 45 ± 15N. The corresponding values in knee flexion were 137 ± 
26N with large resistive boot and 55 ± 13N barefoot (Pöyhönen et al. 2001). This 
highlights the importance of resistive equipment during therapeutic aquatic 
exercise. Moreover, in has been shown that progressive aquatic resistance train-
ing program has significant benefits for physical functioning in healthy women 
(Pöyhönen et al. 2002) and following knee arthroplasty (Valtonen et al. 2010). 
Regular cyclic movements of the knee during TAE may provide sufficient me-
chanical stimulus and facilitate improved exchange of nutrients, thus increasing 
chondrocyte activity (Arokoski et al. 2000, Wang et al. 2013). 

 

2.3 Summary of the literature 

As there is no known treatment or cure that reverses or prevents the biochemi-
cal changes in the knee articular cartilage, the current management of knee OA 
focuses on reducing the symptoms and decreased function associated with the 
disease (McAlindon et al. 2014). Exercise has been shown to be effective in 
achieving these aims, causing positive effects on cartilage, lifestyle, systemic 
metabolism, the mechanical loading of the joint and psychological factors (Fig-
ure 9). Nevertheless, to our current knowledge there is no superior exercise 
training modality (water or land) or type (strength or aerobic) to achieve the 
aims of knee OA management (Waller et al. 2014, Fransen et al. 2015). Moreover, 
active lifestyle with participation in exercise has shown that physical activity 
has beneficial effects on cartilage quality in animals (Bricca et al. 2017), in 
healthy human population (Tiderius et al. 2004, Wijayaratne et al. 2008, 
Teichtahl et al. 2009, Van Ginckel et al. 2010), in people under risk of knee OA 
(Roos & Dahlberg 2005) and in postmenopausal women with mild knee OA 
(Koli et al. 2015). Unfortunately, the effects of exercise on pain are lost six 
months after the cessation of the training, whereas small but significant im-
provements in self-reported physical function are sustained up to 24 months 
(Fransen et al. 2015). Currently, the literature investigating the effects of exer-
cise interventions on degenerated human cartilage is sparse, and there are no 
RCTs showing the long-term effects (follow-up periods after the cessation of the 
training) of therapeutic exercise on the biochemical composition of knee articu-
lar cartilage. Different exercise modalities (land and water) and types (strength 
or aerobic) together with leisure time physical activity should be investigated in 
order to achieve improved knowledge of the role of physical activity in knee 
OA management.  
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FIGURE 9 Loading to promote structural and neuromuscular adaptations for cartilage   
health according to Munukka & Waller 2018 (Unpublished). 

 



  

3 PURPOSE OF THE STUDY 

The primary objective of this thesis was to study the efficacy of progressive, 
high volume aquatic resistance training on the estimated biochemical composi-
tion of tibiofemoral cartilage (Study I) and the association between long-term 
leisure time physical activity and the estimated biochemical composition of 
tibiofemoral cartilage (Study III) in postmenopausal women with mild knee OA. 
Also, the short and long-term effects of aquatic resistance training on self-
assessed function and quality of life was investigated (Study II). Moreover, the 
association between neuromuscular performance and lower limb bone strength 
was studied (Study IV). 

The specific research questions were: 

1. Does 4-month progressive, high volume aquatic resistance training en-
hance the estimated biochemical properties of tibiofemoral cartilage in
postmenopausal women with mild knee OA? (Study I)

2. Does 4-month progressive, high volume aquatic resistance training im-
prove self-assessed function and quality of life in postmenopausal wom-
en with mild knee OA and are the results maintained during a 12-month
follow-up period? (Study II)

3. Is 12-month leisure time physical activity associated with changes in the
estimated biochemical composition of tibiofemoral cartilage in postmen-
opausal women with mild knee OA? (Study III)

4. Does neuromuscular performance predict lower limb bone strength in
different lower limb sites in postmenopausal women with mild knee OA?
(Study IV)



  

4 RESEARCH METHODOLOGY 

4.1 Study design and participants 

This study utilizes data from a large randomized controlled trial (RCT) inter-
vention project: AquaRehab (ISRCTN65346593) conducted at the Faculty of 
Sport and Health Sciences in University of Jyväskylä, Finland. Additional data 
from our previous RCT intervention project, LuRu (ISRCTN58314639), was uti-
lized in a cross-sectional study (Study IV). AquaRehab project was conducted 
between January 2012 and July 2014, and LuRu project was conducted between 
March 2007 and April 2010. 

A total of 87 participants from the Jyväskylä region in Central Finland 
were involved in the AquaRehab project (Studies I-III). Studies involved com-
prise data from a 4-month RCT (Study I) and a 12-month follow-up (Study II 
and Study III). Additionally, in the cross-sectional study (Study IV) utilizing 
data from LuRu project, the total amount of participants was 139. 

Participants in both studies were volunteer postmenopausal women, 
aged 50-68 years, with mild knee OA (Kellgren Lawrence I/II and knee pain). 
An RCT titled “Intervention” assessed the effects of aquatic resistance training 
on cartilage, physical performance, self-reported functioning and symptoms of 
OA and quality of life (Study I). An RCT with follow-up titled “Intervention 
with 12-month follow-up” assessed if high volume aquatic resistance training 
improves self-assessed function and quality of life and the long-term mainte-
nance of the possible effects (Study II). A 12-month follow-up study titled 
“Cartilage quality and LTPA” investigated the relationship between 12-month 
leisure time physical activity (LTPA) level and changes in estimated cartilage 
quality (Study III). A cross-sectional study titled “Neuromuscular perfor-
mance and bone associations” used combined data set from LuRu and Aq-
uaRehab projects investigating if neuromuscular performance predicted lower 
limb bone strength (Study IV). All measurements in AquaRehab project were 
performed at baseline, after the 4-month intervention and after the 12-month 
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follow-up. The study designs, participants and main outcomes are summarized 
in Table 3. 

4.2 Participant recruitment 

In both RCT intervention projects, postmenopausal women from the Jyväskylä 
region in Central Finland were voluntarily recruited through advertisements in 
local newspapers. Preliminary eligibility was assessed using a structured tele-
phone interview, followed by an evaluation of osteoarthritis severity in the tibi-
ofemoral joint with radiographs and finally, through a medical and physiother-
apy screening. 

Inclusion criteria were: 1) a postmenopausal woman aged 50–68 years, 2) expe-
riencing knee pain on most days, 3) participating in no more intensive exercise 
than brisk walking ≤ twice a week, 4) radiographic changes in tibiofemoral joint 
K/L I or II, 5) no cancer or chemotherapy prior to the study, 6) no medical con-
traindications or other limitations to full participation in the exercise program. 

Exclusion criteria were: 1) a T-score < -2,5 (indicating osteoporosis) (Kanis et al. 
2008) measured from the femoral neck using dual-energy X-ray absorptiometry 
(DXA), 2) resting knee pain visual analogue scale (VAS)  >50/100, 3) a body 
mass index (BMI) of >34 kg/m2 (due to confounding factors related to obesity in 
relation to intervention), 4) surgery of the knee due to trauma or knee instability, 
5) meniscectomy within the last 12 months, 6) inflammatory joint disease, 7)
intra-articular steroid injections in the knee during the previous 12 months, 8)
contraindications to MRI and 9) allergies to contrast agents or renal insufficien-
cy.

Inclusion criteria of the two research projects were otherwise similar except for 
age (AquaRehab age range: 60 – 68 years, LuRu: 50 - 66 years) and for BMI (Aq-
uaRehab: ≤ 34 kg/m2, LuRu: ≤ 35 kg/m2,). Measurement protocols were similar 
in both studies, except for the pQCT measurement, in which affected knee side 
(i.e. higher knee K/L side) was measured in AquaRehab, whereas right tibia 
was always measured in LuRu. 
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4.2.1 Intervention (Study I) 

This study was a 4-month randomized controlled trial (Study I) assessing the 
effects of progressive, high volume aquatic resistance training on the biochemi-
cal composition of tibiofemoral cartilage, physical performance, self-reported 
functioning and symptoms of OA and quality of life. As an additional inclusion 
criterion for Study I, a complete T2 data set, i.e. the baseline and end measure-
ment, needed to be imaged from each participant.  The multistage recruitment 
process of the participants is presented in Figure 10. 

After the baseline measurements and before the initiation of the exercise 
intervention, all participants were randomly assigned into the aquatic training 
group (n=43) and control group (n=44). All participants were randomly allocat-
ed with a three-digit identification number to blind researchers to intervention 
allocation and provision. A blinded statistician, only provided with ID and K/L 
grade, performed a computer-generated block randomization of size of 10, 
stratified according to K/L grade I or II. The MRIs were performed by external 
radiologists blinded to intervention allocation. 

4.2.2 Intervention with 12-month follow-up (Study II) 

This study used secondary data from RCT investigating the short- (4-month) 
and long-term (12-month) effects of aquatic resistance training on self-assessed 
function and quality of life in postmenopausal women with mild knee osteoar-
thritis (OA). This study implemented data from the AquaRehab –project (n=87 
postmenopausal 60-68-year old women with mild tibiofemoral OA). 

4.2.3 Cartilage quality and LTPA (Study III) 

This study was a 12-month follow-up to the 4-month randomized controlled 
trial investigating the relationship between 12-month leisure time physical ac-
tivity (LTPA) level and changes in the estimated biochemical composition of 
tibiofemoral cartilage. After original intervention, 76 participants completed the 
12-month follow-up period. As an additional inclusion criterion for this study,
each participant needed to have returned the physical activity diaries from the
study period.

The participants were divided into tertiles based on their average monthly 
LTPA (METh) during the follow-up period, 1=lowest (n=25), 2=middle (n=25) 
and 3=highest (n=26). 
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4.2.4 Neuromuscular performance and bone associations (Study IV) 

This study was a cross-sectional trial investigating whether neuromuscular per-
formance predicts lower limb bone strength in different lower limb sites (femo-
ral neck, tibial midshaft and distal tibia). This study used the combined baseline 
data from LuRu (n=52) and AquaRehab (n=87) –projects (n=139 postmenopau-
sal 50-68-year-old women with mild tibiofemoral OA). An additional inclusion 
criterion for this study was that pQCT needed to be measured from the affected 
knee side (i.e. higher knee K/L side). 
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FIGURE 10  Flow chart of the intervention study. 
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4.3 Study approval and ethics 

Both LuRu –research study protocol (Dnro1E/2008) and AquaRehab –research 
study protocol (Dnro 19U/2011) were approved by the Ethics Committee of the 
Central Finland Health Care District and conforms to the Declaration of Helsin-
ki. Both studies were registered in the controlled trial database: LuRu 
(ISRCTN58314639) and AquaRehab: (ISRCTN65346593). All participants were 
informed about the measurement procedures and possible risk involved in each 
study and had medical insurance. A study physician was available for possible 
adverse effects during the whole intervention and follow-up periods. Written 
informed consent was obtained from all participants in both studies prior to 
enrolment. Access to collected data was restricted to the research study staff. A 
unique code was allocated to each participant to ensure confidentiality and an-
onymity. Only principal investigator had sole access to this data. Published re-
sults did not contain any personal data that could allow identification of indi-
vidual participants. All electronic data was stored on University of Jyväskylä 
servers, with password protection. All paper-based data was securely stored in 
locked filing cabinets. 
 

4.4 Measurements 

4.4.1 Cartilage  

The biochemical composition of the medial and lateral tibiofemoral cartilage 
was estimated using single-slice transverse relaxation time (T2) mapping and 
delayed gadolinium-enhanced magnetic resonance imaging of cartilage 
(dGEMRIC index) (Studies II and IV). These methods provide information on 
the response of tibiofemoral cartilage to physiological loading (Roos & 
Dahlberg 2005, Mosher, Liu & Torok 2010). T2 is a surrogate for the properties 
of the collagen network with lower values corresponding to better integrity and 
orientation of the collagen fibres and the hydration of the articular cartilage 
(Lammentausta et al. 2006, Subburaj et al. 2012). dGEMRIC index measures 
estimated GAG content of the knee articular cartilage with higher values 
corresponding to higher estimated GAG concentration (Bashir et al. 1999, Binks 
et al. 2013). dGEMRIC index, i.e. spin lattice relaxation time (T1) was performed 
in the presence of gadolinium diethylene triamino pentaacetic acid (Gd 
[DTPA]2-). Images were taken using a Siemens Magnetom Symphony Quantum 
1.5-T scanner (Siemens AG, Medical Solutions, Erlangen, Germany) with a 
standard transmit/receive knee array coil. The participants were imaged lying 
supine with imaged knee in slight flexion, stabilized in a leg holder and a 
custom made inflatable cushion. The cushion was specifically designed to 
stabilize the patella without causing any compression of the patellofemoral joint. 
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Single sagittal slice images from the centre of the medial and lateral femoral 
condyles were taken from the knee with the highest K/L grade (affected knee). 
In the cases where both knees had identical K/L score the right knee was 
imaged. The imaging session lasted three hours and included a standard 
clinical MRI series and T2 relaxation time followed by the dGEMRIC series. T2 
mapping was performed using a sagittal multi-slice multi-echo fast spin echo 
sequence (field of view [FOV] 14cm, acquisition matrix 256 x 256, repetition 
time [TR] 2090 ms, eight echo times [TE] between 13 and 104 ms, echo train 
length [ETL] 8, slice thickness 3 mm). The slices were positioned perpendicular 
to a line tangential to the posterior femoral condyles in the axial scout view. 
Two slices, each covering the central region of the medial and lateral condyles, 
were analyzed. 

For the dGEMRIC series, immediately after the clinical and T2 imaging, an 
intravenous injection of 0.4mL/kg (double dose) of Gd-DTPA2- (Magnevist, 
Schering, Berlin) was administered. The amount of contrast agent administered 
was corrected for body weight at each measurement point. This was 
appropriate because of the expected changes in body composition as a result of 
the intensive exercise intervention. In order to enhance the delivery of the 
contrast agent into the knee cartilage, following administration of Gd-DTPA2-, 
the participants were instructed to perform five minutes of knee flexion-
extension exercises in a sitting position without resistance, five minutes of 
walking on a flat surface and ten gentle deep squats. Exactly ninety minutes 
after the injection, dGEMRIC mapping in the presence of Gd-DTPA2- was 
performed in the sagittal plane using a single slice inversion recovery fast-spin 
echo sequence (FOV = 14 cm, matrix 256 x 256, TR = 1800 ms, TE 13 ms, six 
inversion times [TI] between 50 and 1600 ms, slice thickness 3 mm). The slice 
positioning was copied from the T2 relaxation time mapping sequence, and the 
number of the slice in the correct orientation is reduced to one. The remaining 
slice was then positioned at the centre of the medial and lateral condyles as 
viewed on the axial scout image. The participants were positioned in an 
identical position with the first MRI imaging. For quality assurance purposes, a 
set of phantom samples containing certain concentrations of agarose and nickel 
nitrate to modulate their dGEMRIC and T2 relaxation times were imaged 
following the study protocol prior to the baseline and follow-up measurement 
sessions, and no evidence of scanner drift was observed during the intervention.  

Cartilage regions of interest (ROIs) from the single sagittal slices at the 
centre of the medial and lateral tibial and femoral condyles were manually 
segmented using a semi-automated in-house MATLAB application with built-in 
motion correction for dGEMRIC (Mathworks, Inc. Natick, MA, USA). Entire 
visible cartilage of the femur and tibia was manually segmented and divided 
into three ROIs; anterior, central and posterior, and further, automatically di-
vided for the superficial and deep halves of the cartilage thickness (Figure 11). 
dGEMRIC indices were corrected for BMI (Tiderius et al. 2006). Precision, scan-
rescan, (CVRMS) of dGEMRIC in asymptomatic subjects is 7% for full-thickness 
ROIs and 5% for bulk cartilage (Multanen et al. 2009). In our laboratory, the in-
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ter-observer error (CVRMS) for T2 full-thickness ROIs was 1.3% to 3.3% and 2.8% 
to 4.0% for the dGEMRIC index. 

 

 

FIGURE 11 Illustration of the region of interests (ROIs) in the full-thickness femoral and 
tibial cartilage. Midlines split both femoral and tibial cartilage into superficial 
and deep sections. ROIs were segmented according to the landmarks as follows 
for central femoral cartilage: from the anterior end of anterior meniscus (arrow 
1) to the posterior end of the posterior meniscus (arrow 2) and for central tibial 
cartilage: from the posterior end of anterior meniscus (arrow 3) to the anterior 
end of the posterior meniscus (arrow 4). 

  

4.4.2 Cardiorespiratory fitness 

Cardiorespiratory fitness (VO2 peak, ml/kg/min) was assessed using the UKK 
2 km walking test (UKK Institute, Tampere, Finland) which required the partic-
ipant to walk 2km as fast as possible with a target of 80% maximal heart rate 
(Laukkanen et al. 1993). VO2 peak was estimated using the participant’s BMI, 
age, walking time and heart rate at the end of the test. The heart rate was moni-
tored using heart rate monitors (Polar F6, Electro Ltd, Kempele, Finland). A 
2km walking test is valid (correlation coefficient between the measured and 
predicted VO2peak: 0.69 - 0.77) (Laukkanen et al. 1992) and feasible for as-
sessing VO2 peak (Laukkanen et al. 1992) and sensitive to changes (Kukkonen-
Harjula et al. 1998). 
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4.4.3 Daily physical activity 

Daily physical activity of each participant was registered using a leisure time 
physical activity diary for the whole study period (16mo). Out of the diary, the 
metabolic equivalent task (MET-hours) per week was calculated (Ainsworth et 
al. 2011) (Studies II-III). On week 13 of the intervention period the daily physi-
cal activity (excluding intervention) was measured for three consecutive days 
including one weekend day using an accelerometer (Hookie  AM 20, Traxmeet 
Finland) (Study II). Mean amplitude deviation (MAD) of the resultant accelera-
tion signal for each 5-sec epoch were calculated and categorized according to 
Vähä-Ypyä et al. 2015 (Study II). 
 

4.4.4 Self-reported symptoms 

Self-assessed impact of OA on pain, other symptoms, activities of daily living, 
sports and recreation and knee-related quality of life were assessed using the 
validated Finnish (Koli et al. 2011) Likert version of the knee injury and 
osteoarthritis outcome score (KOOS) questionnaire (Roos et al. 1998) (Studies II-
III). Scores for each domain range between 0 and 100, with a score of 0 
indicating extreme and 100 no knee problems. In studies I and IV, self-reported 
pain, stiffness and physical functional difficulty were assessed by Western 
Ontario and McMaster University Osteoarthritis Index (WOMAC) 
questionnaire with a range from 0 to 100 mm in the visual analogue scale (VAS) 
(Bellamy et al. 1988).  
 

4.4.5 Self-reported quality of life 

Self-reported physical functioning, role limitations due to physical problems, 
bodily pain, general health perception, vitality, social functioning, role limita-
tions due to emotional problems and mental health were assessed by using the 
Short Form Health Survey (SF-36). Scores for each domain range between 0 and 
100, with a score of 0 indicating the worst overall health status and 100 the best 
health status (Angst, Aeschlimann & Stucki 2001). Two distinct summary com-
ponents, mental and physical, were aggregated from the eight domains by us-
ing US reference population (1990) for standardization and for factor score coef-
ficients. Furthermore, the mental and physical components were standardized 
using a mean of fifty and standard deviation of 10 (Ware & Kosinski 2001). Ver-
sion 1.0 of the SF-36 was used in this study. 
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4.4.6 Lower limb bone and body composition  

Dual-energy X-ray absorptiometry (DXA)  
DXA (Lunar Prodigy; GE Lunar Healthcare, Madison, WI, USA) was used to 
assess the rigidity of femoral necks and whole body composition (Study I). 
Proximal femur was scanned with DXA at the narrowest neck section. Femoral 
neck section modulus (Z, [mm³], an index of bending strength) was calculated 
with advanced hip structural analysis (AHA) as per manufacturer’s software 
(Beck 2007). The femoral neck section modulus (Z) is equal to the cross-sectional 
moment of inertia (CSMI) divided by the distance from the center of mass to the 
superior neck margin (y). Coefficient of variation (CV) of femoral neck section 
modulus (Z) has been assessed to be 5.1% in our laboratory. Total body fat mass 
and lean mass were analyzed using enCORE software (enCORE 2011, version 
13.60.033) for those subjects in AquaRehab study only (n=87). In vivo precision 
of these measurements has been reported to be CV of 1.3-2.2% (Uusi-Rasi et al. 
2010). 

 
Peripheral quantitative computed tomography (pQCT)  
pQCT (XCT 2000, Stratec Medizintechnik GmbH, Pforzheim, Germany) was 
used to assess the rigidity of the distal and mid-shaft of the tibia from the af-
fected side leg at 5% and 55% of the length of the tibia from the distal end to the 
mid-shaft of the tibia (Study I). A 30 mm planar scout view of the distal tibia 
was used to define the distal end of tibia. Distal tibia compressive (BSId ,g2/cm4) 
and tibial mid-shaft bending (SSImaxmid, mm3) strength indices were calculat-
ed from the data obtained using pQCT. The BSId was calculated as: 

 

 
where TtDd2 is the apparent bone density of the total bone cross-section 

and TtArd the total cross-sectional area of the distal tibia (Equation 1). The SSI-
maxmid was calculated as: 

 

 
where i = index of voxel, Di = Density of the i:th voxel (in mg/cm3), ar = 

area of voxel, yi = distance of the  i:th voxel from the bending axis correspond-
ing to the maximal cross-sectional moment of inertia and ymaxmid = the distance 
of the most anterior point from the bending axis corresponding to the maximal 
cross-sectional moment of inertia (Equation 2) (Rantalainen et al. 2010). 

pQCT bone strength indices predict robustly bone failure in compression 
at the distal tibia and bending strength at the tibial diaphysis (Kontulainen et al. 
2008). CV for the reported pQCT variables has been measured to range from 0.4 
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to 1.6% in our laboratory (Rantalainen et al. 2008). DXA and pQCT were meas-
ured from the higher K/L grade knee side. 

 

4.4.7 Neuromuscular performance 

Counter movement jump test (CMJ)  
Dynamic maximal muscle power of lower limbs was examined by measuring 
ground reaction forces in newtons (GRFs, N), peak instantaneous power pro-
duction during the takeoff phase in watts (W) and concentric net impulse in 
newton seconds (Ns) with a custom made (University of Jyväskylä, Jyväskylä, 
Finland) force platform during counter movement jump test (Study I). Partici-
pants were asked to perform a counter movement jump with hands on hips and 
were instructed to jump as high as possible with the preferred counter move-
ment depth and velocity. The weight of the subject was subtracted from the 
recorded vertical ground reaction force and then divided by the body mass of 
the subject to produce vertical acceleration (Rantalainen et al. 2010). Results 
from the vertical ground reaction force were analyzed using a custom made 
Matlab script. Maximal power traits were extracted following the methodology 
from our previous study (Rantalainen et al. 2010). Variation coefficients of 2.5% 
for jump height (Torvinen et al. 2002) and 3.6% for power (Rittweger et al. 2004) 
have been reported in the counter movement jump. 
 
Maximal isometric force  
Knee extension and flexion force of both legs was measured using an adjustable 
computer-linked dynamometer chair (Good strength, Metitur Ltd, Jyväskylä, 
Finland) and recorded in newtons (N) (Studies I–III). The leg that was measured 
first was chosen randomly to ensure that in later measurement points the 
known tendency to perform better randomly hits the affected or non-affected 
knee side. As preparation for the measurements, the measured knee was set at 
an angle of 60° from the full extension with the ankle strapped with a belt above 
the malleolus to a strain gauge. One practice trial and four maximal efforts were 
performed, separated by a 30-second rest period, until no further improvement 
was observed.  The best performance was chosen for the analysis. The precision 
of the tests in our laboratory is 6.3% for the knee extension force and 8.5% for 
the knee flexion force (Sipilä et al. 1996). 

 
Figure-of-8 running test  
Standardized Figure-of-8 running test was used to measure dynamic balance 
and agility (Study I). Test started from a standing start and consisted of running 
two laps as fast as possible in a figure of eight around two cones placed ten me-
ters apart. Photocells were used to measure the time in seconds taken to com-
plete the task. After a practice trial, the best of three attempts with the shortest 
time was chosen for analysis. The test has been shown to be sensitive (73.5%) 
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and specific (86.1%) for measuring agility and to be effective at detecting de-
creased motor performance (area under curve 0.86) (Rinne et al. 2006). 
 

4.4.8 Background characteristics of the study participants 

Severity of radiographic knee OA 
Study participants from both AquaRehab and LuRu research projects under-
went x-ray imaging (postero-anterior view of the tibiofemoral joint in a semi-
flexed weight bearing position) of both knees. The severity of the knee osteoar-
thritis was evaluated by experienced musculoskeletal radiologists, assessing the 
degree of OA in the tibiofemoral joints using the K/L grading (Kellgren & Law-
rence 1957). Participants with mild knee OA, i.e. radiographic changes in tibio-
femoral joint grades I (doubtful narrowing of joint space, possible osteophytes) 
or II (definite osteophytes and joint space narrowing), were included in the 
studies.   

 
General Health  
Body mass and body height were measured using standard procedures. Body 
mass index was calculated as mass (kg) divided by height (m) squared. Also, a 
researcher-designed questionnaire was used to record physical activity levels, 
general health, medical conditions, current medications, menopausal status and 
hormone therapy.  Leisure time physical activity levels, i.e. activity type (e.g. 
walking or golf), duration and intensity, prior to the study inclusion were con-
verted into MET -hours per week (Ainsworth et al. 2011). Additionally, physical 
or medical limitations to the full participation in the measurements or interven-
tion were assessed by structured medical and physiotherapy screening by an 
attending physician and physiotherapist respectively. The severity of restricted 
joint range of movement (ROM), excessive laxity of knee joint, possible physical 
disabilities and abnormalities found from resting echocardiogram were as-
sessed.  
 

4.5 Progressive aquatic resistance training 

4.5.1 Aquatic training protocol 

The intervention protocol implemented in this study was adapted from a previ-
ously used protocol shown to be effective in healthy women (Pöyhönen et al. 
2002) and people with post-knee arthroplasty (Valtonen et al. 2010). Aquatic 
steps were used to ensure that all subjects were able to complete the standing 
exercises at a depth level approximately to their xiphoid bone ±5cm ensuring 
weight bearing of 25-50% of own body weight on the supporting leg. The pro-
gression of the training was achieved by using resistance boots of different sur-
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face area to increase resistance (Pöyhönen et al. 2002): small fins with a frontal 
area of 0.0181m2 (THERABAND PRODUCTS, The Hygienic Corporation, Ak-
ron, OH 44310 USA) and large boots  with a frontal area of 0.075m2 (Hydro-
Tone hydro-boots, Hydro-Tone Fitness Systems, Inc. Orange, CA 92865-2760, 
USA). 
 
The participants in the intervention group received one hour of supervised 
lower limb aquatic resistance training three times a week for 16 weeks, for a 
total of 48 training sessions. Each one-hour-long session consisted of: 
 
Warm up 
A 10-15 minute warm up that consisted of ten different movements to increase 
active ROM of all joints and enhance neuromuscular activation. Each move-
ment was completed for 1 min (30 s per leg when alternating leg) with 15 s rest 
period. The order of the movements was altered for each session to maximise 
neuromuscular stimulation and prevent staleness as well as to maintain partici-
pants’ interest. 
 
Progressive aquatic resistance training 
A 30-35 min intensive aquatic resistance training program consisted of five ex-
ercises (Figure 12). The resistance of the exercises was progressed with three 
different levels: barefoot, small fins and large resistance boots (Pöyhönen et al. 
2002), and the training leg performed all movements without contact with the 
pool walls or bottom, i.e. non-weight-bearing. The intervention was completed 
in small groups of 6-8 subjects in a pool heated to 30-32 degrees with two in-
structors: one ensuring intensity and the other ROM. The instructors also rec-
orded the attendance of each participant. Intensity of the training sessions was 
set at “as hard and fast as possible” through full ROM to ensure maximal mus-
cle contraction. Pöyhönen et al. (2001) discovered that during maximal knee 
flexion and extension exercises in water with large resistance boots, the drag 
forces produced were 80-85% (145 ± 30 N) of maximal isokinetic movements. 
Full ROM was strictly controlled in order to ensure optimal movement of syno-
vial fluid and exposure of the whole cartilage to the low compressive and shear 
forces created by muscle contraction and movement. Training intensity during 
each session was evaluated by collecting mean and maximum heart rate values 
using heartbeat monitors (Polar Electro Ltd, Kempele, Finland) and a rate of 
perceived exertion (RPE) using the Borg 6-20 scale (Borg 1982). Target training 
zone was 60-80% of maximum heart rate according to the Karvonen formula, 
e.g. 60% training limit (220 – age) x 0.6 and 80% training limit (220 – age) x 0.8. 
The number of repetitions achieved per movement and blood lactate was 
measured on three different occasions. Daily progression of the aquatic re-
sistance program is presented in Table 4. 
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Cool down 
A 10-minute cool down consisted of 3-5 min of walking and supported cycling 
against pool wall and stretching, with 30 s of stretching for each side. 
 
 

 

FIGURE 12 Illustrations of the exercises used in the 30 minute intensive aquatic resistance 
intervention. A: Knee flexion/extension when sitting, B: Hip adduc-
tion/abduction, C: Knee flexion/extension when standing, D: Hip flex-
ion/extension with knee straight, E: Kickback, F: The fins and boots used to as-
sure the progression of the training. 
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TABLE 4 Daily progressions of the aquatic resistance training program. 

Month Week Session 
No. Resistance Intensity RPE 

(6-20) 
Sets x duration 

(s) per leg
Recovery 

(s) 

1 

1 
1 

Barefoot 12 - 14 
2 x 30 30 

2 2 x 45 30 
3 3 x 45 30 

2 
4 

Barefoot 12 - 14 
3 x 45 30 

5 3 x 30 45 
6 3 x 45 30 

 3 
7 

Small fins 
15 - 16 3 x 45 30 

8 16 - 17 3 x 30 45 
9 15 - 16 3 x 45 30 

 4 
10 

Small fins 
16 - 17 3 x 30 45 

11 15 - 16 3 x 45 30 
12 16 - 17 3 x 30 45 

2 

 5 
13 

Small fins 
15 - 16 3 x 45 30 

14 15 - 16 3 x 45 30 
15 15 - 16 3 x 45 30 

 6 
16 Small fins 16 - 17 3 x 45 30 
17 Large boots 16 - 17 3 x 45 30 
18 Small fins 15 - 16 3 x 45 30 

 7 
19 Large boots 16 - 17 3 x 45 30 
20 Small fins 15 - 16 3 x 45 30 
21 Large boots 16 - 17 3 x 45 30 

 8 
22 Large boots 16 - 17 3 x 45 30 
23 Small fins 15 - 16 3 x 45 30 
24 Large boots 16 - 17 3 x 45 30 

3 

 9 
25 

Large boots 16 - 18 
3 x 45 30 

26 3 x 30 45 
27 3 x 45 30 

 10 
28 

Large boots 16 - 18 
3 x 30 45 

29 3 x 45 30 
30 3 x 30 45 

 11 
31 

Large boots 16 - 18 
3 x 45 30 

32 3 x 45 30 
33 3 x 45 30 

 12 
34 Barefoot 

16 - 18 
3 x 45 30 

35 Small fins 3 x 45 30 
36 Large boots 3 x 45 30 

4 

 13 
37 

Large boots 16 - 18 
3 x 45 30 

38 3 x 30 45 
39 3 x 45 30 

 14 
40 

Large boots 16 - 18 
3 x 45 30 

41 3 x 30 45 
42 3 x 45 30 

 15 
43 

Large boots 16 - 18 
3 x 45 30 

44 3 x 30 45 
45 3 x 45 30 

 16 
46 Large boots 16 - 18 3 x 45 30 
47 Large boots 3 x 45 30 
48 Barefoot 15 - 16 3 x 30 45 
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4.5.2 Adverse effects 

Adverse effects or health problems related to the exercise intervention or testing 
protocol were recorded and reported. After each training session (Study I) and 
individual measurement, self-reported knee pain was assessed using a visual 
analogue scale (VAS) along with any other physical symptom such as pain an-
ywhere else, general fatigue and stiffness.  

 

4.5.3 Control group 

The control group were encouraged to continue their usual leisure time physi-
cal activities. They were offered the possibility of participating in two sessions 
consisting of one hour of light stretching and relaxation during the 4-month 
intervention period. 
 

4.6 Statistical methods 

The data in descriptive statistics are presented as means with standard devia-
tions (SD) or as counts with percentages. Kolmogorov-Smirnov and Shapiro-
Wilk W tests were used to test normality for continuous variables. Statistical 
comparisons were made by using t-test or analysis of variance (ANOVA) 
(Study I). The bootstrap method was used when the theoretical distribution of 
the test statistics was unknown or in the case of violation of the assumptions 
(e.g. non-normality).   
  
Analysis of covariance (ANCOVA, Studies I and II)  
Intervention and 12-month follow-up effect between aquatic resistance training 
and control group in all outcomes were analysed using the bootstrap type anal-
ysis of covariance (ANCOVA) with 4-month and 12-month measurements as 
depended variables. Confidence intervals were obtained by bias-corrected boot-
strapping (5,000 replications) due to violation of distributions assumptions. T2 
relaxation time was adjusted for the baseline value, height and weight, and 
dGEMRIC index was adjusted for the baseline value only. Secondary outcomes, 
i.e. physical performance and self-reported symptoms, were adjusted for the 
baseline value. There were multiple endpoints in Studies I and II, therefore all 
p-values and confidence intervals are quoted, rather than introducing the prob-
lems and potential errors associated with formal adjustments for potential mul-
tiplicity issues. Effect sizes (d) were calculated by using the method of Cohen 
(Faraone 2008), where an effect size of 0.20 is considered small, 0.50 moderate, 
and 0.80 large. Confidence intervals for the effect sizes were obtained by bias-
corrected bootstrapping (5,000 replications). 
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Generalized linear models (Study III)  
Statistical significance for the hypothesis of linearity between physical activity 
tertiles (lowest, middle and highest) with cartilage and physical performance 
traits were evaluated by using analysis of variance (ANOVA) and analysis of 
covariance (ANCOVA). T2 was adjusted for the baseline value, height and 
weight. dGEMRIC index, which was already adjusted for BMI, and secondary 
outcomes were adjusted for the baseline value only. The normality of the varia-
bles was tested by using the Shapiro-Wilk W test. Since two participants (2.6%) 
had missing LTPA diary data, the last observation carried forward method was 
used. 
 
Standardized regression coefficients Beta (β) (Study IV)  
Linear regression analyses were used to identify the appropriate predictors of 
the bone strength indices using unadjusted and adjusted (height, weight and 
age) standardized regression coefficients Beta (β). The Beta value is a measure 
of how strongly each predictor variable influences the criterion (dependent) 
variable. The beta is measured in units of standard deviation. Cohen’s stand-
ard for Beta values above 0.10, 0.30 and 0.50 represent small, moderate and 
large relationships, respectively. Hochberg’s procedure was used to correct type 
I error. Correlation coefficients between bone strength indices and body compo-
sition were calculated by using the Pearson method and Sidak adjusted proba-
bilities. 
 
Statistical software  
Stata versions 13.1 (StudiesI and II) and 14.1 (Studies III and IV) of the 
StataCorp LP (College Station, TX, USA) statistical package were used for the 
analyses the studies. 
 

 



  

5 RESULTS 

5.1 Characteristics of the study participants 

The baseline demographic and clinical characteristics of the study participants 
are summarized in Table 5. In the intervention studies (Studies I and II), the 
demographic and clinical characteristics of both groups were similar at baseline.   

In the demographic and clinical characteristics of study participants ac-
cording to the LTPA (METh) (Study III) at baseline there was a linear relation-
ship between body mass (p<0.001), BMI (p<0.001), cardiorespiratory fitness 
(VO2peak, p<0.001), muscle force (knee extension, p<0.001, knee flexion, p=0.011) 
and LTPA level. Most common LTPAs during the 12-month follow-up period 
were walking (including Nordic walking) (mean: 1h 5min/week, 1h 
38min/week and 3h/week in the tertiles, respectively) and LTPA described as 
“other” (e.g. gardening and cleaning) (mean: 55min/week, 1h 13min/week and 
1h 28min/week in the tertiles respectively).  



  T
A

B
L

E
 5

 
B

as
el

in
e 

d
em

og
ra

ph
ic

 a
nd

 c
lin

ic
al

 c
ha

ra
ct

er
is

ti
cs

 o
f t

he
 p

ar
ti

ci
pa

nt
s,

 m
ea

ns
 (S

D
) o

r 
n 

(%
). 

St
u

d
ie

s 
I a

nd
 II

 
St

u
d

y 
II

I 
St

u
d

y 
IV

 

E
xe

rc
is

e 
gr

ou
p 

   
(n

=
43

) 

C
on

tr
ol

 
gr

ou
p 

   
(n

=
44

)  

L
ow

es
t 

M
E

T
h 

 
(n

=
25

) 

M
id

d
le

 
M

E
T

h 
(n

=
25

) 

H
ig

he
st

 
M

E
T

h 
 

(n
=

26
) 

C
om

bi
ne

d
 

d
at

a 
(n

=
13

9)
 

A
ge

 (y
ea

rs
) 

64
 (2

) 
64

 (2
) 

64
 (2

) 
64

 (3
) 

65
 (2

) 
62

 (4
) 

H
ei

gh
t (

cm
) 

16
2 

(5
) 

16
2 

(5
) 

16
2 

(5
) 

16
1 

(5
) 

16
3 

(4
) 

16
2 

(5
) 

B
od

y 
m

as
s 

(k
g)

 
69

.6
 (1

0.
3)

 
71

.0
 (1

1.
3)

 
76

.4
 (1

0.
8)

 
69

.1
 (1

0.
8)

 
65

.3
 (9

.1
) 

71
 (1

1)
 

B
od

y 
m

as
s 

in
d

ex
 (k

g/
m

2 )
 

26
.6

 (3
.8

) 
27

.1
 (3

.5
) 

28
.9

 (3
.4

) 
26

.6
 (3

.8
) 

24
.5

 (3
.0

) 
27

 (4
) 

T
im

e 
fr

om
 m

en
op

au
se

 (y
ea

rs
) 

14
 (6

) 
14

 (6
) 

12
 (6

) 
P

ai
n 

ki
lle

rs
 fo

r 
kn

ee
 p

ai
n,

 n
 (%

) o
f u

se
rs

 
11

 (2
5.

6)
 

9 
(2

0.
5)

 
46

 (3
3)

 
G

lu
co

sa
m

in
e 

u
se

 o
cc

as
io

na
lly

, n
 (%

) 
12

 (2
8)

 
8 

(1
8)

 
36

 (2
6)

 
K

el
lg

re
n 

L
aw

re
nc

e 
gr

ad
e,

 n
 (%

)
   

  G
ra

d
e 

1 
23

 (5
3.

5)
 

24
 (5

4.
5)

 
   

  G
ra

d
e 

2 
20

 (4
6.

5)
 

20
 (4

5.
5)

 
K

ne
e 

pa
in

 (V
A

S,
 m

m
)a

 
•

A
ff

ec
te

d
 le

g

•
N

on
-a

ff
ec

te
d

 le
g

28
 (2

5)
 

24
 (1

9)
 

24
 (1

9)
 

23
 (1

8)
 

H
ab

it
u

al
 p

hy
si

ca
l a

ct
iv

it
y 

(M
E

T
h/

w
ee

k)
 

29
 (3

1)
 

36
 (3

3)
 

22
 (2

0)
 

K
O

O
S 

(0
-1

00
)

   
  P

ai
n 

80
 (1

0)
 

82
 (1

2)
 

83
 (1

1)
 

85
 (1

1)
 

85
 (1

1)
 

   
  O

th
er

 s
ym

p
to

m
s 

74
 (1

3)
 

75
 (1

4)
 

80
 (1

2)
 

80
 (1

3)
 

81
 (1

3)
 

   
  A

D
L

 
84

 (1
0)

 
85

 (1
1)

 
86

 (1
2)

 
88

 (1
4)

 
88

 (1
0)

 
   

  S
p

or
t 

63
 (2

0)
 

65
 (2

2)
 

67
 (2

4)
 

69
 (3

0)
 

73
 (1

7)
 

   
  Q

O
L

 
65

 (1
7)

 
71

 (2
0)

 
72

 (2
0)

 
76

 (2
2)

 
76

 (1
8)

 

62



  

T
A

B
L

E
 2

  
C

on
ti

nu
es

 

E
xe

rc
is

e 
gr

ou
p 

   
(n

=
43

) 

C
on

tr
ol

 
gr

ou
p 

   
(n

=
44

) 

L
ow

es
t 

M
E

T
h 

 
(n

=
25

) 

M
id

d
le

 
M

E
T

h 
(n

=
25

) 

H
ig

he
st

 
M

E
T

h 
 

(n
=

26
) 

A
qu

aR
eh

ab
 

an
d

 L
u

R
u

 
(n

=
13

9)
 

W
O

M
A

C
 (V

A
S 

0-
10

0 
m

m
) 

   
  P

ai
n 

13
 (1

2)
 

13
 (1

3)
 

11
 (1

1)
 

   
  S

ti
ff

ne
ss

 
18

 (1
8)

 
22

 (2
2)

 
16

 (1
8)

 
   

  P
hy

si
ca

l f
u

nc
ti

on
 

9 
(9

) 
10

 (1
2)

 
8 

(9
) 

SF
-3

6
   

  P
hy

si
ca

l f
u

nc
ti

on
in

g 
79

 (1
3)

 
81

 (1
3)

 
   

  R
ol

e-
P

hy
si

ca
l 

83
 (2

6)
 

85
 (3

1)
 

   
  B

od
ily

 P
ai

n 
69

 (1
7)

 
73

 (1
5)

 
   

  G
en

er
al

 H
ea

lt
h 

71
 (1

6)
 

75
 (1

3)
 

   
  V

it
al

it
y 

71
 (1

7)
 

76
 (1

7)
 

   
  S

oc
ia

l F
u

nc
ti

on
in

g 
90

 (1
8)

 
92

 (1
5)

 
   

  R
ol

e-
E

m
ot

io
na

l 
84

 (2
9)

 
92

 (2
2)

 
   

  M
en

ta
l H

ea
lt

h 
81

 (1
4 

83
 (1

7)
 

   
  S

u
m

m
ar

y 
P

hy
si

ca
l H

ea
lt

h 
Sc

al
e 

47
 (6

) 
48

 (7
) 

   
  S

u
m

m
ar

y 
M

en
ta

l H
ea

lt
h 

Sc
al

e 
55

 (9
) 

56
 (1

0)
 

M
u

sc
le

 fo
rc

e 
(N

) 
   

  E
xt

en
si

on
 

33
5 

(6
4)

 
34

3 
(7

0)
 

33
6 

(7
1)

 
37

7 
(5

3)
 

36
2 

(7
0)

 
36

5 
(8

2)
 

   
  F

le
xi

on
 

16
4 

(5
2)

 
16

5 
(4

0)
 

17
8 

(3
8)

 
19

0 
(3

4)
 

18
5 

(5
1)

 
17

4 
(5

0)
 

C
ar

d
io

re
sp

ir
at

or
y 

fi
tn

es
s,

 (m
l/

kg
/

m
in

) 
   

  E
st

im
at

ed
 V

O
2 p

ea
k 

24
.6

 (5
.6

) 
24

.9
 (4

.9
) 

24
.6

 (3
.9

) 
26

.8
 (5

.9
) 

29
.5

 (4
.1

) 
M

E
T

h 
=

 m
et

ab
ol

ic
 e

qu
iv

al
en

t t
as

k 
ho

u
r,

 K
O

O
S 

=
 K

ne
e 

In
ju

ry
 a

nd
 O

st
eo

ar
th

ri
ti

s 
O

u
tc

om
e 

Sc
or

e,
 A

D
L

= 
ac

ti
vi

ti
es

 o
f d

ai
ly

 li
vi

ng
, S

po
rt

 =
 

sp
or

ts
 a

nd
 r

ec
re

at
io

n,
 Q

O
L

 =
 k

ne
e 

re
la

te
d

 q
u

al
it

y 
of

 li
fe

, W
O

M
A

C
 =

 W
es

te
rn

 O
nt

ar
io

 a
nd

 M
cM

as
te

r 
U

ni
ve

rs
it

y 
O

st
eo

ar
th

ri
ti

s 
In

d
ex

. 
a  E

st
im

at
ed

 k
ne

e 
pa

in
 d

ur
in

g 
la

st
 w

ee
k.

 R
an

ge
, 0

-1
00

 m
m

. 

63



64 
 
5.2 Effects of progressive aquatic resistance training in postmen-

opausal women with mild tibiofemoral OA 

In total 87 participants met the inclusion criteria and were randomized into the 
aquatic training group (n=43) and control group (n=44). During the 4-month 
intervention period, no between-group differences were seen in daily LTPA 
(METh) once the intervention activity was removed or in physical activity as 
measured with accelerometers using mean amplitude deviations (MADs), ex-
cluding the intervention. 

 

5.2.1 Feasibility of the training program 

Drop-out rate during the 4-month intervention period for each group was 2.3% 
(one intervention and one control). Training compliance was 88% and mean (SD) 
training frequency was 2.6 (0.5) per week (drop outs included). The average 
self-assessed intensity of training sessions was RPE 15 (range, 12-17) and aver-
age (SD) maximum heart rate was 144 (12) beats per minute. The mean (SD) 
number of repetitions completed per session with the affected leg was 481 (67), 
416 (68) and 387 (58) for barefoot, small fins and large boots respectively. 70.5% 
of the repetitions involved full knee active extension and flexion, which was 
mean 134.4 (SD, 5.6) degrees (affected knee) as measured during the baseline 
assessment. 
 

5.2.2 Harms 

Two trainees consulted the attending physician (bilateral knee pain and dysp-
noea) as a result of the aquatic training. One subject from the control group re-
quired a medical consultation for knee pain after the baseline physical perfor-
mance measures. All three subjects continued their participation in the study 
and attended end measurements. 
 

5.2.3 Feasibility of the cartilage analysis 

To ensure accuracy, each MRI image was inspected for quality. One participant 
was excluded from the study due to corrupted data as a result of excessive 
movement artefact in T2 images. One complete baseline dGEMRIC index data 
set was missing due to lost images (at time of imaging). Additionally, from the 
dGEMRIC index 11 medial compartments had movement artefact, while in the 
lateral compartment, 14 had artery-flow pulsating artefact, one had movement 
artefact and there was one inaccurate location of the slice compared to the base-
line image. In total 72 and 68 complete dGEMRIC data sets for medial and lat-
eral femoral condyles, respectively, were available for quantitative analysis.  
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5.2.4 Training effects on cartilage quality 

After four months of progressive aquatic resistance training, a significant de-
crease was observed in both T2, mean difference -1.2ms (95%CI: -2.2 to -0.2, 
p=0.021) and dGEMRIC index -23ms (-43 to -3, p=0.022) in the training group 
compared to controls in the full thickness posterior ROI of the medial femoral 
cartilage (Table 6). Further, significant decreases in the training group com-
pared to controls were only seen in the deep posterior and not superficial ROI 
of the medial femoral cartilage, -1.6ms (-3.0 to -0.3, p=0.016), and -26ms (-50 to -
3, p=0.030), for T2 and dGEMRIC index respectively (Figure 13).  

In the additional analysis for this thesis we found that these between 
group differences were lost at the 12-month follow-up, -0.7ms (-1.9 to 0.4, 
p=0.198) and -11ms (-41.5 to 19.3, p=0.468) for full-thickness medial T2 and 
dGEMRIC index respectively.  

 
 

 
 

FIGURE 13 Magnitude of effect (Cohen’s d and 95% CI) at superficial and deep layers of T2 
and dGEMRIC cartilage ROIs from medial and lateral condyles. T2 = transverse 
relaxation time; dGEMRIC = delayed gadolinium-enhanced magnetic reso-
nance imaging of cartilage; sPF = superficial posterior femur; dPF = deep poste-
rior femur. 
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5.2.5 Training effects on physical performance and clinical symptoms 

During four months of progressive aquatic resistance training, cardiorespirato-
ry fitness VO2 peak increased 9.8% in the training group and 4.4% in the control 
group (effect size: 0.58, 95%CI: 0.15 to 1.06, p=0.010 between groups). There 
were no between-group differences in the knee extension or flexion muscle 
force or in any domains of KOOS. 

5.3 Self-assessed function and quality of life – 4-month RCT with 
12-month follow-up

5.3.1 Drop-outs during the 12-month follow-up period 

After the intervention study (Study I, n=87), 84 participants were willing to con-
tinue to the 12-month post-intervention follow-up study (Study II). During the 
12-month follow-up period, seven participants dropped out of the study (2 in-
tervention and 5 control). One participant died due to diagnosed cancer and
one due to unknown reasons. In addition, one participant withdrew due to ac-
tivated Ménière's disease, one due to personal reasons, one due to hip arthro-
plasty and one due to radiotherapy for breast cancer. Therefore 77 participants
completed all follow-up measurements.

5.3.2 Short and long-term effects of training on self-assessed function and 
quality of life 

After 4-months aquatic resistance training, there was a significant decrease in 
WOMAC stiffness domain -8.5mm (95%CI: -14.9 to -2.0, p=0.006) in the training 
group compared to controls (Figure 14). After the cessation of the training, this 
benefit was no longer observed in the 12-month follow-up. No between-group 
differences were observed in any domain of self-reported quality of life (SF-36) 
or the other domains of the WOMAC questionnaire at any measurement point. 
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FIGURE 14 Short- and long-term effects of aquatic resistance training on self-assessed func-
tion (WOMAC). 

 

5.4 Association between physical activity and cartilage quality 

In addition to the drop-outs during the 12-month study period (n=7), one par-
ticipant did not return the physical activity diaries from the entire follow-up 
period and was therefore dropped out from the analysis.  

Thus, in total 76 participants were divided in tertiles based on their fol-
low-up period LTPA (average monthly METh). The division into METh tertiles 
was: 1=lowest (n=25), 2=middle (n=25) and 3=highest (n=26). Importantly, 
there was no difference between the LTPA METh tertiles according to the origi-
nal intervention study groups (i.e. members of the training and control group) 
in the beginning or during the follow-up (Table 7). 
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TABLE 7 Average monthly METh for the follow-up period. 

 
Lowest 
METh 
(n=25) 

Middle 
METh 
(n=25) 

Highest  
METh 
(n=26) 

All participants    
     METh, mean (SD) 52 (15) 97 (14) 155 (29) 
Original intervention group    
     Number (%) 16 (64.0) 12 (48.0) 11 (42.3) 
     METh, mean (SD) 53 (15) 96 (14) 156 (36) 
Original control group    
     Number (%) 9 (36.0) 13 (52.0) 15 (57.7) 
     METh, mean (SD) 49 (15) 98 (15) 155 (26) 

Original intervention group: Intervention group of the original RCT design. Original control   
group: Control group of the original RCT design. 

 
 

5.4.1 Feasibility of the cartilage analysis 

One complete dGEMRIC index data set was not measured due to participant’s 
rejection of contrast agent injection. Additionally, from the dGEMRIC index, 21 
participants had movement artefact in the medial condyle, while in the lateral 
condyle, 17 participants had either artery-flow pulsating artefact or movement 
artefact and one inaccurate location of the slice compared to the baseline image. 
These data sets were therefore missing from the final analysis. In total 54 and 57 
complete datasets for medial and lateral condyles respectively were available 
for quantitative dGEMRIC analysis. 
 

5.4.2 The relationship between LTPA level and changes in estimated carti-
lage quality 

In knee cartilage regions, there was a statistically significant linear relationship 
showing that dGEMRIC index in posterior ROI of the lateral (p=0.003) and me-
dial (p=0.006) femoral cartilage increased with higher LTPA level during the 12-
month period (Table 8). Furthermore, these changes were seen in the posterior 
lateral femoral cartilage superficial (p=0.004) and deep (p=0.007) ROIs and in 
the posterior medial superficial ROI (p<0.001) (Figure 15). No linear relation-
ship was observed between LTPA level and changes in T2 relaxation time, 
physical performance characteristics or self-assessed impact of OA symptoms 
during the 12-month follow-up period. 
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FIGURE 15 dGEMRIC index change during 12-month follow-up from femoral posterior 
lateral and medial superficial and deep ROI according to LTPA (METh) tertiles. 
METh = Average monthly Met hours. Highest = Highest tertile, Middle = Mid-
dle tertile, Lowest = Lowest tertile. 
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5.5 Neuromuscular performance as predictor of lower limb bone 

strength 

Among the participants of the combined baseline data sets (n=139), counter 
movement jump peak power production was the strongest independent predic-
tor for femoral neck Z (β=0.44; p<0.001) and for distal tibial BSId (β=0.32; 
p=0.003) in postmenopausal women with mild knee OA (Figure 16). This was 
also true in concentric net impulse for femoral neck Z (β=0.37; p=0.001) and for 
distal tibia BSId (β=0.40; p<0.001). Additionally, knee extension force (β=0.30; 
p<0.001) and figure-of-eight-running test (β= -0.32; p<0.001) were among 
strongest independent predictors for distal tibia BSId after adjustments.  In fig-
ure-of-eight running test, faster time (thus negative value) predicts stronger 
bone. For tibial mid-shaft SSImaxmid, concentric net impulse (β=0.33; p=0.002) 
remained as the strongest independent predictor after adjustments. 

In those who had body composition measured (AquaRehab only, n=87), 
lean mass correlated with all bone strength indices, whereas fat mass did not. 
After Sidak adjustment, correlation between lean mass and femoral neck Z and 
tibial mid-shaft SSImaxmid remained significant (Table 9). 
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FIGURE 16 Univariate relationships between exercise related mechanisms and bone 
strength indices (β –values with 95% confidence intervals). ■ = crude and □ = 
height, weight and age adjusted bone strength indices. Z = femoral neck section 
modulus, SSImaxmid = tibial mid-shaft density weighted maximal moment of 
inertia, BSId = distal tibia compressive bone strength index, GRF = ground reac-
tion force, Power = peak power production, Net impulse = concentric net im-
pulse, Knee extension = knee extension force, Knee flexion = knee flexion force; 
8-run = Figure-of-eight-running. 
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TABLE 9 Correlation coefficients (95% CI) between bone strength indices and body com-

position. 

Bone strength indices of the lower 
limb 

Lean mass Fat mass 

Femoral neck, Z (mm³) 0.32 (0.11 to 0.51)* 0.08 (-0.14 to 0.29) 

Tibial mid-shaft, SSImaxmid, (mm3) 0.53 (0.37 to 0.66)*** 0.17 (-0.06 to 0.39) 
Distal tibia, BSId, (g2/cm4) 0.22 (0.03 to 0.38) 0.08 (-0.13 to 0.29) 
Z = Femoral neck section modulus, SSImaxmid = tibial mid-shaft density weighted maximal 
moment of inertia, BSId = distal tibia compressive bone strength index. 
Sidak adjusted probabilities: * p<0.05, ** p<0.001, *** p<0.001. 

 
 



  

6 DISCUSSION 

This study was conducted to examine the effects of 4-month progressive aquatic 
resistance training with 12-month follow-up and physical activity on knee ar-
ticular cartilage in postmenopausal women with mild knee OA. Furthermore, 
the short-term effects (4-month) of the training on self-assessed function and 
quality of life and maintenance of possible benefits (12-month) were assessed. 
In addition, the relationship between lower limb neuromuscular performance 
and bone strength was studied.  

The randomized controlled trial showed that the integrity of the collagen-
interstitial water environment (T2) of the tibiofemoral cartilage may be respon-
sive to low shear and compressive forces during aquatic resistance training, 
whereas further research is required to understand the exact nature of acute 
responses in dGEMRIC index to this type of loading. Also, aquatic resistance 
training improved cardiorespiratory fitness. As for the leisure-time physical 
activity, results suggest that the level of the activities is associated with benefi-
cial regional changes in estimated knee articular cartilage quality (i.e. estimated 
GAG content) in 12 months, as measured with dGEMRIC index.  After 4-
months aquatic resistance training, there was a significant decrease in self-
assessed stiffness of the knee in the training group compared to controls. After 
the cessation of the training, this benefit was not maintained on long-term. 
Moreover, the results of the cross-sectional study suggested that neuromuscular 
performance in postmenopausal women with mild knee OA predicted lower 
limb bone strength in every measured skeletal site.  

6.1 Effects of exercise and physical activity on knee cartilage 

Therapeutic aquatic exercise (TAE) is effective at managing symptoms and im-
proving functional deficits in people with lower limb OA (Waller et al. 2014). 
Water is a facilitating environment in which persons with lower limb OA can 
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safely and comfortably exercise utilizing full joint range of motions not possible 
or normally recruited on land (Roper, Bressel & Tillman 2013). Due to the 
unique property of water causing reduced loading on the joint, the buoyancy 
(Harrison, Hillman & Bulstrode 1992), this modality has long been used as an 
effective and popular treatment option in this patient group. In this RCT study, 
we studied the efficacy of progressive, high volume aquatic resistance training 
on biochemical composition of tibiofemoral cartilage in postmenopausal wom-
en with mild knee OA. It has been thought that reduced loading due to buoy-
ancy could protect the joints from further damage and allow more efficacious 
training for people who are unable to train effectively on land (Waller et al. 
2014). To ensure maximal muscle contraction, intensity in our training program 
was at “as hard and fast as possible”. The average perceived exertion of the 
aquatic resistance training was RPE 15 (range, 12-17) and maximum heart rate 
was 144 (12) beats per minute. This combined with high training compliance 
(88%), training frequency (2.6x per week) and low dropout rate (n=1 per group) 
proves further that high intensity aquatic resistance training is both safe and 
suitable and it can be performed in high intensities in postmenopausal women 
with mild knee OA. Unlike in our exercise protocol, in our recent meta-analysis 
(Waller et al. 2014) it was found that previous TAE interventions have not had 
sufficient intensity or duration to cause physiological changes and the effects of 
TAE have been lost even at short-term.  

This study showed concurrent responses in both T2 relaxation time and 
dGEMRIC index measuring the estimated biochemical composition of mildly 
osteoarthritic cartilage following four months of progressive aquatic resistance 
training in subjects with mild knee OA. These MRI methods provide unique 
and in-depth information on whether mildly osteoarthritic tibiofemoral carti-
lage is able to respond to mechanical loading over time. In a recently published 
systematic review (Bricca et al. 2017) it was concluded that moderate daily dose 
of exercise may have positive effects on cartilage matrix composition in healthy 
animals. Previous RCT studies on humans have shown that the mechanical 
loading created by the exercise interventions can have beneficial effects on the 
estimated biochemical composition of tibiofemoral (Roos & Dahlberg 2005) and 
patellofemoral (Koli et al. 2015) cartilage. Even though we found concurrent 
responses as a decrease both in T2 relaxation time and dGEMRIC index in the 
posterior region of medial femoral cartilage, our dGEMRIC results were in con-
trast with our T2 findings and the findings of Roos and Dahlberg (Roos & 
Dahlberg 2005). A decrease in T2 values is indicative of an improved integrity 
and orientation of the collagen fibres and a decrease in hydration of articular 
cartilage (Nieminen et al. 2001, Lammentausta et al. 2006), whereas decreases in 
dGEMRIC index values are associated with lower GAG content, i.e. degenera-
tion of cartilage (Bashir et al. 1999, Nissi et al. 2004).  

Aforementioned contrast between our results and a previous RCT study 
(Roos & Dahlberg 2005) can be explained at least partly by the older age of our 
study participants and the different stage of OA progression. Also, our ob-
served decrease in dGEMRIC index values could suggest there was an in-



77 
 
creased penetration of the contrast agent into the cartilage as a result of a de-
crease in GAG content within the cartilage matrix. There were no differences in 
physical activity between our training and control group other than the inter-
vention and due to the non-impact nature of our training we question if there 
was a true decrease in GAG content.  We could also speculate that our observed 
decrease in dGEMRIC index could be due to a reparative process within the 
cartilage as Bengtsson Moström et al. (2015) found a similar association in their 
cross-sectional study, i.e. lower T2 and dGEMRIC index was seen in the central 
ROI of the patella cartilage in young people with repetitive patella dislocation. 
Furthermore, our results could be partly explained by an increase in concentra-
tion of the contrast agent due to the reduction in cartilage hydration associated 
with a decrease in T2 (Li et al. 2010, Salo et al. 2012, Owman et al. 2014).  

High repetition, low compression and shear cyclic forces with over 90 de-
grees knee flexion were achieved in our training at an abnormally high fre-
quency. The mean number of repetitions completed per session with the affect-
ed leg was 481 (67), 416 (68) and 387 (58) for barefoot, small fins and large boots, 
respectively. 70.5% of these repetitions involved full knee active flexion and 
extension and thus produced contact between the posterior ROI of the femur 
and central tibia. It has been shown that when exposed to sufficient stimulus 
and environment, chondrocytes, including cells extracted from OA cartilage, 
have latent loading adaptation capacity to proliferate and regenerate matrix (e.g. 
GAGs and collagen) (Teichtahl et al. 2009, Jeon et al. 2013). Thus, the high num-
ber of repetitions together with low compression and shear cyclic forces from 
the aquatic resistance training might have caused positive responses in the ar-
ticular cartilage in persons with mild knee OA. Also, the repetitive full ROM of 
the knee joint could have improved cartilage nutrition and removal of catabo-
lites, therefore stimulating chondrocyte activity and improving and maintain-
ing its biochemical properties (Arokoski et al. 2000, Wang et al. 2013). 

The estimated biochemical composition of knee articular cartilage, both 
dGEMRIC index and T2 relaxation time, returned to baseline level after 12 
months of cessation of the aquatic resistance training. During the intervention 
period, there were significant difference between the exercise and control group 
in average monthly LTPA due to the training. However, this difference was 
immediately lost after the cessation of the training (Waller et al. 2017). This sug-
gests that the full ROM exercises created by aquatic resistance training had sig-
nificant effect on the areas less loaded during normal activities of daily living. 
Furthermore, this suggests that in order to maintain cartilage quality, higher 
amounts of LTPAs are needed as it has been shown that the mechanical stress 
environment is an important factor that presumably regulates and influences 
the activity of the chondrocytes in vivo (Griffin & Guilak 2005). 

As aquatic resistance training effects on knee articular cartilage returned 
to baseline level at 12-month follow-up, we found it important to observe in 
detail how LTPA is related to cartilage quality. Participants of the original in-
tervention study were divided into MET task hour tertiles (lowest, middle, and 
highest) based on their monthly MET task hours. Based on the results of this 
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study we were able to conclude that in the 12-month follow-up period higher 
LTPA level was related to regional increases in estimated GAG content of tibio-
femoral cartilage as measured with dGEMRIC index (Study III). 

These regional changes were observed both in medial and lateral posterior 
ROI of the femoral condyle, further supporting our previous findings suggest-
ing that daily less loaded posterior cartilage may have lower threshold for 
chondrocyte adaptation (Study I). These findings are also supported by several 
animal (Kiviranta et al. 1988, Kiviranta et al. 1994, Brismar et al. 2003) and hu-
man studies in healthy population (Tiderius et al. 2004, Teichtahl et al. 2009, 
Van Ginckel et al. 2010). Furthermore, physically active lifestyle has been asso-
ciated with the maintenance of the biochemical properties of cartilage in people 
at high risk of developing knee OA after surgery for meniscal injury (Roos & 
Dahlberg 2005). 

This linear relationship between LTPA changes and estimated knee carti-
lage quality was not observed in T2 relaxation time. These two MRI methods 
measure different cartilage attributes, indicating that the type of loading may 
affect different cartilage attributes. In our 4-month progressive resistance train-
ing program we found that full ROM knee movements with high repetition and 
compressive cyclic forces improved the estimated biochemical composition of 
the medial posterior femoral cartilage as measured with T2 (Study I). In contrast, 
the LTPAs may not have sufficient intensity and loading to cause adaptation in 
the integrity of the collagen-interstitial water environment (T2) whereas GAG 
concentration, i.e. dGEMRIC index, may be more responsive to loading created 
by LTPAs, i.e. intermittent impact and compression.  

Walking (including Nordic walking) accounted for 40% of the total LTPA. 
The biomechanics of gait do not alone explain why the change in dGEMRIC 
index was observed in posterior ROI of the cartilage as it is less customary 
loaded during walking (Walker et al. 2001, Goyal et al. 2012). Intermittent im-
pacts and loading during gait with higher LTPA level might have had favorable 
adjacent effects on less customary loaded posterior cartilage (e.g. trough pres-
sure chances and muscle activation). Thus, the repetitive mechanical stimulus 
trough gait might have been sufficient enough to improve nutrient diffusion 
and fluid flow in the posterior ROI of the femoral cartilage. Furthermore, 23% 
of the activities accounted of the total LTPA were described as “other” (e.g. 
cleaning and gardening). These activities might have included nonrepetitive 
and higher knee ROMs (i.e. uncustomary loading) to the knee, which can be 
speculated to have had beneficial effect on less loaded posterior ROI of femoral 
cartilage.  

Overall, chondrocytes in posterior region might have been more respon-
sive to physical activities in posterior region of cartilage compared to central 
region chondrocytes as discussed in Study I. The chondrocytes in the central 
region of both femoral and tibia cartilage, i.e. a region loaded daily during 
normal locomotion, may require a higher or atypical load to stimulate an adap-
tive response.  
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6.2 Effects of exercise on physical performance, clinical symp-

toms and quality of life 

We did not observe any significant changes in muscle force after 4-month 
aquatic resistance training. This result was in line with our recent systematic 
review showing no significant effect of TAE on muscle force (Waller et al. 2014). 
However, we performed isometric muscle testing, whereas the true muscle 
work during our intervention resembles to isokinetic strength testing more 
closely. Thus, isokinetic strength measurements could have been more sensitive 
to change.  

This study showed significant improvement in cardiorespiratory fitness in 
favor of the aquatic resistance training group. This finding is supported by our 
previous study investigating the effects of TAE on aerobic fitness (Waller et al. 
2014).  Furthermore, it has been shown that that the oxygen consumption (VO2) 

is three times higher during aquatic treadmill running than on land (Becker 
2009). Thus the same effect on aerobic capacity may be achieved with aquatic 
exercise with less exertion (Becker 2009), promoting water as a promising exer-
cise environment which stimulates higher exercise efficiency with less exertion 
for people with painful joints and low physical activity level (Bartels et al. 2016). 

There were no between-group differences in any of the domains of KOOS. 
Our study participants reported high values for KOOS at baseline, i.e. clinical 
symptoms were minor at baseline. Therefore this lack of significance was not a 
surprise. On the other hand, together with the results from physical perfor-
mance, these results indicate that progressive aquatic resistance training had no 
harmful effects on clinical findings in this study population. 

As discussed in Study I, Likert scale KOOS questionnaire was not sensi-
tive enough to observe any between-group differences in any of the KOOS do-
mains. Thus, VAS-scale WOMAC questionnaire could be more sensitive to the 
changes and give us deeper insight over OA-related symptoms. Further, OA-
related pain and reduced physical function can culminate in reductions in qual-
ity of life (Fransen et al. 2015), making it an important factor in understanding 
OA as a whole. In this 4-month aquatic resistance training study with 12-month 
follow-up, there was a significant decrease in WOMAC knee stiffness in the 
training group compared to controls. During the intervention, full knee range of 
motion was ensured, whereas gait on level surface requires knee ROM from 
nearly full extension to 60-65 degree flexion (Walker et al. 2001). During the in-
tervention period, there was a significant between-group difference between 
study groups in average monthly LTPA due to aquatic resistance training. 
However, this difference was immediately lost after the cessation of the aquatic 
resistance training (Waller et al. 2017).  This might partly explain why the im-
provements in knee stiffness were no longer seen at the 12-month follow-up as 
the former participants of the intervention group went back to their normal lev-
el and type of leisure time physical activities. As mentioned earlier, most com-
mon LTPA during the follow-up period was walking, which does not require 
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full range knee motions as described above. This finding is also in line with our 
previous systematic review showing that directly after intervention, TAE had a 
small, but significant effect on knee stiffness (Waller et al. 2014). Furthermore, 
there was a trend, though not statistically significant, showing a possible pain 
reduction in aquatic resistance training group, which might partly support the 
found reduction in knee stiffness.  

Contrary to previous systematic reviews of TAE (Waller et al. 2014) and 
land-based therapeutic exercise in osteoarthritic population (Fransen et al. 2015), 
no between-group differences were observed in any of the quality of life ques-
tionnaire (SF-36) domains. The effect size was found to be small in both studies 
and caution in interpretation of the results was noticed. The outcome measures 
used may not accurately represent the true changes in the QOL in these patients 
as involved studies used a variety of continuous scales to evaluate quality of life 
outcomes (Waller et al. 2014, Fransen et al. 2015) and the number of included 
studies in TAE (Waller et al. 2014) and land-based exercise (Fransen et al. 2015) 
systematic reviews were relatively low (8 and 13 respectively). Furthermore, as 
was the case with the KOOS values at baseline, high SF-36 values were reported 
at baseline, leaving little room for possible positive changes. On the other hand, 
as found in KOOS pain dimension, there was also a trend, though not signifi-
cant, showing a possible bodily pain reduction in SF-36. 

In the 12-month follow-up, studying how LTPA is related with cartilage 
quality, cardiorespiratory fitness, muscle force and all KOOS dimensions re-
mained at the follow-up initiation level, and no linearity with LTPA tertiles was 
observed during the 12 months. Importantly, even at the highest level LTPA 
was well tolerated and did not increase clinical symptoms.  

 

6.3 Neuromuscular performance as predictor of lower limb bone 
strength 

In Study IV, we found that neuromuscular performance predicted bone 
strength along the lower limb at the femoral neck, tibial mid-shaft and distal 
tibia so that the better the neuromuscular performance was the higher the bone 
strength was. Strongest predictors of the lower limb bone strength indices were 
peak power production during counter movement jump, concentric net impulse, 
knee extension force and figure-of-eight-running. This finding is in line with a 
previous study (Khan 2001) showing that the highest measurable strain during 
running occurs at the distal tibia and calcaneus with the greatest strain being 
generated at the cortex under compression. 

It has been suggested that there is an inverse relationship between mild 
knee OA and osteoporosis (OP), i.e. OA would have protective effect against 
OP (Sowers et al. 1999, Multanen et al. 2015). However, it has been shown that 
when the disease progresses, OA would lose the protective effect for some rea-
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son (Chang et al. 2014). Also, in a recent study, weak to moderate but signifi-
cant correlations were found showing that when tibial cartilage is degenerated, 
the underlying tibial bone structure, i.e. subchondral bone, is also deteriorated 
(Hirvasniemi et al. 2017). 

Furthermore, it has been shown that falling is the strongest single risk fac-
tor for fractures, not OP (Kannus et al. 2005, van Helden et al. 2008). Regular 
exercise increases daily physical activity and decreases risk of falling in OA pa-
tients (Bennell & Hinman 2011). In a recent cohort study with almost 70000 in-
dividuals was shown that people who reported exercise 1 hour per week had a 
lower rate of hip fracture and any fracture compared with those who exercised 
less than 1 hour per week (Stattin et al. 2017). In addition, there is a consistent 
doubling of fracture risk for each SD reduction in BMD, irrespective of BMD 
measurement site and fracture type (Cefalu et al. 2004). Therefore, regular exer-
cise can be recommended as a means to improve skeletal as well as cartilage 
health and should be investigated in more detail as the effects of physical exer-
cise on human cartilage and subchondral bone are poorly understood and we 
do not know the specific type, intensity and amount of exercise that would be 
optimal for the joint. 

 

6.4 Methodological considerations 

This dissertation is mainly based on findings from a large RCT study project 
(AquaRehab). The main aim of the project was to investigate the effects of high 
intensity aquatic resistance training on estimated biochemical composition of 
the knee cartilage in postmenopausal women. Additionally, a cross-sectional 
study implementing combined data set of two large RCT projects (AquaRehab 
and LuRu), assessing the association between neuromuscular performance and 
lower limb bone strength traits, was conducted. Eligibility criteria in these two 
RCTs were otherwise similar except for age (AquaRehab age range: 60 – 68 
years and LuRu: 50 - 66 years) and for BMI (AquaRehab: ≤  34 kg/m2 and LuRu: 
≤ 35 kg/m2). Measurement protocols were similar in both studies except for 
measured leg in pQCT. In LuRu study, right leg was always measured whereas 
in AquaRehab study, images were taken from the affected knee side leg (i.e. 
higher knee K/L graded side). Thus, only participants from LuRu who had 
higher K/L grading in their right knee were included in Study IV.  

 

6.4.1 Strengths and limitations of the MRI and follow-up studies (Studies I, 
II and III) 

The strengths of the intervention studies include the high adherence to a highly 
intensive aquatic resistance training program with a small number of drop-outs. 
These strengths indicate that postmenopausal women with mild knee OA were 
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able to withstand progressive aquatic resistance training and they were highly 
motivated. AquaRehab study was the first study to record leisure time physical 
activities throughout the whole 4-month intervention (in addition to the aquatic 
exercise) and a 12-month follow-up period. Thus, due to this control for con-
founding factor, intervention studies (Study I and II) were able to demonstrate 
the true effects of progressive aquatic resistance training. These studies were 
designed to fulfill all the important quality criteria in RCT, except for blinding 
the participants to exercise therapy, which is common in exercise therapy stud-
ies (Furlan et al. 2009).  Further, the strengths of the LTPA study (Study III) in-
clude the long-term follow-up period (12 months) and high adherence to the 
end measurements with no harms observed as LTPA level increased.  

Due to the strict inclusion criteria in the original intervention study (Study 
I and II), the study sample was homogeneous. Therefore, the results of this dis-
sertation cannot be directly applied to people with progressed OA or older or 
extremely obese women and men. This study had multiple endpoints and 
therefore results have to be viewed with caution. All p-values and CI’s are 
quoted, rather than presenting the potential errors and problems associated 
with formal adjustments for potential multiplicity issues. 

The intensity of aquatic resistance training (Study I and II) was monitored 
through heart rates, RPE and blood lactates (Waller et al. 2017). Due to this indi-
rect measurement, we were not able to control the exact work done by the low-
er limb muscles. Furthermore, LTPA was evaluated subjectively with diaries 
(Study III). This might have led to overestimation of the daily physical activities 
and lost data due to unmarked activities. Additionally, two assessors (MM, au-
thor of the dissertation, and BW, responsible for aquatic resistance training) 
were not blinded to the study. 
 
Cartilage and imaging  
Strict imaging procedures and segmentation rules were used in both MRI stud-
ies (Studies I and III) to ensure good stability and repeatability of the T2 and 
dGEMRIC indices. Nevertheless, this did not rule out, the possibility that the 
results of the MRI indices are affected by the magic angle (particularly T2) and 
partial volume effects (Hannila et al. 2015). The long imaging time in dGEMRIC 
mapping might result in motion artefact which was controlled for in our study 
by using a motion correction technique built into the in-house software, as well 
as strict inclusion/exclusion criteria for image quality.  

MRI imaging performed with a 1.5 tesla scanner, whereas a 3.0 tesla scan-
ner would have produced better spatial resolution and higher signal-to-noise 
ratio. The mean changes seen in T2 and dGEMRIC index fall within the upper 
limits of our measurement error for both techniques. Therefore, we cannot ex-
clude measurement error as a possible explanation for our findings. In some 
cases, occasionally thinned and deteriorated cartilage and movement or pulsat-
ing artery artefact prevented reliable segmentation of cartilage resulting in lost 
data. Also, we used single-slice segmenting method assessing articular cartilage, 
whereas multi-slice method might have produced more a comprehensive view 
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of the knee cartilage. The MRI analysis application divided cartilage to deep 
and superficial compartments (50%/50%) and due to the 1.5T scanner used, 
segmented cartilage thickness was from two to five voxels reducing the spatial 
accuracy. Therefore, care should be taken when interpreting these results.  Pre-
contrast T1 imaging was not used in this study. However, its importance has 
been questioned and we think that this omission does not affect our conclusions 
(Li et al. 2009, Hawezi et al. 2011). 

Classification of OA severity was performed using a combination of pain 
and Kellgren-Lawrence classification (weight-bearing) and therefore it was not 
possible to differentiate between healthy and biochemically altered cartilage 
between ROIs and condyles (Multanen et al. 2015). It is still unknown if an 
aquatic training program of longer than four months would have created a 
global response throughout the cartilage. It is plausible to hypothesize that as 
cartilage health in one ROI improves it may cause a positive response in adja-
cent ROIs. 

Finally, so far there is no “’golden standard” method to measure how ex-
ercise directly affects the biochemical composition of cartilage in vivo. There-
fore, the different qMRI parameters and their interactions are not yet fully un-
derstood (Binks et al. 2013) and further investigations about the interaction be-
tween exercise, cartilage and these parameters are needed. 

 

6.4.2 Strengths and limitations of the cross-sectional study (Study IV) 

The strength of this study was bone strength indices being measured from sev-
eral locations in the lower limb: femoral neck, tibial mid-shaft and distal tibia. 
However, knee and distal femur regions were not measured, which can be con-
sidered as a minor limitation. This study included only 50-68-year-old Cauca-
sian females with mild knee OA recruited as part of the study groups of two 
larger randomized controlled trials with distinct inclusion/exclusion criteria, 
and thus results of the present study cannot be generalized to other groups.  
Furthermore, cross-sectional study design is not able to demonstrate causal re-
lations. Therefore the findings remain purely hypothesis generating. 
 

6.5 Implications and suggestions for future research 

Short-term randomised controlled exercise intervention trials have shown to 
have a response in estimated tibiofemoral cartilage GAG concentration (Roos & 
Dahlberg 2005) (Study I). In our intervention study (Study I) we observed a de-
crease in dGEMRIC index after 4-month progressive aquatic resistance training 
in postmenopausal women with mild knee OA. Due to the lack of differences in 
physical activity, other than the intervention, there were no changes in self-
reported symptoms (i.e. pain), and due to the non-impact nature of the inter-
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vention implemented in the study, we suggested that there might be several 
reasons behind this phenomenon. Aquatic resistance training might have e.g. 
caused an acute initiation of reparative responses within the cartilage, rather 
than a true decrease in estimated GAG concentration (Study I). In contrast, Roos 
and Dahlberg (2005) found an increase in the dGEMRIC index, i.e. an increase 
in the estimated GAG concentration following a 4-month land-based neuro-
muscular training intervention in people at high risk of developing knee OA 
following surgery for meniscal injury. Furthermore, we observed in our long-
term randomised controlled study (Multanen et al. 2014) that 12-month pro-
gressively implemented high-impact jumping training did not have a negative 
or positive effect on the biochemical composition of tibiofemoral cartilage in 
postmenopausal women with mild knee OA, but in the same study (Koli et al. 
2015) found an improvement in the collagen matrix in the patella cartilage. Al-
together, GAG concentration may be more responsive to intermittent impact 
and compression type of loading as seen by neuromuscular training in the 
study by Roos and Dahlberg (Roos & Dahlberg 2005) and by high LTPA level 
seen in our study. Also, low compression and shear forces in the aquatic pro-
gram (Study I) may have been too low, and high-impact jumping training (Mul-
tanen et al. 2014) might have had too intense loading in order to provide an ap-
propriate GAG stimulus. Thus, taken into account the results of the present 
study and previous randomised controlled trials, it is still unknown what type 
of exercise mode would be most optimal for improving cartilage quality in 
postmenopausal women with mild knee OA. At the moment there is no clear 
superiority between land-based strength versus aerobic training (Bennell & 
Hinman 2011, Uthman et al. 2013, Fransen et al. 2015) and also like land-based 
training, there is no consensus on what type of TAE is most effective in the 
management of lower limb OA (Waller et al. 2014). Also, outcomes following 
land-based and aquatic exercise appear to be comparable, making no training 
modality superior to other (Batterham, Heywood & Keating 2011). Finally, it is 
still unknown if any form of the exercise interventions actually is any better in 
maintaining cartilage health than active lifestyle (Study III). 

As stated above, we cannot say based on the randomized controlled stud-
ies we have so far what is the best form (specific type, intensity and amount) of 
exercise or exercise induced loading for osteoarthritic human cartilage and sub-
chondral bone. No form of exercise (neuromuscular, impact or aquatic) seems 
to be harmful for the estimated biochemical composition of knee cartilage and 
they all have some beneficial effects either on cartilage (Roos & Dahlberg 2005, 
Koli et al. 2015) ( Study I) or bones (Multanen et al. 2014) as well as on variables 
in an exercise type depended manner (i.e. strength, aerobic, neuromuscular) 
and knee OA symptoms. Also, to date, studying a range of exercise loading, 
cartilage and subchondral bone has been difficult due to the challenges inherent 
in cartilage and subchondral bone qualitative and quantitative assessment as 
well as in the study design of the long-term randomized controlled exercise in-
terventions.  
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One option for future research is to study which type of exercise and exer-
cise induced loading is most effective for chondroprotection (i.e. able to prevent 
progression of OA) and subchondral bone in these study populations as diag-
nosed lower limb osteoarthritis can lead to activity avoidance. However, animal 
(Bricca et al. 2017) and RCT studies (Roos & Dahlberg 2005, Multanen et al. 2014, 
Koli et al. 2015) (Study I) clearly show the importance of exercise as part of the 
OA treatment chain. Therefore, maintenance of cartilage quality as chondropro-
tective (both GAG concentration and collagen network) means might be more 
important to study than most effective way to improve cartilage quality within 
this study population. Further investigations into the chondroprotective mech-
anisms, such as in different forms of exercise therapy, are likely to be highly 
informative and relevant, and ultimately will reveal novel therapeutic targets 
for OA treatments. 

It has also been suggested that subchondral bone may be involved in OA 
development and that bone and cartilage are functionally coupled through ei-
ther the distribution of joint loads or exchange of signalling molecules between 
the two adjacent tissues (Goldring & Goldring 2010). Subchondral bone pro-
vides a shock-absorbing and supportive function for the cartilage, and may also 
be important for cartilage metabolism (Imhof et al. 2000, Lories & Luyten 2011). 
Although the effect of exercise on bone has been extensively examined, hardly 
anything is known about the effect of exercise on subchondral bone in humans. 
Therefore, further understanding on the importance of different forms of thera-
peutic exercise and mechanical loading for articular cartilage, i.e., how loading 
can remodel cartilage and subchondral bone is needed. This will promote the 
present understanding to develop efficient, cost-effective and feasible pre-
rehabilitation procedures to reduce the impact of OA and chronic lower limb 
joint symptoms. 
 



7 MAIN FINDINGS AND CONCLUSIONS 

The main findings of the study are as follows: 

1. Progressive 4-month aquatic resistance training program causes regional
adaptations in cartilage T2 relaxation time and dGEMRIC index and im-
proves cardiorespiratory fitness in postmenopausal women with mild
knee OA.

2. Progressive 4-month aquatic resistance training can alleviate self-
assessed stiffness of the knee joint; however, this effect is not maintained
long-term (12-months).

3. Higher LTPA level during a 12-month period is related to regional in-
creases in the estimated GAG content of tibiofemoral cartilage as meas-
ured with the dGEMRIC index.

4. Neuromuscular performance traits predicted lower limb bone strength
indices both in femur and in tibia. Also, lean body mass correlated signif-
icantly with femoral neck and tibial mid-shaft bending strength, whereas
fat mass did not have correlation with bone strength indices.

In conclusion, the results of this study indicate that progressively implemented 
physical activities (i.e. aquatic resistance training or LTPAs) can cause regional 
adaptation in mildly osteoarthritic knee cartilage and a positive effect on cardi-
orespiratory fitness and self-assessed knee stiffness. Furthermore, progressively 
implemented physical activities are well tolerated, have high compliance and 
low risk of harm amongst postmenopausal women with mild knee OA. Better 
understanding of the effects of exercise on cartilage and subchondral bone is 
needed. 
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YHTEENVETO (FINNISH SUMMARY) 

Liikunta polven nivelrikon hoidossa vaihdevuosi-iän ohittaneilla naisilla – 
vesivastusharjoittelun ja vapaa-ajan fyysisen aktiivisuuden vaikutukset sa-
tunnaistetussa kontrolloidussa tutkimuksessa.   

 
Nivelrikko on maailman yleisin nivelsairaus joka edetessään heikentää yksilön 
toiminta- ja työkykyä sekä aiheuttaa kipua.  Nivelrikon oireet kehittyvät hitaasti 
vuosien varrella ja n. 400 000 suomalaista kärsii polven tai lonkan nivelrikosta. 
Suomessa tehdään n. 12 000 tekonivelleikkausta vuosittain ja polven nivelrikol-
la on 83%:n osuus kaikista nivelrikon kokonaiskustannuksista ja näin ollen sillä 
on merkittävät sosioekonomiset kustannukset maailmanlaajuisesti. Polven ni-
velrikon etenemiselle on ominaista nivelruston rappeutuminen, nivelen sisäi-
nen tulehdus ja muutokset ruston alaisessa luussa. Lisäksi alkavassa polven 
nivelrikossa tapahtuu muutoksia nivelruston biokemiallisessa koostumuksessa, 
mm. ruston glykosaminoglykaanin määrä alenee.  

Vaikka nivelrikkoon ei ole tunnettua parantavaa hoitomuotoa, pystytään 
sen oireita vähentämään taudin varhaisissa vaiheissa. Tieteelliseen näyttöön 
perustuvat kliiniset ohjeistukset suosittelevat painonpudotusta, liikuntaa ja tau-
tiin liittyvää koulutusta nivelrikon varhaisina hoitomuotoina. Polven nivelrikon 
hoidosta on myös olemassa positiivista tutkimusnäyttöä liike- ja liikuntaharjoit-
telun vaikuttavuudesta kipuun, toimintakykyyn ja elämänlaatuun riippumatta 
harjoittelutyypistä (aerobinen tai voimaharjoittelu) tai onko harjoittelu suoritet-
tu vedessä tai maalla. Myös polven nivelruston biokemiallisia ominaisuuksia 
voidaan ylläpitää aktiivisella, liikuntaa sisältävällä elämäntyylillä. Merkittävää 
on myös, että polven nivelrustoa tutkivissa satunnaistetuissa kontrolloiduissa 
tutkimuksissa ei ole havaittu polven nivelrustoa haittaavia vaikutuksia ja har-
joittelu on kovasta intensiteetistä huolimatta hyvin siedettyä. Tämän väitöskir-
jatutkimuksen päätavoitteena oli selvittää progressiivisen neljä kuukautta kes-
täneen vesivastusharjoittelun vaikutuksia polven nivelruston kemialliseen 
koostumukseen, fyysiseen toimintakykyyn, nivelrikon oireisiin ja elämänlaa-
tuun. Lisäksi tutkittiin 12 kuukauden vapaa-ajan fyysisen aktiivisuuden ja pol-
ven nivelruston koostumuksen välisiä yhteyksiä vaihdevuosi-iän ohittaneilla 
naisilla, joilla oli radiologisesti todettu lievä polven nivelrikko. Lisäksi tarkoi-
tuksena oli tutkia, ennustaako alaraajojen fyysinen suorituskyky reisi- ja sääri-
luun lujuutta. 

Satunnaistettuun kontrolloituun vesivastuharjoittelututkimukseen osallis-
tui 87 lievää polvennivelrikkoa sairastavaa 60-68 vuotiasta naista (Tutkimukset 
I-II). Tutkittavat satunnaistettiin harjoitteluryhmään (n = 43) ja ei harjoittele-
vaan kontrolliryhmään (n = 44). Harjoittelun vaikutuksia polven nivelruston 
biokemialliseen koostumukseen arvioitiin ruston kuvantamiseen kehitetyillä T2 
relaksaatioaika- ja dGEMRIC-magneettikuvauksella. Lisäksi selvitettiin harjoit-
telun vaikutuksia maksimaaliseen hapenottokykyyn, isometriseen polven ojen-
nus- ja koukistusvoimaan sekä itsearvioituihin nivelrikon oireisiin. Tutkimuk-
sessa II tutkittiin lisäksi elämänlaatua. Neljä kuukautta kestänyt vesivastushar-
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joittelu suoritettiin Telkänpesän Palvelukeskuksen terapia-altaalla Jyväskylässä. 
Tutkimuksen mittaukset suoritettiin Jyväskylän yliopiston liikuntatieteellisen 
tiedekunnan tiloissa. Röntgen- ja magneettikuvantaminen tapahtui Keski-
Suomen keskussairaalassa. Osa tulosanalyyseistä suoritettiin yhteistyössä Ou-
lun yliopistollisen sairaalan radiologian klinikan sekä Oulun yliopiston lääke-
tieteen tekniikan laitoksen kanssa.  

Tässä 12 kuukauden vapaa-ajan fyysisen aktiivisuuden ja nivelruston 
koostumuksen yhteyksiä havainnoivassa tutkimuksessa 76 tutkittavaa jaettiin 
kolmeen ryhmään perustuen heidän vapaa-ajan fyysiseen aktiivisuustasoonsa 
12 kuukauden ajalta: 1. korkea (n=26), 2. kohtuullinen (n=25) ja 3. matala (n=26) 
(Tutkimus III). Tutkittavat täyttivät päivittäin liikuntapäiväkirjaa koko tutki-
musjakson ajan. Vapaa-ajan fyysisen aktiivisuustason yhteyttä polven nivelrus-
ton laatuun, fyysistä suorituskykyä sekä itsearvioituja oireita arvioitiin edellä 
mainituilla menetelmillä. 

 Alaraajojen fyysistä suorituskykyä ja alaraajan luun lujuutta havainnoi-
vassa poikkileikkaustutkimuksessa (Tutkimus IV) hyödynnettiin yhdistettyä 
vesivastusharjoitteluaineistoa ja aikaisemman LuRu –tutkimuksen aineistoa. 
Tutkimukseen osallistui yhteensä 139 lievää polvennivelrikkoa sairastavaa 50-
68 vuotiasta naista. Alaraajojen fyysistä suorituskykyä mitattiin maksimaalisella 
esikevennyshypyllä, isometrisellä polven ojennus- ja koukistusvoimalla ja kah-
deksikkojuoksulla. Reisiluun kaulan sekä säären keski- ja alaosan luun lujuutta 
mitattiin tietokonetomografialla. 

Neljä kuukautta kestäneen harjoittelun tulokset osoittivat, että progressii-
vinen vesivastusharjoittelu aiheuttaa merkitseviä alueellisia muutoksia polven 
nivelrustossa verrattuna kontrolliryhmään. Lisäksi vesivastusharjoittelu paransi 
merkitsevästi maksimaalista hapenottokykyä ja itsearvioitua polven jäykkyyttä. 
Harjoittelu oli hyvin siedettyä, osallistumisprosentti oli korkea (88%) ja poispu-
donneiden määrä oli alhainen (2 henkilöä, 2.3%).  Näiden tulosten perusteella 
progressiivinen vesivastusharjoittelu näyttäisi soveltuvan henkilöille, joilla on 
lievä polven nivelrikko. Lisätutkimuksia vaaditaan akuuttien polven nivelrus-
ton biokemiallisten muutosten ymmärtämiseksi. 

Tulokset vapaa-ajan fyysisen aktiivisuuden ja nivelruston koostumuksen 
yhteyksistä osoittivat, että korkeammalla vapaa-ajan fyysisellä aktiivisuustasol-
la oli tilastollisesti merkitsevä lineaarinen yhteys polven nivelruston arvioidun 
biokemiallisen koostumuksen kanssa 12 kuukauden seurantajakson jälkeen. 
Liikuntapäiväkirjojen palautusprosentti oli korkea (97,4%). Seurannasta pois-
jääneitä oli kahdeksan (10%). Näiden tulosten perusteella korkeampi vapaa-
ajan fyysinen aktiivisuus pystyi tuottamaan riittävästi ärsykkeitä, jotka paransi-
vat polven nivelruston arvioitua biokemiallista koostumusta. Nämä tulokset 
ovat merkittäviä, kun määritetään fyysisen aktiivisuuden tasoja nivelruston 
laatuun liittyvissä tutkimuksissa kuin myös nivelrikon kliinisessä kuntoutuk-
sessa. 

Alaraajojen fyysisen suorituskyvyn ja alaraajan luun lujuuden välisiä yh-
teyksiä tarkastelevan poikkileikkauksen tulokset osoittivat, että alaraajojen fyy-
sinen suorituskyky ennusti luun lujuutta kaikilla mitatuilla alueilla. Nämä tu-
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lokset tuottavat uutta ja merkityksellistä tietoa kun ennustetaan suorituskyvyn 
ja luun lujuuden välisiä yhteyksiä. Nämä tulokset antavat myös tärkeää ja ar-
vokasta tietoa kun suunnitellaan tarkoituksenmukaista sisältöä luuterveyteen 
liittyviin tutkimuksiin kuin myös interventiotutkimuksiin vaihdevuosi-iän ohit-
taneilla naisilla, joilla on lievä polven nivelrikko.  
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s u m m a r y

Objective: To study the efficacy of aquatic resistance training on biochemical composition of tibiofemoral
cartilage in postmenopausal women with mild knee osteoarthritis (OA).
Design: Eighty seven volunteer postmenopausal women, aged 60e68 years, with mild knee OA
(KellgreneLawrence grades I/II and knee pain) were recruited and randomly assigned to an inter-
vention (n ¼ 43) and control (n ¼ 44) group. The intervention group participated in 48 supervised
aquatic resistance training sessions over 16 weeks while the control group maintained usual level of
physical activity. The biochemical composition of the medial and lateral tibiofemoral cartilage was
estimated using single-slice transverse relaxation time (T2) mapping and delayed gadolinium-
enhanced magnetic resonance imaging of cartilage (dGEMRIC index). Secondary outcomes were
cardiorespiratory fitness, isometric knee extension and flexion force and knee injury and OA outcome
(KOOS) questionnaire.
Results: After 4-months aquatic training, there was a significant decrease in both T2 �1.2 ms (95%
confidence interval (CI): �2.3 to �0.1, P ¼ 0.021) and dGEMRIC index �23 ms (�43 to �3, P ¼ 0.016) in
the training group compared to controls in the full thickness posterior region of interest (ROI) of the
medial femoral cartilage. Cardiorespiratory fitness significantly improved in the intervention group by
9.8% (P ¼ 0.010).
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Conclusions: Our results suggest that, in postmenopausal women with mild knee OA, the integrity of the
collagen-interstitial water environment (T2) of the tibiofemoral cartilage may be responsive to low shear
and compressive forces during aquatic resistance training. More research is required to understand the
exact nature of acute responses in dGEMRIC index to this type of loading. Further, aquatic resistance
training improves cardiorespiratory fitness.
Trial registration number: ISRCTN65346593.

© 2016 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

Knee osteoarthritis (OA) is a common cause of pain and limita-
tions inphysical function globallyand represents a significantburden
on healthcare costs1. The development of knee OA progresses slowly
over years2. In the early phase of OA development, changes are seen
in the biochemical composition of the cellularmatrixof the cartilage.
These include a decrease in glycosaminoglycan (GAG) content,
responsible forhydrophilic properties of the collagenmatrix, and loss
of integrity of the collagen matrix, responsible for restraining hy-
drostatic pressure and maintaining cartilage stiffness3. As cartilage
degeneration progresses its biomechanical properties are altered,
reducing its ability to resist and distribute tensile, shear and
compressive forces, causing further degradation and joint failure4.

There is no known cure or treatment that prevents or reverses
the biochemical changes in the cartilage, therefore, the current
management of OA focuses on reducing the symptoms and
decreased function associated with the disease1. Exercise, irre-
spective ofmodality (land orwater) or type (strength or aerobic), has
been shown to be effective in achieving these aims5,6. Moreover, an
active life style with participation in exercise has been shown to be
beneficial for maintenance of the biochemical properties of cartilage
in both animals7,8 and humans9,10. Further, exercise has been shown
to reverse cartilage atrophy seen in disuse and immobilisation
studies11,12 and slow downprogression of OA in animals13. Therefore,
exercise could be an effective intervention for the maintenance of
cartilage health. However, studies investigating the effect of exercise
interventions on healthy and degenerated human cartilage are
sparse14e17. Only two previous studies have investigated the effects
of land based exercise on the biochemical composition of cartilage in
postmenopausal womenwithmild knee OA, i.e., KellgreneLawrence
grades I/II and knee pain15,16. We found an improvement in the
collagenmatrix in the patella cartilage of womenwithmild knee OA
following a 1-year, three times a week, high-impact exercise inter-
vention15 while we did not see any worsening or improvement in
the collagen matrix or GAG concentration of the tibiofemoral carti-
lage in the same study16. Therefore, there is sufficient evidence to
show cartilage health is maintained by appropriate mechanical
stimulus and environment9,18.

Pain is a major modulator for activity avoidance in people with
knee OA19. Water is a facilitating environment in which persons
with lower limb OA can safely and comfortably exercise at high
intensities utilising full joint range of motions20. Our recent sys-
tematic review showed that aquatic exercise has a similar effect on
pain and self-reported functioning compared to land-based
training6. Moreover, in our previous studies P€oyh€onen et al.21 and
Valtonen et al.22 both showed significant benefits of a progressive
aquatic resistance training program for physical functioning in
healthy women and following knee arthroplasty, respectively.
Regular cyclic movements performed during aquatic exercise may
provide sufficient mechanical stimulus and facilitate improved
exchange of nutrients thus increasing chondrocyte activity4,18.
Therefore, the aim of this study was to investigate if progressive,

intensive and high volume aquatic resistance training affects the
biochemical composition of tibiofemoral cartilage in post-
menopausal women with mild knee OA.

Materials and methods

Study design

This studywas a 4-month registered randomised controlled trial
(ISRCTN65346593) with two experimental arms: (1) aquatic
resistance training and (2) control. Recruitment and data collection
took place between January 2012 and May 2013 and followed the
published protocol without changes23. Included participants were
women aged 60e68 years with mild knee OA. In this study we
classify mild knee OA as radiographic changes in tibiofemoral joint
grades I (possible osteophytes) or II (definite osteophytes, possible
joint space narrowing) according to the KellgreneLawrence (K/L)
classification and experiencing knee pain onmost days24. The study
protocol (Dnro 19U/2011) was approved by the Ethics Committee of
the Central Finland Health Care District and conforms to the
Declaration of Helsinki. Written informed consent was obtained
from all participants prior to enrollment.

Subject recruitment

A multistage recruitment process was implemented (Fig. 1).
Initially, postmenopausal women from the Jyv€askyl€a region in
Central Finland were voluntarily recruited through advertisements
in local newspapers. Preliminary eligibility was assessed using a
structured telephone interview (n¼ 323), followed by evaluation of
OA severity in the tibiofemoral joint with radiographs (n¼ 180) and
finally through medical screening (n¼ 111). Inclusion criteria were:
postmenopausal woman aged 60e68 years, experiencing knee pain
on most days, participates in intensive exercise �twice a week,
radiographic changes in tibiofemoral joint K/L I or II, no previous
cancer or chemotherapy, no medical contraindications or other
limitations to full participation in an intensive aquatic training
program and complete transverse relaxation time (T2) data.
Exclusion criteria included a T-score <�2.5 (indicating osteopo-
rosis)25 measured from the femoral neck using dual-energy X-ray
absorptiometry (DXA), resting knee pain visual analogue scale
(VAS) >50/100, surgery of the knee due to trauma or knee insta-
bility, meniscectomy within the last 12 months, inflammatory joint
disease, intra-articular steroid injections in the knee during the
previous 12 months, contraindications to MRI and allergies to
contrast agents or renal insufficiency. Due to confounding factors
related to obesity, a body mass index (BMI) of >34 kg/m2 was an
exclusion criterion.

Randomisation and blinding

After baseline measurements, all participants were randomly
allocated with a three digit identification number (ID) to blind
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researchers to intervention allocation and provision. A blinded
statistician, only provided with ID and K/L grade, performed a
computer generated block randomisation of size of 10, stratified
according to K/L grade I or II. The MRIs were performed by external
radiographers and segmentation was performed blinded to inter-
vention allocation.

Health questionnaire

At baseline, a researcher-designed questionnaire was used to
record physical activity levels, general health, medical conditions,
current medications, menopausal status and hormone therapy.
Leisure time physical activity levels, i.e., activity type (e.g.,
walking or golf), duration and intensity, prior to the study in-
clusion were converted into metabolic equivalent task (MET)-
hours per week26.

Primary outcome measures

Primary outcomes for this study were T2 relaxation time (T2)
mapping (milliseconds, ms) and delayed gadolinium-enhanced
magnetic resonance imaging of cartilage (dGEMRIC index, ms).
Images were taken using a Siemens Magnetom Symphony Quan-
tum 1.5-T scanner (Siemens AG, Medical Solutions, Erlangen, Ger-
many). Single sagittal slice images from the centre of the medial
and lateral femoral condyles were taken from the knee with the
highest K/L grade (affected knee). In cases of identical grading
bilaterally, the right knee was imaged. Images were manually
segmented using an in-house MATLAB application with built-in
motion correction for dGEMRIC (Mathworks, Inc. Natick, MA,
USA). In this study we divided the femoral cartilage into three re-
gion of interests (ROIs); anterior, central and posterior (Fig. 2).
dGEMRIC indices were corrected for BMI27. Precision, scan-rescan,

Fig. 1. Flow chart showing enrolment, allocation and 4 month end measurements.
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(CVRMS) of dGEMRIC in asymptomatic subjects is 7% for full-
thickness ROIs and 5% for bulk cartilage28. In our laboratory, the
inter-observer error (CVRMS) for T2 full-thickness ROIs was
1.3e3.3% and 2.8e4.0% for dGEMRIC index. The full MRI protocol
and example images are provided in the online supplemental
material.

Secondary outcomes

Cardiorespiratory fitness (VO2 peak, ml/kg/min) was estimated
using the UKK 2 km walking test (UKK Institute, Tampere,
Finland)29. Isometric knee extension and flexion force (N) of the
affected knee was measured using an adjustable dynamometer
chair (Good strength; Metitur Ltd, Jyv€askyl€a, Finland)30.

Self-assessed impact of OA on pain, other symptoms, activities of
daily living (ADL), sports and recreation (Sport) and knee related
quality of life (QOL) were assessed using the validated Finnish31

Likert version of the knee injury and osteoarthritis outcome score
(KOOS) questionnaire32. Scores for each domain range between
0 and 100, with a score of 0 indicating extreme and 100 no knee
problems.

Daily physical activity
Daily physical activity, for thewhole intervention period, of each

participant was recorded using a leisure time physical activity diary
from which metabolic equivalent task (MET-hours) per week was
calculated26. In week 13 of the intervention period the daily
physical activity (excluding intervention) was measured for 3
consecutive days including one weekend day using an accelerom-
eter (Hookie AM 20, Traxmeet Finland). Mean amplitude deviation
(MAD) of the resultant acceleration signal for each 5-s epoch were
calculated and categorized according to V€ah€a-Ypy€a et al.33.

Exercise protocol
The participants in the intervention group received 1 h of su-

pervised lower limb aquatic resistance training three times a week
for 16 weeks, for a total of 48 training sessions. Resistance of ex-
ercises was progressed with three different levels: barefoot, small
fins and large resistance boots21 and the training leg performed all
the movements without contact with the pool walls or bottom i.e.,
non-weight bearing. The intervention was completed in small

groups of 6e8 subjects in a pool heated to 30e32� with two in-
structors: one ensuring intensity and the other full range of
movement. Intensity of the training sessions was set at “as hard and
fast as possible” to ensure maximal muscle contraction. P€oyh€onen
et al.34 discovered that during maximal knee flexion and extension
exercises in water with large resistance boots the drag forces pro-
duced were 80e85% (145 ± 30 N) of maximal isokinetic move-
ments. Full range of motion was strictly controlled for to ensure
optimal movement of synovial fluid and exposure of the whole
cartilage to the low compressive and shear forces created by the
muscle contraction and movement. Training intensity was moni-
tored using heart rate monitors (Polar Electro Ltd, Kempele,
Finland), rate of perceived exertion (RPE) using the Borg 6e20
scale35 and number of repetitions achieved per movement. Full
description of exercises and training methodology can be found
from the online supplemental material.

Control group
The control group maintained usual care and were asked to

continue their usual leisure time activities. They were offered the
possibility of participating in two sessions consisting of 1 h of light
stretching and relaxation during the 4-month intervention period.

Statistical analyses
The main outcome variables were analysed according to the

intention-to-treat analysis principle. Changes in all outcomes were
analysed using the bootstrap type analysis of covariance (ANCOVA);
confidence interval (CI) were obtained by bias-corrected boot-
strapping (5000 replications) due to violation of distributions as-
sumptions. T2 was adjusted for baseline value, height and weight
and dGEMRIC index was adjusted for baseline value only. Second-
ary outcomes were adjusted for baseline value. There are multiple
endpoints in this study, and results have to be viewed with certain
provisos. All P-values and CIs are quoted, rather than introducing
the problems and potential errors associated with formal adjust-
ments for potential multiplicity issues. Between-group changes in
all outcomes are reported in text as mean difference (95% CI,
adjusted P-value). Effect size (d) was calculated by using the
method of Cohen36 where an effect size of 0.20 is considered small,
0.50 moderate, and 0.80 large. CIs for the effect sizes were obtained
by bias-corrected bootstrapping (5000 replications). Statistical
analyses were performed using statistical software (Stata, release
13.1, StataCorp, College Station, Texas).

Target sample size of 70 (35 per research arm) was required to
ensure the power of at least 80% to detect a difference of 40 ms
effect in dGEMRIC between the groups at two-side a ¼ 0.05. Pre-
dicting a dropout rate of about 10% we aimed to recruit at least 80
participants at baseline.

Results

In total 87 participants met the inclusion criteria and were
randomised into the aquatic training group (n ¼ 43) and control
group (n¼ 44) (Fig. 1). The demographic and clinical characteristics
of both groups were similar at baseline (Table I).

Program feasibility

Drop-out rate, during the 4-month intervention period, for each
group was 2.3% (n ¼ 1 per group) (Fig. 1). Training compliance was
88% and mean (SD) training frequency was 2.6 (0.5) times per week
(including dropouts). The average intensity of each training session
was RPE 15 (range, 12e17) and average (SD) maximum heart rate
was 144 (12) beats per minute. The mean (SD) number of repeti-
tions completed per session with the affected leg was 481 (67), 416

Fig. 2. Illustration of the ROIs in the full-thickness femoral and tibial cartilage. Mid-
lines split both femoral and tibial cartilage into superficial and deep sections.
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(68) and 387 (58) for barefoot, small fins and large boots, respec-
tively. 70.5% of these repetitions involved full knee active extension
and flexionwhich was mean 134.4 (SD, 5.6) degrees (affected knee)
as measured during baseline assessment.

Harms

There were two medical consultations (bilateral knee pain and
dyspnoea) as a result of the aquatic training. One subject from the
control group required a medical consultation for knee pain after
the baseline physical performance measures. All three subjects
continued their participation in the study and attended follow-up
measurements.

Primary outcomes

To ensure accuracy, each MRI image was inspected for quality.
One participant was excluded from the study due to corrupted data
as a result of excessive movement artefact in T2 images (Fig. 1). One
complete baseline dGEMRIC index data set was missing due to lost
images (at time of imaging). Additionally, from the dGEMRIC index
11 medial compartments had movement artefact, while in the
lateral compartment, 14 had artery-flow pulsating artefact, one had
movement artefact and one inaccurate location of the slice
compared to baseline image. In total 72 and 68 complete dGEMRIC
data sets for medial and lateral femoral condyles respectively were
available for quantitative analysis.

Table I
Baseline demographic and clinical characteristics of the participants

Exercise group (n ¼ 43) Control group (n ¼ 44)

Age (years) 64 (2) 64 (2)
Height (cm) 162 (5) 162 (5)
Body mass (kg) 69.6 (10.3) 71.0 (11.3)
Body mass index (kg/m2) 26.6 (3.8) 27.1 (3.5)
Time from menopause (years) 14 (6) 14 (6)
Pain killers for knee pain, n (%) of users 11 (25.6) 9 (20.5)
Glucosamine use occasionally, n (%) 12 (28) 8 (18)
KellgreneLawrence grade, n (%)
Grade 1 23 (53.5) 24 (54.5)
Grade 2 20 (46.5) 20 (45.5)

Knee pain during last week, (VAS, mm)*
� Affected leg 28 (25) 24 (19)
� Non-affected leg 24 (19) 23 (18)
Habitual physical activity (METh/week) 29 (31) 36 (33)

Values are means (SD) or n (%).
* Range, 0e100 mm.

Table II
Effects of aquatic training on T2 relaxation time and dGEMRIC index in full-thickness ROIs

Baseline, mean (SD) Change to month 4, mean (95% CI) Effect size (95% CI) P-value

Training (n ¼ 42) Controls (n ¼ 42) Training (n ¼ 42) Controls (n ¼ 42) Crude Adjusted

T2, ms
Femur
Lateral condyle
Central 52.6 (4.9) 53.4 (4.1) �0.18 (�1.05 to 0.59) �0.03 (�0.95 to 0.91) 0.05 (�0.38 to 0.48) 0.81 0.58y
Posterior 49.6 (4.6) 48.8 (3.6) �0.23 (�1.26 to 0.97) 0.74 (0.01 to 1.40) 0.31 (�0.12 to 0.74) 0.15 0.30y

Medial condyle
Central 52.8 (4.5) 52.0 (4.4) �0.20 (�1.17 to 0.83) 0.48 (�0.71 to 1.68) 0.18 (�0.25 to 0.61) 0.40 0.47y
Posterior 52.0 (4.7) 51.9 (4.5) �1.16 (�1.85 to �0.50) 0.10 (�0.72 to 0.94) 0.48 (0.05 to 0.91) 0.028 0.021y

Tibia
Lateral plateau
Central 41.0 (8.3) 42.9 (8.1) �0.66 (�1.86 to 0.45) 0.05 (�1.67 to 1.68) 0.15 (�0.28 to 0.58) 0.50 0.30y

Medial plateau
Central 44.5 (5.0) 42.7 (4.2) �0.02 (�1.45 to 1.41) �0.02 (�0.85 to 0.79) �0.00 (�0.43 to 0.43) 1.00 0.41y

dGEMRIC*, ms
Femur
Lateral condyleþ

Central 433 (70) 424 (44) �4 (�16 to 7) �1 (�11 to 8) 0.07 (�0.40 to 0.55) 0.77 0.93z
Posterior 422 (60) 428 (57) 2 (�10 to 16) 6 (�8 to 22) 0.08 (�0.40 to 0.57) 0.72 0.71z

Medial condylex

Central 411 (61) 410 (65) �19 (�32 to �6) �6 (�17 to 7) 0.34 (�0.12 to 0.80) 0.14 0.13z
Posterior 453 (60) 448 (61) �23 (�39 to �8) 1 (�14 to 16) 0.53 (0.06 to 0.99) 0.022 0.022z

Tibia
Lateral plateau
Central 424 (76) 419 (82) �1 (�20 to 17) 1 (�15 to 17) 0.03 (�0.46 to 0.52) 0.91 0.95z

Medial plateau
Central 382 (75) 386 (50) �20 (�35 to �6) �6 (�20 to 8) 0.32 (�0.15 to 0.78) 0.19 0.09z

In T2 low values correspond to improved integrity and orientation of the collagen fibres and a decrease in hydration of articular cartilage. In dGEMRIC, high values correspond
to high GAG concentration.

* Missing data for dGEMRIC þn ¼ 16, xn ¼ 12.
y ANCOVA: adjusted for baseline value, height and weight.
z ANCOVA: adjusted for baseline value.
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T2 and dGEMRIC index baseline values, changes, group differ-
ences and effect sizes (Cohen's d) at the end of the 4-month
intervention are given in Table II. There was a significant decrease
in both T2, mean difference �1.2 ms (95% CI: �2.2 to �0.2,
P¼ 0.021) and dGEMRIC index�23ms (�43 to�3, P¼ 0.022) in the
training group compared to controls in the full thickness posterior
ROI of the medial femoral cartilage. Further, significant decreases in
the training group compared to controls were only seen in the deep
posterior and not superficial ROI of the medial femoral
cartilage,�1.6 ms (�3.0 to�0.3, P¼ 0.016), and�26ms (�50 to�3,
P ¼ 0.030), for T2 and dGEMRIC index respectively (Fig. 3).Values
for the deep and superficial posterior ROI (Fig. 3) can be found from
the online supplemental material.

Secondary outcomes

Cardiorespiratory fitness VO2 peak increased 9.8% in the training
group and 4.4% in the control group (d ¼ 0.58, P ¼ 0.010). There
were no between group differences in the knee extension or flexion
muscle force or in any domains of KOOS (Table III).

Daily physical activity

The total mean (SD) MET-hours per week, including the inter-
vention, were 40 (13) and 26 (16) in the training and control group
respectively (P< 0.001). No between group differenceswere seen in
MET activity once the intervention activity was removed
(P ¼ 0.112). There was no significant difference between the groups
in physical activity as measured with accelerometers, excluding the

intervention. Sedentary behaviour accounted for 80% (5.0) or
13,903 (869) MADs of daily activity. The remaining physical activity
was divided into slow walking 3166 (821), normal walking 198
(175) and brisk walking jogging and running together 1.7 (1.4)
MADs.

Discussion

As far as we know, this is the first study to show a response in
the biochemical composition of tibiofemoral cartilage following 4-
months of progressive aquatic resistance training in post-
menopausal womenwith mild knee OA. A small significant change
was observed in the biochemical composition of the medial pos-
terior femoral cartilage, which is less loaded during ADL37. Addi-
tionally, the training significantly improved cardiorespiratory
capacity but had no significant effect on muscle force and self-
reported symptoms.

This is the first study to show concurrent changes in both T2 and
dGEMRIC index in an exercise intervention study. However, both
MRI techniques have only been previously implemented once in
the same study. In the study by Multanen et al.16 we investigated
the effects of a land-based impact intervention on the biochemical
composition tibiofemoral cartilage in postmenopausal womenwith
mild knee OA. No positive or negative effect was observed with
either MRI technique, however, the posterior ROIs were not re-
ported. In this previous study16 the degree of knee motion during
the land-based intervention was 0e65� and therefore the posterior
ROI was not directly loaded. Knee flexion of over 90� is required to
produce contact between the posterior ROI of the femur and central
tibia38 whichwas achievedwith our intervention at high frequency.
Therefore, our results suggest that the chondrocytes in the poste-
rior region of the femoral cartilage in persons with mild knee OA
may have a lower threshold for adaption compared to the central
and might be more responsive to the high repetition low shear and
compressive cyclic forces produced in the aquatic resistance
training. In contrast, the chondrocytes in the central region of the
femur and tibia cartilage may require a higher or atypical load to
stimulate an adaptive response. Further, the response was limited
to the medial femoral cartilage possibly due to anatomical differ-
ences. The medial tibial plateau is concave compared to the convex
surface of the lateral side, thus on the medial tibiofemoral joint
there is greater contact between the cartilage surfaces39.

After 4-months of aquatic resistance training, T2 in the posterior
region of the medial femoral condyle significantly decreased, with
no change in the central femur and tibia regions. A decrease in T2
values is indicative of improved integrity and orientation of the
collagen fibres and a decrease in hydration of articular cartilage40,41.
In more detailed analysis we found that decrease in T2 occurred in
deep posterior region of medial femoral cartilage which is in line
with our previous study15. This study15 showed a similar response
in T2 in patella cartilage in women with mild knee OA following a
1 year intervention. While the intervention was different, the me-
chanical forces in the patella cartilage during the progressive
impact exercises were shear with moderate compression in the
patellofemoral joint i.e., forces were not directly compressive as in
the tibiofemoral joint16. Therefore, our findings support the notion
that the collagen-interstitial water environment in the tibiofemoral
cartilage may respond to exercise.

We found a corresponding significant decrease in dGEMRIC in-
dex in the posterior region of medial femoral cartilage and again
more specifically in its deep region. A lower dGEMRIC index is
associated with a lower GAG concentration, thus, a decrease in
dGEMRIC index may indicate degeneration of cartilage42,43. Our
results suggest that the aquatic resistance training may have pro-
duced a decrease in GAG concentration within the cartilage matrix

Fig. 3. Magnitude of effect (Cohen's d and 95% CI) at superficial and deep layers of T2
and dGEMRIC cartilage ROIs from medial and lateral condyles. sPF ¼ superficial pos-
terior femur; dPF ¼ deep posterior femur.
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or faster contrast agent diffusion in to the cartilage through
increased permeability of the cartilage surface44, which are char-
acteristics of OA progression4. These results conflict with the
findings of Roos and Dahlberg14 who found an increase in the T1
relaxation time in the presence of contrast agent following a 4-
month neuromuscular training intervention. However, they
measured only one ROI from the medial femoral cartilage and
dGEMRIC values were not corrected for BMI, also their population
was younger people at high risk of developing knee OA following
surgery for meniscal injury. Alternatively, in a previous cross
sectional study45, similar associations i.e., lower T2 and dGEMRIC
index was seen in the central ROI of the patella cartilage in young
people with repetitive patella dislocation45. This finding was
speculated to be due to a reparative process within the cartilage.
Additionally, faster diffusion of the contrast agent into the medial
tibiofemoral cartilage after intravenous injection may have been a
combined result of improved contrast agent delivery through
vascular changes i.e., increased blood flow in the subchondral bone
and synovium with possible improvements in lower limb biome-
chanics. Further, an improved diffusion of the contrast agent could
be explained by a decrease in cartilage thickness i.e., reversal of the
cartilage swelling characterised in early OA4,46. Cartilage thickness
was not measured in our study leaving this issue to speculation and
open for further investigation in the future. Therefore, we could
hypothesise that while our results indicate the integrity of the
collagen-interstitial water environment may be responsive to
shear/compressive forces during aquatic exercise, further research
is required to understand the exact nature of acute responses in
dGEMRIC index to this type of loading.

In linewith the findings of our recent systematic review6, we did
not see a significant change in muscle force. However, we used
isometric muscle testing whereas, the muscle contraction during
isokinetic strength testing mimics closer the true muscle work
performed during aquatic resistance training and could have been
more sensitive to change. The improvements in cardiorespiratory
fitness are in line with other studies investigating the effects of
aquatic training47. An aquatic exercise programwhich also includes
neuromuscular exercises e.g., partial weight bearing exercises
might produce better improvements in neuromuscular perfor-
mance and possibly stimulate GAG production14 as it is possible to
speculate that the loading mechanics in our study may have been
ineffective for this purpose. There were no between group changes
in any of the domains of the KOOS, this lack of significance is not a
surprise given the high values reported at baseline. In combination
with the results from the measures of physical performance and
KOOS there is no indication that aquatic exercises had a harmful
effect on clinical findings in this population. Therefore, aquatic
resistance training of sufficient intensity to improve

cardiorespiratory function is well tolerated, has high compliance
and does not increase pain in women with mild knee OA. Further
research should focus on the efficacy of aquatic resistance training
for people with more severe stages of OA progression.

The strengths of this study include the high adherence to a
highly intensive aquatic training program. This study fulfilled all
the important quality criteria of an RCT, except for blinding the
participants to exercise therapy, which is common in exercise
therapy studies48. Strict imaging procedure and segmentation rules
ensured good stability and repeatability of the T2 and dGEMRIC
indices. This limits, but does not rule out, the possibility that the
results of this study are affected by themagic angle (particularly T2)
and partial volume effects. The long imaging time in dGEMRIC
mapping might result in motion artefact which was controlled for
in our study by using a motion correction technique built into the
in-house software, as well as strict inclusion/exclusion criteria for
image quality. Minor limitations include: MRI imaging performed
with a 1.5 T scanner, whereas a 3.0 T scanner would have produced
better spatial resolution and higher signal-to-noise ratio. The mean
changes seen in T2 and dGEMRIC index fall within the upper limits
of our measurement error for both techniques therefore we cannot
exclude measurement error as a possible explanation for our
findings. Further, this study had multiple endpoints and therefore
results have to be viewed with caution. In some cases, occasionally
thinned and deteriorated cartilage and movement or pulsating ar-
tery artefact prevented reliable segmentation of cartilage resulting
in lost data. Also, we used single-slice segmenting method
assessing articular cartilage, whereas multi-slice method might
have produced a more comprehensive view of the knee cartilage.
The MRI analysis application divided cartilage to deep and super-
ficial compartments (50%/50%) and due to the 1.5T scanner used,
segmented cartilage thickness was from two to five voxels reducing
the spatial accuracy and therefore care should be taken when
interpreting these results. Pre-contrast T1 imaging was not used in
this study however its importance has been questioned and it is felt
this omission does not affect our conclusions46,49. Classification of
OA severity was performed using a combination of pain and Kell-
greneLawrence classification (weight-bearing) and therefore it was
not possible to differentiate between healthy and biomechanically
altered cartilage between ROIs and condyles50. It is still unknown if
an aquatic training program of longer than 4-months would have
created a global response throughout the cartilage. It is plausible to
hypothesise that as cartilage health in one ROI improves it may
cause a positive response in adjacent ROI's. Due to the strict in-
clusion criteria, our results cannot be directly applied to people
with later stage OA, older or obese women and men. Finally, the
authors acknowledge that the different qMRI parameters and their
interactions are not yet fully understood and further investigations

Table III
Effects of aquatic training on physical performance and clinical symptoms

Baseline, mean (SD) Change to month 4, mean (95% CI) Effect size (95% CI) P-value

Training (n ¼ 42) Controls (n ¼ 42) Training (n ¼ 42) Controls (n ¼ 42) Crude Adjusted*

Cardiorespiratory fitness (ml/kg/min)
Estimated VO2 peak 24.6 (5.6) 24.9 (4.9) 2.4 (1.8 to 3.1) 1.1 (0.5 to 1.8) 0.58 (0.15 to 1.06) 0.006 0.010

Force (N)
Extension 335 (64) 343 (70) 20 (8 to 33) 9 (�5 to 23) 0.27 (�0.17 to 0.70) 0.22 0.28
Flexion 164 (52) 165 (40) 20 (9 to 30) 17 (7 to 27) 0.07 (�0.36 to 0.51) 0.74 0.71

KOOS (0e100)
Pain 80 (10) 82 (12) 4 (1 to 7) 1 (�2 to 4) 0.30 (�0.14 to 0.74) 0.17 0.25
Other symptoms 74 (13) 75 (14) 7 (3 to 10) 2 (�1 to 6) 0.37 (�0.07 to 0.81) 0.09 0.09
ADL 84 (10) 85 (11) 4 (1 to 7) 0 (�2 to 3) 0.39 (�0.03 to 0.78) 0.08 0.10
Sport 63 (20) 65 (22) 8 (2 to 14) 3 (�3 to 8) 0.27 (�0.16 to 0.73) 0.21 0.24
QOL 65 (17) 71 (20) 7 (3 to 11) 3 (�1 to 8) 0.26 (�0.18 to 0.71) 0.24 0.38

* ANCOVA: adjusted for baseline.
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about the interaction between exercise and these parameters are
warranted.

Our results suggest that, in postmenopausal women with mild
knee OA, the integrity of the collagen-interstitial water environ-
ment (T2) of the tibiofemoral cartilage may be responsive to low
shear and compressive forces during aquatic resistance training.
Further research is required to understand the exact nature of acute
responses in dGEMRIC index to this type of loading. Clinical rele-
vance of our findings remains unclear but strongly warrants further
research. Additionally, aquatic resistance training of sufficient in-
tensity to improve cardiorespiratory function is well tolerated, has
high compliance and low risk of harm amongst women with mild
knee OA.
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Abstract  

Purpose: To study the relationship between 12-month leisure-time physical activity (LTPA) 

level and changes in estimated biochemical composition of tibiofemoral cartilage in 

postmenopausal women with mild knee osteoarthritis (OA). Methods: Originally 87 volunteer 

postmenopausal women, aged 60-68 years, with mild knee OA (Kellgren Lawrence I/II and knee 

pain) participated in a randomised controlled, 4-month aquatic training trial (RCT), after which 

76 completed the 12-month post-intervention follow-up period. Self-reported LTPA was 

collected along the 12-month period using a diary from which metabolic equivalent task hours 

(METh) per month were calculated. Participants were divided into METh tertiles: 1=lowest 

(n=25), 2=middle (n=25) and 3=highest (n=26). The biochemical composition of the cartilage 

was estimated using transverse relaxation time (T2) mapping sensitive to the properties of the 

collagen network and delayed gadolinium-enhanced magnetic resonance imaging of the cartilage 

(dGEMRIC index) sensitive to the cartilage glycosaminoglycan (GAG) content. Secondary 

outcomes were cardiorespiratory fitness, isometric knee extension and flexion force and the knee 

injury and osteoarthritis outcome questionnaire (KOOS).  Results: During the 12-month follow-

up period, there was a significant linear relationship between higher LTPA level and increased 

dGEMRIC index changes in the posterior region of interest (ROI) of the lateral (p=0.003 for 

linearity) and medial (p=0.006) femoral cartilage. Furthermore, these changes were seen in the 

posterior lateral femoral cartilage superficial (p=0.004) and deep (p=0.007) ROIs and in the 

posterior medial superficial ROI (p<0.001). There was no linear relationship between LTPA 

level and other measured variables. Conclusions: These results suggest that higher LTPA level 

is related to regional increases in estimated GAG content of tibiofemoral cartilage in 
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postmenopausal women with mild knee OA as measured with dGEMRIC index during a 12-

month period. 

 

Key Words: Cartilage composition; Leisure-time physical activity; MET; Quantitative magnetic 

resonance imaging; Postmenopausal women; Follow-up study 
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INTRODUCTION 

 

Knee osteoarthritis (OA) is a leading cause of pain and disability (11) and has significant socio-

economical costs globally as it accounts for 83% of the total OA burden (36). Early OA causes 

changes in the biochemical composition of cartilage, such as loss of integrity of the collagen 

matrix and decrease in glycosaminoglycan (GAG) content (6). There is no known cure for OA, 

and thus, the main goal of OA management is pain relief and improving physical function (20). 

Therapeutic exercise, either land- or water-based, has been shown to evoke acute positive post-

treatment effects on these goals (5, 39). However, while the effects of therapeutic exercise on 

pain are lost six months after the cessation of the exercise, small but significant improvements in 

self-reported physical function are sustained up to 24 months (5). 

 

Active lifestyle with exercise has been shown to be beneficial for the maintenance of the 

biomechanical properties of cartilage both in healthy humans (31, 32, 34) and animals (13, 14). 

Thus, physical activity could be effective for the maintenance of cartilage health. Studies of the 

immediate post-treatment effects of exercise interventions on human cartilage are sparse, but 

show that the loading created by the exercise interventions can improve the estimated 

biochemical composition of tibiofemoral (24, 28) and patellofemoral (16) cartilage. In addition 

to positive cartilage responses observed in these studies (16, 24, 28), impact (16, 23), aquatic 

(24) and neuromuscular (28) exercise is shown not to be harmful for the estimated biochemical 

composition of the knee articular cartilage in population with mild knee OA (16, 23, 24) or at 

high risk of developing knee OA (28). Also, exercise is well tolerated in these populations (16, 

23, 24, 28). Furthermore, Teichtal et al. (31) observed in a longitudinal follow-up study with 
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healthy population that over two years of vigorous physical activity is associated with a reduced 

rate of patella cartilage loss and has a trend towards a reduced risk for worsening patella cartilage 

defects. 

 

In osteoarthritic population, there are no known long-term follow-up studies investigating the 

relationship between knee articular cartilage and LTPA. Therefore, the aim of the present study 

was to investigate the relationship between 12-months of LTPA and the biochemical 

composition of tibiofemoral cartilage in postmenopausal women with mild knee osteoarthritis. 

 

METHODS 

Study design  

This study was a 12-month follow-up to our previously reported 4-month registered randomised 

controlled trial (ISRCTN65346593) with two experimental arms: 1) aquatic resistance training 

and 2) control (24). Therefore, the term “original intervention” is used to mean the period of 4-

month RCT and “follow-up” denotes to the 12-month period after the end of the intervention and 

is the focus of the current study. This analysis, which exploited the data from the previous 

intervention study, followed the published protocol without changes (38). The participants were 

women aged 60-68 years with mild knee OA and were divided into tertiles based on their 

average monthly LTPA (METh) during the follow-up period. The study protocol (Dnro 

19U/2011) was approved by the Ethics Committee of the Central Finland Health Care District 

and conforms to the Declaration of Helsinki. Written informed consent was obtained from all 

participants prior to enrolment. 
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Study participants 

Originally, postmenopausal women experiencing knee pain on most days from the Jyväskylä 

region in Central Finland were voluntarily recruited through advertisements in local newspapers. 

Preliminary eligibility to the original intervention was assessed using a structured telephone 

interview (n=323), followed by evaluation of osteoarthritis severity in the tibiofemoral joint with 

radiographs (confirmed mild tibiofemoral joint OA grades I or II according to the Kellgren 

Lawrence classification) (n=180) and finally through medical screening (n=111). In total 87 

participants were included in the original intervention study. Inclusion criteria to the original 

intervention were: 1) a postmenopausal woman aged 60-68 years, 2) experiencing knee pain on 

most days, 3) participating in no more intensive exercise than brisk walking ≤ twice a week, 4) 

radiographic changes in tibiofemoral joint K/L I or II, 5) no cancer or chemotherapy prior to the 

study, 6) no medical contraindications or other limitations to full participation in an intensive 

aquatic training program and  7) complete T2 data. Exclusion criteria included: 1) a T-score <-

2.5 (indicating osteoporosis) (12) measured from the femoral neck using dual-energy X-ray 

absorptiometry (DXA),  2) resting knee pain visual analogue scale (VAS) >50/100, 3) a body 

mass index (BMI) of >34 kg/m2 (due to confounding factors related to obesity in relation to 

original intervention), 4) surgery of the knee due to trauma or knee instability, 5) meniscectomy 

within the last 12 months, 6) inflammatory joint disease, 7) intra-articular steroid injections in 

the knee during the previous 12 months, 8) contraindications to MRI and 9) allergies to contrast 

agents or renal insufficiency. Additionally, in this study, all LTPA diaries needed to be returned 

from the follow-up period. In total 84 participants attended the 12-month post-intervention 

follow-up study.   
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Leisure-time physical activity diary 

Each participant’s LTPA (26) from the 12-month study period was recorded using a LTPA diary 

implemented in our previous studies (16, 23, 24). Participants marked their LTPAs each day for 

12 months and were instructed only to mark activities that lasted at least 20 minutes at a time 

(i.e. duration, type and intensity). Duration was reported in minutes and was converted into 

hours. Metabolic equivalent task (MET-hours) per month was calculated by multiplying each 

marked activity by self-evaluated intensity (1 = Light, 2 = Moderate, 3 = Vigorous) according to 

Ainsworth et al. 2011 (1). Participants were divided into tertiles based on their average monthly 

METh for the 12-month period: lowest, middle and highest tertile (Table 1). Compliance for 

returning all diaries from the follow-up period was 97.4%. An example LTPA diary is provided 

in the supplemental digital content (see appendix A, Supplemental Digital Content 1, example 

Leisure-time physical activity diary from one follow-up month, 

http://links.lww.com/MSS/A877). 

 

Primary outcome measures 

Primary outcome measures for this study, T2 relaxation time (T2) mapping (milliseconds, ms) 

and the delayed gadolinium-enhanced magnetic resonance imaging of cartilage (dGEMRIC 

index, ms), were measured using a Siemens Magnetom Symphony Quantum 1.5-T scanner 

(Siemens AG, Medical Solutions, Erlangen, Germany). These methods provide information on 

the response of tibiofemoral cartilage to physiological loading (21, 28). T2 is a surrogate for the 

properties of the collagen network with lower values corresponding to better integrity and 

orientation of the collagen fibres and the hydration of the articular cartilage (18, 30). dGEMRIC 

index measures estimated GAG content of the knee articular cartilage with higher values 
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corresponding to higher estimated GAG concentration (2). The MRIs were performed by 

external radiographers and segmentation was performed blinded to original group allocation. 

Single sagittal slice images from the centre of the medial and lateral femoral condyles were taken 

from the affected knee with the highest K/L grade for both T2 and dGEMRIC index 

measurements. In cases of identical grading bilaterally, the right knee was imaged. Images were 

manually segmented using an in-house MATLAB application with built-in motion correction for 

dGEMRIC (Mathworks, Inc. Natick, MA, USA). In this study, we divided the femoral cartilage 

into three ROIs: anterior, central and posterior. As illustrated in Figure 1, anterior and posterior 

borders of the anterior and posterior meniscus were used as landmarks to define the margins of 

the femoral and tibial cartilage ROIs.  dGEMRIC indices were corrected for BMI (33). Precision, 

scan-rescan, (CVRMS) of dGEMRIC in asymptomatic subjects is 7% for full-thickness ROIs and 

5% for bulk cartilage (22). In our laboratory, the inter-observer error (CVRMS) for T2 full-

thickness ROIs was 1.3% to 3.3% and 2.8% to 4.0% for dGEMRIC. The full MRI protocol and 

example images are provided in the supplemental digital content (see appendix B, Supplemental 

Digital Content 2, MRI protocol and example of image segmentations, 

http://links.lww.com/MSS/A878). 

 

Secondary outcomes  

 

Physical performance 

Cardiorespiratory fitness (VO2 peak, ml/kg/min) was estimated using the UKK 2 km walking test 

(UKK Institute, Tampere, Finland) (19) and isometric knee extension and flexion force (N/kg) of 

the affected knee was measured at a 60 degree angle using an adjustable dynamometer chair 
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(Good strength; Metitur Ltd, Jyväskylä Finland) (29). Physical performance measurements have 

been described in detail in our study protocol (38). 

 

Self-assessed impact of OA symptoms 

Self-assessed impact of OA on pain, other symptoms, activities of daily living, sports and 

recreations and knee-related quality of life were assessed using the validated Finnish (15) Likert 

version of the knee injury and osteoarthritis outcome score (KOOS) questionnaire (27). Scores 

for each domain range from 0 to 100, with the score of 0 indicating extreme and 100 no knee 

problems. 

 

Statistical analyses  

The results are presented as means and standard deviations (SD). Statistical significance for the 

hypothesis of linearity between physical activity tertiles (lowest, middle and highest) with 

cartilage and physical performance traits were evaluated by using analysis of variance (ANOVA) 

and analysis of covariance (ANCOVA). T2 was adjusted for baseline value, height and weight. 

dGEMRIC index (already adjusted for BMI) and secondary outcomes were adjusted for baseline 

value only. The normality of the variables was tested by using the Shapiro-Wilk W test. Since 

two participants (2.6%) had missing LTPA diary data, last observation carried forward method 

was used. Statistical analyses were performed using statistical software (Stata, release 14.1, 

StataCorp, College Station, Texas). 
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RESULTS 

 

During the 12-month follow-up, eight (10%) participants dropped out of the study. One 

participant died due to diagnosed cancer and one due to unknown reasons. In addition, one 

participant withdrew due to activated Ménière's disease, two due to personal reasons, one due to 

hip arthroplasty, one due to radiotherapy for breast cancer and one did not return the physical 

activity diaries from the entire follow-up period. Therefore, 76 (90%) participants completed the 

12-month follow-up period. The division into METh tertiles was: 1=lowest (n=25), 2=middle 

(n=25) and 3=highest (n=26). Importantly, there was no difference between the LTPA METh 

tertiles according to the original intervention study groups (i.e. members of the training and 

control group) in the beginning or during the follow-up (Table 1). 

 

Demographic and clinical characteristics of the study participants according to the LTPA 

(METh) in the beginning of the follow-up period (i.e. baseline) are shown in Table 2. At the 

baseline, there was a linear inverse relationship between body mass (p<0.001), BMI (p<0.001), 

cardiorespiratory fitness (VO2 peak,  p<0.001), muscle force (knee extension, p<0.001, knee 

flexion, p=0.011) and LTPA level. Most common LTPAs during the 12-month follow-up period 

were walking (including Nordic walking) (mean: 1h 5min/week, 1h 38min/week and 3h/week in 

the tertiles, respectively), and LTPA described as “other” (e.g. gardening and cleaning) (mean: 

55min/week, 1h 13min/week and 1h 28min/week in the tertiles, respectively). Average monthly 

MET hours in LTPA tertiles for each follow-up month are provided in the supplemental digital 

content (see appendix C, Supplemental Digital Content 3, Average monthly MET hours in 

leisure time physical activity tertiles, http://links.lww.com/MSS/A879). 
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To ensure accuracy, each MRI image was inspected for quality, and exclusion required full 

agreement within the research group. All T2 data sets were included in the analysis. One 

complete dGEMRIC index data set was not measured due to participant’s rejection of contrast 

agent injection. Additionally, from the dGEMRIC index, 21 participants had movement artifact 

in the medial condyle, while in the lateral condyle, 17 participants had either artery-flow 

pulsating artifact or movement artifact and one inaccurate location of the slice compared to 

baseline image. These data sets were therefore missing from the final analysis. In total 54 and 57 

complete datasets for medial and lateral condyles respectively were available for quantitative 

dGEMRIC analysis. 

 

T2 and dGEMRIC index change during the 12-month follow-up and p-value for linearity in 

relation to LTPA level are given in Table 3. In knee cartilage regions, there was a statistically 

significant linear relationship showing that dGEMRIC index in posterior ROI of the lateral 

(p=0.003) and medial (p=0.006) femoral cartilage increased with higher LTPA level during 12-

month period. Furthermore, these changes were seen in the posterior lateral femoral cartilage 

superficial (p=0.004) and deep (p=0.007) ROIs and in the posterior medial superficial ROI 

(p<0.001) (Figure 2). No linear relationship was observed between LTPA level and changes in 

T2 relaxation time (Table 3), physical performance characteristics or self-assessed impact of OA 

symptoms (KOOS) during 12 months (Table 4). 
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DISCUSSION 

 

To our knowledge, we are the first to demonstrate that long-term (12-month) LTPA level is 

related to regional increases in estimated GAG content of tibiofemoral cartilage in 

postmenopausal women with mild knee OA as measured with dGEMRIC index. This linear 

relationship was observed in the posterior region of medial and lateral femoral cartilage, which is 

less loaded during activities of daily living than the central region (37). Cardiorespiratory fitness, 

muscle force and all KOOS dimensions remained at the follow-up initiation level, and no 

linearity with LTPA tertiles was observed during 12 months. 

 

Our results indicate that people with higher levels of LTPA during the 12-month follow-up 

period also had larger increases in the dGEMRIC index (i.e. estimated GAG content) within the 

cartilage of the posterior ROI of the medial and lateral femoral condyle. It has been suggested 

that in the dGEMRIC index, higher values correspond to higher knee articular cartilage GAG 

concentration (2). This can be interpreted to mean that when exposed to sufficient loading 

stimulus and environment, all chondrocytes, including cells extracted from OA cartilage, have a 

latent loading adaptation ability to regenerate and proliferate matrix (e.g. GAGs and collagen) 

(10, 31). Furthermore, our results are suggesting that persons with mild knee OA may have a 

lower threshold for chondrocyte adaptation in the posterior region of the femoral cartilage, which 

is less loaded during the activities of daily living compared to the central region. Our previous 

findings support this suggestion (24). Aforementioned results are also supported by several 

animal (3, 13, 14) and human studies in healthy population (31, 32, 34) and in people at a high 

risk of developing knee OA following surgery for meniscal injury (28), showing the beneficial 
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relationship between a physically active lifestyle and the maintenance of the biochemical 

properties of cartilage.  

 

It has been suggested that GAG loss is an early feature in OA, and it occurs primarily in the 

superficial region of cartilage (4, 25), but the nature of responses and the exact region in 

osteoarthritic cartilage to exercise is not yet fully understood. In our present study, the 

dGEMRIC index (i.e. estimated GAG content) responded to LTPA similarly in the superficial 

and deep cartilage (i.e. full-thickness) in the posterior ROI of medial and lateral femoral 

cartilage. Our results are in line with the study by Hawezi et al. (9), who also showed that a 

change in the dGEMRIC index due to a change in the physical activity level occurred both in the 

superficial and deep cartilage regions (i.e. full-thickness) in people with a risk of developing OA. 

However, this full-thickness effect may be at least partly explained by the relatively large 

decrease in the dGEMRIC index seen in the deep ROI of the posterior condyle. Additionally, the 

diffusion of the contrast agent is influenced by the cartilage thickness, where thinner cartilage 

results in a lower dGEMRIC index (8). In our study, cartilage thickness was not measured, 

leaving this issue open to speculation and for further investigation.  

 

In our study, no linear relationship was observed between a 12-month period of LTPA and 

changes in T2 relaxation time. T2 measures different cartilage attributes than dGEMRIC index, 

indicating that a low T2 value corresponds to better integrity and orientation of the collagen 

fibres and a decrease in the hydration of the articular cartilage (18, 30). In our previous exercise 

intervention study we found that a 4-month progressive aquatic resistance training program (i.e. 

full range of motion with high repetition low shear and compressive cyclic forces) improved the 
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estimated biochemical composition of the medial posterior tibiofemoral cartilage as measured 

with T2 (24). The benefit of this type of loading pattern for integrity and orientation of the 

collagen fibres is also supported by our previous land-based RCTs (16, 23). Koli et al. (16) 

showed that a 12-month progressively implemented high-impact and intensive jumping exercise 

(i.e. impact exercises were shear with moderate compression in the patellofemoral joint) in 

postmenopausal women with mild knee OA improved the estimated biochemical composition of 

the patellar cartilage as measured with T2. Using the same intensive intervention, Multanen et al. 

(23) showed that no positive or negative effect was observed in the biochemical composition of 

tibiofemoral cartilage (i.e. T2 or dGEMRIC index). The LTPAs may not have exposed the knee 

joint to optimal and sufficient intensity and loading to cause adaptation in the integrity of the 

collagen-interstitial water environment (T2) in the tibiofemoral cartilage. However, GAG 

concentration (i.e. dGEMRIC index) may be more responsive to intermittent impact and 

compression type of loading in people with mild tibiofemoral knee OA and may therefore partly 

explain the findings of this study. This explanation is also supported by Roos and Dahlberg 2005 

(28). More controlled (type of exercise, loading, frequency, duration and intensity) exercise 

interventions are needed in order to determine the most optimal loading and intensity for 

improving overall cartilage quality in osteoarthritic population. 

 

In this study, walking (including Nordic walking) accounted for 40% of the total LTPA. 

Gait on level surface requires knee range of motion from nearly full extension to 60-65 degree 

flexion (37), and knee flexion of over 90 degrees is required to produce contact between 

posterior ROI of femur and central tibia (7). Therefore, the biomechanics of gait do not solely 

explain why an increase in dGEMRIC index was observed in the posterior ROIs of cartilage. The 
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average peak knee joint loading during normal gait is in the range of 2 to 4.5 times body weight 

(17, 40). Thus, it can be speculated that the effects of intermittent impact and compressive 

loading during gait to knee central cartilage might have had favorable adjacent effects on less 

customary loaded posterior cartilage (e.g. trough pressure changes and muscle contraction) with 

a higher LTPA level. This higher repetitive mechanical stimulus might have been sufficient to 

cause beneficial changes, such as improved fluid flow and nutrient diffusion in the posterior ROI 

of the femoral cartilage. On the other hand, repetitive knee bending exposure (i.e. deep knee 

bending or kneeling for 30 minutes or more) has been associated with an increased risk of 

prevalent cartilage lesion especially in patellofemoral compartment in males and females 

between the ages 45 and 55 with a risk for OA (35). In our study, the activity described as 

“other” (e.g. gardening and cleaning) accounted for 23% of the total LTPA. These activities 

might have included non-repetitive uncustomary loading to the knee (i.e. higher knee flexion 

with larger range of motion), which can be hypothesised to have caused beneficial changes in 

less loaded posterior ROI of femoral cartilage. In our previous study (24) we discussed that the 

chondrocytes in the posterior region of the femoral cartilage in persons with mild knee OA may 

have a lower threshold for adaption compared to the central region, and in contrast, the 

chondrocytes in the central region of the femur and tibia cartilage may require a higher or 

atypical loading compared to customary loading in order to stimulate an adaptive response. Thus, 

posterior less customary loaded medial and lateral femoral condyle cartilage might be more 

responsive to light exercise than the central cartilage. Therefore, even light LTPA performed 

regularly in the long-term may be sufficient enough to positively stimulate the less customary 

loaded posterior region of medial and lateral femoral cartilage, which was observed in our study 
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as increased estimated GAG concentration. Also, LTPA even at the highest level was well 

tolerated and did not increase clinical symptoms in women with mild knee OA. 

 

The strengths of this study include the long-term follow-up period (12-months) and high 

adherence to the end measurements with no harms observed as LTPA level increased. In 

addition, each participant’s daily physical activity was monitored each day throughout the whole 

12-month follow-up period. Strict imaging procedure and segmentation rules ensured good 

stability and repeatability of the T2 relaxation time and dGEMRIC indices. This limits the 

possible effects of the magic angle (particularly T2) and partial volume effects. The long 

imaging time in dGEMRIC mapping might result in motion artefact, which was controlled for in 

our study by using a motion correction technique built into the in-house software as well as a 

strict inclusion/exclusion criterion for image quality (i.e. excessive movement and pulsating 

artefact). This study also had some minor limitations, which were related to the MRI imaging 

and analysation technique. We used a 1.5 tesla scanner, whereas a 3.0 tesla scanner would have 

produced better spatial resolution and a higher signal-to-noise ratio. In some cases occasionally 

thinned and deteriorated cartilage and movement (despite the motion correction technique) or 

pulsating artery artefact prevented reliable segmentation of cartilage resulting in lost data. Also, 

the single-slice segmentation method utilised in this study assesses only a restricted region of the 

cartilage, whereas the multi-slice method might have produced a more comprehensive 

representation of the tibiofemoral cartilage. The segmentation software automatically divided 

cartilage of each full-thickness ROI into deep and superficial compartments (50%/50%). 

However, due to the 1.5T scanner used, segmented cartilage thickness ranged from two to five 

voxels, thus reducing the spatial accuracy. Due to the strict inclusion criteria in the original 
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intervention study (24), our results cannot be directly applied to people with later stage OA or 

older or extremely obese women and men. Finally, the authors acknowledge that so far there is 

no “’golden standard” method to measure how exercise directly affects the biochemical 

composition of cartilage in vivo. Therefore, the different qMRI parameters and their interactions 

are not yet fully understood (2) and further investigations about the interaction between exercise, 

cartilage and these parameters are needed. 

 

In conclusion, these results suggest that higher LTPA level is related to regional increases in 

estimated GAG content of tibiofemoral cartilage as measured with dGEMRIC index during a 12-

month period. These results have an important role when assessing physical activity levels for 

cartilage quality related exercise intervention studies and also in clinical rehabilitation in 

postmenopausal women with mild tibiofemoral knee OA. 
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FIGURE LEGENDS: 

 

Figure 1. Illustration of the region of interests (ROIs) in the full-thickness femoral and tibial 

cartilage. Midlines split both femoral and tibial cartilage into superficial and deep sections. ROIs 

were segmented according to the landmarks as follows for central femoral cartilage: from the 

anterior end of anterior meniscus (arrow 1) to the posterior end of the posterior meniscus (arrow 

2) and for central tibial cartilage: from the posterior end of anterior meniscus (arrow 3) to the 

anterior end of the posterior meniscus (arrow 4). 

 

Figure 2. dGEMRIC index change during the 12-month follow-up from femoral posterior lateral 

and medial superficial and deep ROIs according to LTPA (Metabolic Equivalent hour, METh) 

tertiles.  

 

SUPPLEMENTAL DIGITAL CONTENT: 

 

Appendix A.docx—An example Leisure-time physical activity diary from one follow-up month 

Appendix B.docx—MRI protocol and example of image segmentations 

Appendix C.docx—Average monthly MET hours in leisure time physical activity tertiles 
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Figure 2 
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 Table 1. Average monthly METh for the follow-up period.  
 

 

Lowest 

METh 

(n=25) 

Middle 

METh 

(n=25) 

Highest  

METh 

(n=26) 

All participants    

     METh, mean (SD) 52 (15) 97 (14) 155 (29) 

Original intervention group    

     Number (%) 16 (64.0) 12 (48.0) 11 (42.3) 

     METh, mean (SD) 53 (15) 96 (14) 156 (36) 

Original control group    

     Number (%) 9 (36.0) 13 (52.0) 15 (57.7) 

     METh, mean (SD) 49 (15) 98 (15) 155 (26) 

 

Original intervention group: Intervention group of the original RCT design. Original control   

group: Control group of the original RCT design. 
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Table 2. Demographic and clinical characteristics of the participants at the beginning of 12-

month follow-up. 

 

Lowest 

METh 

(n=25) 

Middle 

METh 

(n=25) 

Highest 

METh 

(n=26) 

P for 

linearity 

Age (years) 64 (2) 64 (3) 65 (2) 0.39 

Height (cm) 162 (5) 161 (5) 163 (4) 0.47 

Body mass (kg) 76.4 (10.8) 69.1 (10.8) 65.3 (9.1) <0.001 

Body mass index (kg/m2) 28.9 (3.4) 26.6 (3.8) 24.5 (3.0) <0.001 

     

Cartilage traits     

T2, (ms) Femur     

     Lateral condyle: Central 52.1 (4.8) 51.8 (3.3) 54.7 (4.4) 0.053 

     Lateral condyle: Posterior 48.5 (4.3) 49.8 (3.7) 50.0 (3.3) 0.16 

     Medial condyle: Central 51.8 (6.6) 53.7 (3.6) 51.8 (5.1) 0.99 

     Medial condyle: Posterior 51.0 (4.3) 52.1 (3.5) 51.0 (5.4) 0.99 

T2, (ms) Tibia     

     Lateral plateau: Central 42.4 (9.1) 41.0 (6.8) 41.9 (9.2) 0.85 

     Medial plateau: Central 43.5 (5.3) 44.3 (3.8) 43.1 (4.8) 0.76 

     

dGEMRIC index, (ms) Femur     

     Lateral condyle: Central 419 (56) 425 (64) 433 (48) 0.70 

     Lateral condyle: Posterior 424 (66) 427 (85) 428 (54) 0.85 

     Medial condyle: Central 398 (53) 392 (77) 423 (44) 0.13 
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     Medial condyle: Posterior 434 (66) 447 (68) 449 (63) 0.60 

dGEMRIC index, (ms) Tibia     

     Lateral plateau: Central 394 (83) 442 (94) 418 (79) 0.17 

     Medial plateau: Central 373 (61) 374 (73) 380 (48) 0.92 

     

Physical performance     

Cardiorespiratory fitness, (ml/kg/min)     

     Estimated VO2 peak 24.6 (3.9) 26.8 (5.9) 29.5 (4.1) <0.001 

Muscle Force, (N/kg)     

     Knee extension 4.4 (0.8) 5.6 (1.2) 5.7 (1.4) <0.001 

     Knee flexion 2.4 (0.5) 2.8 (0.7) 2.9 (0.9) 0.011 

     

Clinical symptoms     

KOOS, range 0-100mm     

     Pain 83 (11) 85 (11) 85 (11) 0.70 

     Other symptoms 80 (12) 80 (13) 81 (13) 0.72 

     ADL 86 (12) 88 (14) 88 (10) 0.66 

     Sport 67 (24) 69 (30) 73 (17) 0.33 

     QOL 72 (20) 76 (22) 76 (18) 0.50 

Values are means (SD)  

METh = metabolic equivalent task hour (Tertiles based on participants average monthly METh) 

T2 = transverse relaxation time = high values correspond to compromised cartilage structure 

degeneration. dGEMRIC index = high values correspond to high glycosaminoglycan concentration. 

KOOS = Knee Injury and Osteoarthirtis Outcome Score, ADL= activities of daily living, Sport = sports 

and recreation, QOL = knee related quality of life   
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Appendix A: An example Leisure-time physical activity diary from one follow-up month 
 

Leisure time physical activity: June 2013 (Follow-up) 
Name:______________________________ 
Randomisation number:________________ 

Study ID: __/__/__/__/__/__/__/__  

 
Mark into the leisure time physical activity diary all activities that you have performed 
each day (at least 20 minutes at time). Mark also how long the physical activity 
lasted (in minutes) and how exhausting (light = *, moderate = **, Vigorous = ***) 
your activity was. 
 

*      Light = no sweating, no heavy breathing 
**    Moderate = somewhat sweating or increased breathing 
***  Vigorous = heavy sweating or heavy breathing  

 
 
 
Leisure time physical activity Leisure time physical activity 
1. Jogging or running 11. Home gymnastics 

2. Orienteering 12. Supervised aerobic  

3. Cross-country skiing 13. Dance in different forms 

4. Bicycling 14. Water aerobics 

5. Walking 15. Stretching 

6. Nordic walking 16. Yoga/ Tai-Chi 

7. Golf 17. Badminton 

8. Swimming 18. Tennis 

9. Rowing/canoeing 19. Downhill skiing 

10.Gym/Circuit training 20. Horse riding 

 21. Something else, what? 
 
___________________________________________ 
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Appendix B: MRI protocol and example of image segmentations 

 

Prior to MRI imaging, the participant was advised to restrain from any strenuous physical 

activity during the 48 hours prior to the measurements to minimize possible transient changes 

in knee cartilage volume and composition. Participants were imaged at the same time of the 

day to avoid possible diurnal variation at the follow-up measurements.  

 

The participants were imaged lying supine. The knee was positioned into the coil by 

adjusting inferior margin of patella according to the centre of line of the coil. The flexion 

angle and rotation of the knee was controlled by stabilising the ankle to a fixed position 

within the knee coil by using a leg holder and a custom made inflatable cushion. The cushion 

was specifically designed to stabilize the patella without causing any compression of the 

patellofemoral joint. The imaging session lasted 3 hours and included a standard clinical MRI 

series and T2 relaxation time followed by the dGEMRIC series. 

 

T2 mapping was performed using a sagittal multi-slice multi-echo fast spin echo sequence 

(field of view (FOV) 140mm, acquisition matrix 256 x 256, repetition time (TR) 2090 ms, 

eight echo times (TE) between 13 and 104 ms, echo train length (ETL) 8, slice thickness 3 

mm). The slices were positioned perpendicular to a line tangential to the posterior femoral 

condyles in the axial scout view. Two slices, each covering the central region of the medial 

and lateral condyles, were analysed. 

 

For the dGEMRIC series, immediately after the clinical and T2 imaging, an intravenous 

injection of 0.4mL/kg (double dose) of Gd-DTPA2- (Magnevist, Schering, Berlin) was 

administered. The amount of contrast agent administered was corrected for body weight at 
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each measurement point. This was appropriate because of the expected changes in body 

composition as a result of the intensive exercise intervention. In order to enhance the delivery 

of contrast agent into the knee cartilage, following administration of Gd-DTPA2-, the 

participants were instructed to perform 5 minutes of knee flexion-extension exercises in a  

sitting position without resistance, 5 minutes of walking on a flat surface and 10 gentle deep 

squats. Exactly ninety minutes after the injection, dGEMRIC mapping in the presence of Gd-

DTPA2- was performed in the sagittal plane using a single slice inversion recovery fast-spin 

echo sequence (FOV = 14 cm, matrix 256 x 256, TR = 1800 ms, TE 13 ms, six inversion 

times (TI) between 50 and 1600 ms, slice thickness 3 mm). The slice positioning was copied 

from the T2 relaxation time mapping sequence, and the number of the slice in the correct 

orientation is reduced to one. The remaining slice was then positioned at the centre of the 

medial and lateral condyles as viewed on the axial scout image. The participants were 

positioned into an identical position as for the first MRI imaging. Knee with highest degree of 

OA, as measured by the radiographic Kellgren-Lawrence (K/L) scale, was imaged. In the 

cases where both knee had identical K/L score the right knee was imaged. 

 

For quality assurance purposes, a set of phantom samples containing certain concentrations of 

agarose and nickel nitrate to modulate their dGEMRIC and T2 relaxation times were imaged 

following the study protocol prior to baseline and follow-up measurement sessions, and no 

evidence of scanner drift was observed during the intervention. 

 ACCEPTED
g

e presence opresence o

sion recovery fastsion recovery fast--spinsp

ms, TE 13 ms, six inversms, TE 13 ms, six inver

The slice positioning wThe slice positioning w

the number of the slicethe number of the slice

lice was then positionedlice was then positio

on the axial scout imagn the axial s

as for the first MRI imagas for the first MRI 

ographic Kellgrenphic Kellgr -LawreLawre

d identical Kd identica /K L score thescore the

surance purposes, a set ourance purposes, a set o

and nickel nitrate to modckel nitrate to m

llowing the study protocowing the study protoc

vidence of scanner dce of scanner d



Copyright © 2017 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

 
 

 

Figure 1. Example image of T2 and dGEMRIC segmentation 
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Appendix C: Average monthly MET hours in leisure time physical activity tertiles 
 
 

 
Figure 1. Average monthly MET hours in leisure time physical activity tertiles 
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Introduction

Osteoarthritis (OA) and osteoporosis (OP) are universal
age-related musculoskeletal disorders that commonly occur in

the same patient population1-3. Degenerative changes in carti-
lage, e.g. in OA can cause pain and loss of muscle mass and
thus the decline in associated force production causes mobility
limitations and a decrease in daily physical activity4. This re-
sults in decreased musculoskeletal loading, causing bone loss5.
Furthermore, it is relatively well known that bone mineral
mass6, bone strength and bone structure associate positively
with muscle mass7. Also, functional decline is contributed to
reduction of lean body mass and an increase of fat mass8. Re-
duced muscle strength together with attenuated bone increases
the risk for falls and fragility fractures9, and represent signifi-
cant morbidity and healthcare costs1,10. 

It has been previously shown that neuromuscular perform-
ance is a better indicator of the bone loading environment than
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Objectives: To investigate whether neuromuscular performance predicts lower limb bone strength in different lower limb sites
in postmenopausal women with mild knee osteoarthritis (OA). Methods: Neuromuscular performance of 139 volunteer women
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force and figure-of-eight-running test. Femoral neck section modulus (Z, mm³) was determined by data obtained from dual-
energy X-ray absorptiometry. Data obtained using peripheral quantitative computed tomography was used to asses distal tibia
compressive (BSId, g2/cm4) and tibial mid-shaft bending (SSImaxmid, mm3) strength indices. Results: After adjustment for height,
weight and age, counter movement jump peak power production was the strongest independent predictor for Z (β=0.44; p<0.001)
and for BSId (β=0.32; p=0.003). This was also true in concentric net impulse for Z (β=0.37; p=0.001) and for BSId (β=0.40;
p<0.001). Additionally, knee extension force (β=0.30; p<0.001) and figure-of-eight-running test (β= -0.32; p<0.001) were among
strongest independent predictors for BSId after adjustments. For SSImaxmid, concentric net impulse (β=0.33; p=0.002) remained
as the strongest independent predictor after adjustments. Conclusions: Neuromuscular performance in postmenopausal women
with mild knee OA predicted lower limb bone strength in every measured skeletal site. 

Keywords: Bone Strength, Neuromuscular Performance, DXA, pQCT, Osteoarthritis

Original Article Hylonome

The authors have no conflict of interest.

Corresponding author: Matti Munukka, MSc, Department of Health Sciences,
University of Jyväskylä, P.O. Box 35, 40014 Jyväskylä, Finland 
E-mail: matti.munukka@jyu.fi

Edited by: J. Rittweger
Accepted 12 November 2014



M. Munukka et al.: Neuromuscular performance and bone strength

419

body mass in models predicting skeletal rigidity in pre- and
postmenopausal women11. This notion is supported by previ-
ous randomized controlled trials of osteogenic exercise, in
which typical osteogenic exercises with high impact loading
and fast changes of direction have been shown to have bene-
ficial effects on lower limb bone indices12-14. Neuromuscular
performance, such as bilateral jumping, is found to be related
to tibial strength in young healthy men and women15. Further-
more, in female athletes, the strong bone structure was found
to be attributable to muscle performance in the weight-bearing
lower limbs16. However, high-impact loading may not be most
optimal form of exercise for postmenopausal women with mild
knee osteoarthritis17. Thus, it is reasonable and interesting to
look at the interplay between neuromuscular characteristics
and bone strength to get a better picture how this interaction
occurs in postmenopausal women. This interplay should be
studied more extensively at several different skeletal sites
(femoral neck, tibial mid-shaft and distal tibia) in different
population groups, in order to find out new and more relevant
information on the potential relationship between exercise re-
lated loading and the bone strength. Therefore this study fo-
cused on assessing whether neuromuscular performance
predicts lower limb bone strength indices in different lower
limb sites in postmenopausal women from 50 to 68 years of
age with mild knee osteoarthritis.

Methods
Study design and participants

This study was a cross-sectional trial using combined base-
line data from two RCTs datasets conducted at Department of
Health Sciences in University of Jyväskylä: LuRu (n=52)12

(ISRCTN58314639) and AquaRehab (n=87)18 (IS-
RCTN65346593). In both datasets, postmenopausal women
from the Jyväskylä region in Central Finland (total n=621)
were recruited on a voluntary basis through local newspaper
advertisements. After eligibility was assessed by structured
telephone interview, weight bearing radiographs were taken
from tibiofemoral joints, dual-energy X-ray absorptiometry
(DXA) were taken from both proximal femurs and lumbar
spine and clinical examinations were obtained, 139 subjects
met the inclusion criteria. According to aforementioned proj-
ects, the criteria for eligibility were: volunteer postmenopausal
women, between the ages of 50-68 year-old, knee pain on most
days, no more than twice a week regular intensive exercise, no
illnesses that would limit participation in the exercise inter-
ventions or contraindicate exercise, mild tibiofemoral joint OA
of grade 1 (possible osteophytes) or 2 (definite osteophytes,
possible joint space narrowing) on the radiographic
Kellgren/Lawrence (K/L) grading and peripheral quantitative
computed tomography (pQCT) measured from the affected
knee side (i.e. higher knee K/L side). The criteria for exclusion
were: femoral neck bone mineral density (BMD, g/cm2) T-
score lower than -2,5 (indicates osteoporosis), body mass
index (BMI) ≥35 kg/m2, surgery of the knee due to trauma or
knee instability, inflammatory joint disease, intra-articular

steroid injections in the knee during the previous 12 months,
contraindications to MRI and allergies to radiological contrast
agents or renal insufficiency. Inclusion criteria in these two
RCTs were otherwise similar except for age (LuRu age range:
50-66 years, AquaRehab: 60-68 years) and for BMI (LuRu:
≤35 kg/m2, AquaRehab: ≤34 kg/m2). Measurement protocols
were similar in both studies, and description of participant re-
cruitments and outcome measures can be found in detail else-
where12,18. 

Both LuRu –research study protocol (Dnro1E/2008) and
AquaRehab –research study protocol (Dnro 19U/2011) were
approved by the Ethics Committee of the Central Finland
Health Care District. Written informed consent in both studies
was obtained from all participants prior to enrolment.

Lower limb bone and body composition measurements

Dual-energy X-ray absorptiometry (DXA). DXA (Lunar
Prodigy; GE Lunar Healthcare, Madison, WI, USA) was used
to assess rigidity of femoral necks and whole body composi-
tion. Proximal femur was scanned with DXA at the narrowest
neck section. Femoral neck section modulus (Z, [mm³], an
index of bending strength) was calculated with advanced hip
structural analysis (AHA) as per manufacturer’s software. The
femoral neck section modulus (Z) is equal to the cross-sec-
tional moment of inertia (CSMI) divided by the distance from
the center of mass to the superior neck margin (y). Coefficient
of variation (CV) of femoral neck section modulus (Z) has
been assessed to be 5.1% in our laboratory. Total body fat mass
and lean mass were analyzed using enCORE software (en-
CORE 2011, version 13.60.033) for those subjects in AquaRe-
hab study (n=87). In vivo precision of these measurements
have been reported to be CV of 1.3-2.2%19.

Peripheral quantitative computed tomography (pQCT).
pQCT (XCT 2000, Stratec Medizintechnik GmbH, Pforzheim,
Germany) was used to assess the rigidity of the distal and mid-
shaft of the tibia from the affected side leg at 5% and 55% of
the length of the tibia from the distal end to the mid-shaft of
the tibia. A 30 mm planar scout view of the distal tibia was
used to define the distal end of tibia. Distal tibia compressive
(BSId, g2/cm4) and tibial mid-shaft bending (SSImaxmid, mm3)
strength indices were calculated from the data obtained using
pQCT. The BSId was calculated as:

where TtDd
2 is the apparent bone density of the total bone

cross-section and TtArd the total cross-sectional area of the dis-
tal tibia. The SSImaxmid was calculated as:

where i= index of voxel, Di= Density of the i:th voxel (in
mg/cm3), ar= area of voxel, yi= distance of the i:th voxel from
the bending axis corresponding to the maximal cross-sectional
moment of inertia and ymaxmid= the distance of the most ante-
rior point from the bending axis corresponding to the maximal
cross-sectional moment of inertia11.

BSId = TtDd2 * TtArd

SSImaxmid =
n

i=1
∑ y2 * Di * ar

1200 * ymaxmid
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pQCT bone strength indices predict robustly bone failure in
compression at the distal tibia and bending strength at the tibial
diaphysis20. CV for the reported pQCT variables has been
measured to range from 0.4 to 1.6% in our laboratory15. DXA
and pQCT were measured from the higher K/L grade knee side.

Neuromuscular performance

Counter movement jump test (CMJ). Dynamic maximal
muscle power of lower limbs was examined by measuring
ground reaction forces in newtons (GRFs, N), peak instanta-
neous power production during the takeoff phase in watts (W)
and concentric net impulse in newton seconds (Ns) with a
force platform during counter movement jump test. Subjects
were asked to perform a counter movement jump with hands
on hips and were instructed to jump as high as possible with
the preferred counter movement depth and velocity. The
weight of the subject was subtracted from the recorded vertical
ground reaction force and then divided by the body mass of
the subject to produce vertical acceleration11. A custom made
force plate (University of Jyväskylä, Jyväskylä, Finland) was
used to assess maximal power traits from the counter move-
ment jump test. Results were analyzed from the vertical
ground reaction force using a custom made Matlab script.
Maximal power traits were extracted following methodology
from our previous study11. Coefficients of variation of 2.5%
for jump height21 and 3.6% for power22 have been reported in
counter movement jump.

Maximal isometric force. Knee extension and flexion force
of the affected side leg was measured using an adjustable dy-
namometer chair (Good strength; Metitur Ltd, Jyväskylä Fin-
land) and recorded in newtons (N). The precision of the tests
in our laboratory is 6.3% for the knee extension force and 8.5%
for knee flexion force23.

Figure-of-8-running test. Standardized figure-of-8-running
test consisted of two laps around two cones placed 10 meters
apart in a figure of eight. Photocells were used to measure time
(in seconds) taken to complete the task. The test has been
shown to be sensitive (73.5%) and specific (86.1%) for meas-
uring agility and to be effective at detecting decreased motor
performance (area under curve 0.86)24.

Health status, general health and mean habitual physical ac-
tivity (the metabolic equivalent of task, MET hours per week)
were assessed by a questionnaire devised by the research
group. Self-reported pain, stiffness and physical functional dif-
ficulty were assessed by Western Ontario and McMaster Uni-
versity Osteoarthritis Index (WOMAC) questionnaire in the
range from 0 to 100 mm in the visual analogue scale (VAS)25.

Statistical analyses

The data are presented as means with standard deviations
(SD) or as counts with percentages. Linear regression analyses
were used to identify the appropriate predictors of the bone
strength indices using unadjusted and adjusted (height, weight
and age) standardized regression coefficients Beta (β). The Beta
value is a measure of how strongly each predictor variable in-

fluences the criterion (dependent) variable. The beta is meas-
ured in units of standard deviation. Cohen’s standard�for Beta
values above 0.10, 0.30 and 0.50 represent small, moderate and
large relationships, respectively. Hochberg’s procedure was
used to correct type I error. Statistical comparisons between
neuromuscular performance and bone strength indices were
made by using t-test or analysis of variance (ANOVA). The
bootstrap method was used when the theoretical distribution of
the test statistics were unknown or in the case of violation of
the assumptions (e.g. non-normality). Correlation coefficients
between bone strength indices and body composition were cal-
culated by the Pearson method, using Sidak adjusted probabil-
ities. Stata 13.1, StataCorp LP (College Station, TX, USA)
statistical package was used for the analyses.

Results

Table 1 shows the descriptive and clinical characteristics of the
study participants. Mean age of the participants was 62 years (range
50 to 68) and BMI 27 kg/m2 (range 19 to 35). Mean habitual phys-

Mean (SD)

Age (years) 62 (4)
Height (cm) 162 (5)
Body mass (kg) 71 (11)
Body mass index (kg/m2) 27 (4)

Clinical characteristics
Kellgren Lawrence grading I/II, n 64/75
Time from menopause (years) 12 (6)
Use of pain killers, n (%) 46 (33)
Glucosamine use occasionally, n (%) 36 (26)
Knee pain during last week (VAS 0-100 mm) 17 (20)
Habitual physical activity (METh/week) 22 (20)
WOMAC pain (VAS 0-100 mm) 11 (11)
WOMAC stiffness (VAS 0-100 mm) 16 (18)
WOMAC physical function (VAS 0-100 mm) 8 (9)

Neuromuscular performance traits
GRFa (N) 135 (24)
Powera (W) 1731 (341)
Concentric net impulsea (Ns) 108 (19)
Knee extension force (N) 365 (82)
Knee flexion force (N) 174 (50)
Figure-of-8 running (s) 19 (3)

Bone strength indices of the lower limb
Femoral neck, Z (mm³) 591 (105)
Tibial mid-shaft, SSImaxmid (mm3) 1169 (182)
Distal tibia, BSId (g2/cm4) 0.80 (0.19)

GRF= ground reaction force; Power = peak power production; Z=
femoral neck section modulus; SSImaxmid= tibial mid-shaft density
weighted maximal moment of inertia; BSId= distal tibia compressive
bone strength index. aCalculated from counter movement jump.

Table 1. Descriptive and clinical characteristics of study participants
(n=139).
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ical activity of the study group was moderate (22 METh/week).
Mean (SD) knee pain during last week was 17 mm (20). 

Overall, univariate neuromuscular performance variables
predicted significantly lower limb bone strength indices (Fig-
ure 1). After adjustment for height weight and age, counter
movement jump peak power production remained the
strongest independent predictor for femoral neck Z (β=0.44;
p<0.001) and for distal tibial BSId (β=0.32; p=0.003). This was
also true in concentric net impulse for femoral neck Z (β=0.37;
p=0.001) and for distal tibia BSId (β=0.40; p<0.001). Addi-
tionally, knee extension force (β=0.30; p<0.001) and figure-
of-eight-running test (β=-0.32; p<0.001) were among strongest
independent predictors for distal tibia BSId after adjustments.
In figure-of-eight-running test, faster time (thus negative

value) predicts stronger bone. For tibial mid-shaft SSImaxmid,
concentric net impulse (β=0.33; p=0.002) remained as the
strongest independent predictor after adjustments. 

Correlation between bone strength indices and body com-
position is shown in Table 2. In those who had body composi-
tion measured (n=87), lean mass correlated with all bone
strength indices, whereas fat mass did not. After Sidak adjust-
ment, correlation between lean mass and femoral neck Z and
tibial mid-shaft SSImaxmid remained significant. 

Discussion

This study provided new information that neuromuscular per-
formance predicted bone strength along lower limb at femoral

Figure 1. Univariate relationships between exercise related mechanisms and bone strength indices (β-values with 95% confidence intervals).
= crude and = height, weight and age adjusted bone strength indices. Z=femoral neck section modulus; SSImaxmid=tibial mid-shaft density

weighted maximal moment of inertia; BSId=distal tibia compressive bone strength index; GRF=ground reaction force; Power=peak power
production; Net impulse=concentric net impulse; Knee extension=knee extension force; Knee flexion= knee flexion force; 8-run=figure-of-
eight-running.
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neck, tibial mid-shaft and distal tibia. Concentric net impulse
and peak power production during counter movement jump
were the strongest predictors of the lower limb bone strength in-
dices. In addition, knee extension force and figure-of-eight-
running were among strongest predictors of bone strength in
lower limb. However, figure-of-eight-running (acceleration, de-
celeration and fast turning during test) time predicted only distal
tibia BSId. This is in line with the previous findings, which in-
dicate that the highest measurable strain during running occurs
at the distal tibia and calcaneus with the greatest strain being
generated at the cortex under compression26.

In our study, lower limb concentric net impulse and peak
power production, e.g. fast bone loading, predicted lower limb
bone strength indices. These findings may mirror the fact that
bones adapt their strength through increased strain and stress
which are caused by increased loads through forceful muscle
contractions7. It has been shown, that an 18-month progressive
high impact exercise program strengthened the section modu-
lus Z (mean difference 47 mm3, 95% CI: 1 to 92) compared to
controls in sedentary premenopausal women5. It is known that
bone’s response to loading is site-specific, and depended on
the strain magnitude, rate distribution, strain rate and cycles
in the target bone26. Strain rate is shown to be most effective
for maximal adaptive bone response in animal experiments27.
This is supporting our results, which show that fast and force-
ful movements are important determinants of lower limb bone
strength. When this is translated to human exercise, high im-
pact (e.g. jumping) or odd impact (e.g. squash) exercise load-
ings with high strain rates and strain magnitudes are reported
to be the best way to improve bone strength in femoral neck,
distal tibia and tibial mid-shaft5,28.

Furthermore, regular exercise is a promising non-pharma-
cological method that can prevent the risk of osteoporotic frac-
tures by improving bone quality and preventing falls29,30 and
it is also recommended treatment for mild knee OA31. Despite
the fact that high impact loading on regular basis is proposed
to be best way to strengthen bones28, typical osteogenic exer-
cises with high-impact loading may not be applicable in post-
menopausal women with mild knee OA17. On the other hand,
our recent study indicated that progressively implemented
high-impact jumping exercise did not have unfavourable ef-
fects on the biochemical properties of the knee cartilage. Fur-
ther, among postmenopausal women with mild knee OA,
impact jumping exercise did not cause knee pain and it had

favourable effects on physical function (e.g. lowered fall risk
factors for osteoporotic fractures)12. Taking into account the
results of the present and previous studies12,17,28, lower limb
power training, in addition to strength training, could be em-
phasized in OA and OP training and rehabilitation programs.
Nevertheless, cross-sectional study design is not able to
demonstrate causal relations; therefore the findings remain
purely hypothesis generating.

It has been shown that variation in body mass might not be
one of the strongest determinants of skeletal rigidity in lower
limbs15,32-34 as had been previously proposed35,36. Results of the
present study support these findings, showing that neuromus-
cular performance predicted bone strength indices both in
femur and in tibia. Also, in our analysis lean mass correlated
significantly with femoral neck Z and tibial mid-shaft SSI-
maxmid, whereas fat mass did not have correlation with bone
strength indices. Our observations are in line with a recent
study, in which positive correlations was found among lean
mass, bone density and bone microstructure in obese adults
with metabolic syndrome37. Thus the results highlight the role
of exercise and dynamic loading instead of passive loading by
body mass in lower limb skeletal rigidity. Variations in fat
mass between individuals can potentially double the load the
skeleton is required to bear38. In addition to all other unfavor-
able effects of weight gain, e.g. increased mortality39, it can
also aggravate osteoarthritis of the knee in postmenopausal
women. Therefore other options instead of weight gain are
needed to improve the skeletal properties. Better neuromuscu-
lar performance is found to be associated with better skeletal
rigidity11 and regular exercise has other beneficial benefits on
human body than just weight reduction, such as improved
muscle strength, joint range of motion, balance, proprioception
and cardiovascular fitness. Thus exercise increases daily phys-
ical activity and decreases risk of falling in OA patients40.
Therefore regular exercise can be recommended as a means to
improve skeletal health.

The main strengths of this study were the relatively large
subject group and bone strength indices being measured from
several locations in the lower limb: femoral neck, tibial mid-
shaft and distal tibia. However, knee and distal femur regions
were not measured which can be considered as a minor limita-
tion. This study included only 50-68-year-old Caucasian fe-
males with mild knee OA recruited as part of the study groups
of two larger randomized controlled trials with distinct inclu-

Bone strength indices of the lower limb Lean mass Fat mass

Femoral neck, Z (mm³) 0.32 (0.11 to 0.51)* 0.08 (-0.14 to 0.29)
Tibial mid-shaft, SSImaxmid (mm3) 0.53 (0.37 to 0.66)*** 0.17 (-0.06 to 0.39)
Distal tibia, BSId (g2/cm4) 0.22 (0.03 to 0.38) 0.08 (-0.13 to 0.29)

Z= Femoral neck section modulus; SSImaxmid= tibial mid-shaft density weighted maximal moment of inertia; BSId= distal tibia compressive
bone strength index. Sidak adjusted probabilities: *p<0.05, **p<0.001, ***p<0.001.

Table 2. Correlation coefficients (95% CI) between bone strength indices and body composition.
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sion/exclusion criteria, and thus results of the present study can-
not be generalized to other groups. As aforementioned, cross-
sectional design is not able to demonstrate causal relations and
as well-known, that limits interpretation of the results.

In conclusion, this study shows that in 50-68 year old post-
menopausal women with mild knee OA, neuromuscular per-
formance traits predicted lower limb bone strength in every
measured skeletal site. These results provide new and more
relevant information when interpreting the effects of neuro-
muscular performance on bone. This data will help when plan-
ning meaningful contents and instructions for bone health
related interventions as well as studies among postmenopausal
women with mild knee OA. 
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