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ABSTRACT 

Valtonen, Anu 
Asymmetrical muscle strength deficit, mobility limitation and aquatic resistance 
training in persons with knee osteoarthritis 
Jyväskylä: University of Jyväskylä, 2013, 87 p. 
(Studies in Sport, Physical Education and Health  
ISSN 0356-1070; 191) 
ISBN 978-951-39-5089-7 (nid.) 
ISBN 978-951-39-5090-3 (PDF) 
Finnish summary 
Diss. 
 
The purpose of the study was to investigate the asymmetrical muscle deficit of 
the lower limbs, and its consequences for mobility limitation in 50-75-year-old 
persons with knee osteoarthritis (OA) and knee replacement. Also, the effects of 
aquatic resistance training on mobility limitation, muscle power, torque, cross-
sectional area (CSA), and asymmetrical muscle deficit, and the maintenance of 
training-induced benefits were studied in persons with knee replacement. 

Data from two research projects were used. KNEE-OA is a clinical 
randomized controlled trial (n=43) on the rehabilitation of patients suffering 
from end-stage OA of the knee joint. KNEE-REPLACEMENT is a clinical 
randomized controlled trial (n=50) on the effects of aquatic resistance training 
including patients recovering from knee replacement. Mobility limitation, 
muscle power, torque and muscle CSA were assessed, and the asymmetrical 
muscle deficit was calculated. Persons with knee replacement participated in 3-
month aquatic resistance training intervention that aimed to improve lower 
limb muscle power and torque, and thus mobility. The maintenance of training-
induced benefits was examined 12 months after cessation of training. 

Persons with knee OA and knee replacement had substantial asymmetrical 
deficit in knee extensor and flexor power, torque and thigh CSA, from which 
asymmetrical muscle power deficit was associated with stair ascension. 
Progressive aquatic resistance training was feasible and effective for persons with 
knee replacement. Training decreased mobility limitation and asymmetrical 
muscle deficit. In addition, muscle power, torque and CSA increased by training. 
Training-induced benefits in muscle power were maintained at follow-up. 

The results of the study indicate that large asymmetrical muscle deficits in 
lower limbs are present in persons with knee OA and knee replacement, and 
have effects on mobility limitation as well. In addition, aquatic resistance 
training offers an effective means to decrease mobility limitation by increasing 
muscle power, torque, muscle CSA and decreasing asymmetrical muscle deficit 
of the lower limbs. The results also suggest that training-induced benefits in 
muscle power may be maintained with regular physical activity alone. 
 
Keywords: osteoarthritis, knee replacement, mobility limitation, asymmetrical 
muscle deficit, aquatic resistance training.  
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1 INTRODUCTION 

The proportion of older people is gradually increasing as many more of us are 
surviving into old age. As people are aging, the numbers of age-related diseases 
and injuries increase as well. Knee joint osteoarthritis (OA) is a progressive, 
degenerative joint disease, which is thought to result from biochemical changes 
and biomechanical stresses affecting articular cartilage. Aging is considered to 
be the most important risk factor for the progression of knee OA (Felson 2004). 

Knee OA causes severe pain and stiffness in the knee joint  (Haq et al. 2003, 
Das & Farooqi 2008), which results in the disuse of the painful limb and 
mobility limitation. Knee replacement is an end-stage surgical procedure that 
effectively and successfully relieves knee pain (NIH Consensus Panel 2004, 
Wylde et al. 2007, Nilsdotter et al. 2009b). After successful knee replacement 
surgery, mobility usually increases to the preoperative level within few months 
(Mizner et al. 2005a). However, this level is already severely impaired because 
of long-term disuse, and therefore, the mobility of the persons with knee 
replacement rarely reaches the level of the age-matched control subjects  (Finch 
et al. 1998, Walsh et al. 1998, Mizner & Snyder-Mackler 2005, Noble et al. 2005, 
Wylde et al. 2007, Yoshida et al. 2008). 

An important factor behind mobility limitation in knee OA, in addition to 
normal aging-related decrease, is the pain of the knee joint. Also, unilateral 
decreases in muscle strength and muscle mass are strongly related to mobility 
limitation (Barker et al. 2004, Liikavainio et al. 2008, Kauppila et al. 2009). Even 
after successful knee replacement surgery patients suffer from muscle 
impairments, which continue to persist for several months, even years after 
surgery (Huang et al. 1996, Walsh et al. 1998, Rossi et al. 2006, Meier et al. 2008), 
and have association with mobility limitation as well (Yoshida et al. 2008, 
Petterson et al. 2009). In addition to the impairments on the affected side, it is 
noteworthy that existing asymmetrical muscle deficit, that is side-to-side 
difference between the legs, may also explain problems in mobility. Previously, 
associations between asymmetrical muscle power deficit and mobility have 
been reported in healthy older women (Portegijs et al. 2005, Portegijs et al. 2006) 
and in women recovering from unilateral hip fracture (Portegijs et al. 2008). 
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However, it is not known whether the asymmetrical muscle deficit also explains 
mobility limitation in persons with unilateral knee OA and knee replacement. 

As the number of persons with knee OA increases, and the mobility 
limitation and muscle impairments related to knee OA and knee replacement 
are substantial, the need to develop efficacious rehabilitation methods is 
obvious. Water is an example of an effective and pain-free training medium for 
persons with medical conditions that may restrict training on land. Previous 
randomized controlled trials (RCTs) have found positive effects in mobility or 
muscle strength after aquatic training in healthy adults (Petrick et al. 2001, 
Pöyhönen et al. 2002), in healthy older persons (Takeshima et al. 2002, Tsourlou 
et al. 2006, Katsura et al. 2010) and in persons with knee or hip OA (Foley et al. 
2003, Cochrane et al. 2005, Fransen et al. 2007, Hinman et al. 2007, Wang et al. 
2007, Wang et al. 2011). However, even though the aquatic training is clinically 
commonly used in rehabilitation after knee replacement, it is somewhat unclear 
whether aquatic resistance training is effective in decreasing mobility limitation 
after knee replacement (Harmer et al. 2009, Rahmann et al. 2009). In addition, 
the long-term effects of aquatic training are little studied (Harmer et al. 2009, 
Rahmann et al. 2009). 

The present study was conducted to obtain knowledge about the 
asymmetrical muscle deficit, and its consequences for mobility in end-stage 
knee OA and after knee replacement. Additionally, the effects of aquatic 
resistance training on mobility limitation and muscle power, torque, CSA and 
asymmetrical muscle deficit after knee replacement and the maintenance of 
training-induced benefits were studied. 

 
 



 
 

2 REVIEW OF THE LITERATURE 

2.1 Knee osteoarthritis 

Osteoarthritis (OA) is the most common joint disease in the world (Felson 2003). 
It is defined as a progressive, degenerative joint disease, which is the most 
common form of arthritis, especially in older persons. The disease is thought to 
result from biochemical changes and biomechanical stresses affecting articular 
cartilage (United States National Library of Medicine 2011). OA can occur in 
any synovial joint, however, knee and hip joints are the principal large joints 
affected by OA (Lawrence et al. 2008). 
 
Pathophysiology 
Articular cartilage consists of collagen fibrils and proteoglycan molecules, 
which comprise the articular matrix of chondrocytes, which are the cartilage 
producing cells, and water. OA causes degenerative changes in the cartilage, 
which can be divided into three phases. First, the superficial proteoglycan 
content decreases and the collagen fibrils break down, and thus, the water 
content increases. As a result the cartilage stiffness decreases  (Buckwalter & 
Mankin 1998). Next, the synthesis of the cartilage matrix proteins increases. 
Also the destruction of the components of the extracellular matrix increases 
when the chondrocytes try to repair the damage. At this time, the cartilage 
stiffness may even increase further (Buckwalter 1995, Arokoski et al. 2000). 
Meanwhile, when the cartilage damage progresses, the calcified cartilage and 
subchondral bone become thicker due to the increased formation and 
resorption of the subchondral bone cells (Buckwalter 1995, Arokoski et al. 2000). 
In the third phase, the repair capability of the chondrocytes decreases, and the 
concentration of proteoglycans and the collagen fibrils decreases. Therefore, the 
splits of the cartilage extend down to the bone. When the cartilage is 
degenerated and the collagen network is broken, the cartilage cannot regenerate 
and therefore the change in cartilage is final (Arokoski et al. 2000). However, 
according to the theory by Radin et al. (1972) the progression of knee OA begins 
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by the loading of the joint, which causes microfractures to the subchondral bone 
and further leads to damage of the overloaded cartilage (Radin et al. 1972).  

In addition to the cartilage damage, also the whole knee joint is affected by 
OA (Figure 1). The formation of osteophytes and subchondral cysts as well as 
the thickened joint capsule, episodic synovitis with increased production of 
cytokines, muscle weakness and atrophy are present in the pathogenesis of the 
knee OA  (Buckwalter 1995, Buckwalter & Mankin 1998, Arokoski et al. 2000, 
Brandt et al. 2006). Even though the knee OA affects the entire joint, the 
impairment may also be unicompartmental, and medial compartment knee OA 
is more common than lateral compartment knee OA (Ackroyd 2003). 

 

 

FIGURE 1 Healthy and osteoarthritic knee joint. 

Risk factors 
It is clear that aging is the most important risk factor for the progression of knee 
OA (Felson 2004). The prevalence of radiographic and symptomatic knee OA 
has been 4% in persons over 26 years old in the Framingham study (Felson et al. 
1987), 17% in persons over 45 years old in the Johnston County study (Jordan et 
al. 2007), and 12% in persons over 60 years old in the NHANES III study (Dillon 
et al. 2006). Based on the Health 2000 examination survey in Finland, in women 
and men aged 55 to 64 years the prevalence of knee OA was 8% and 9%, and 
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this showed a nonlinear increase to 18% and 11% in women and men aged 65 to 
74 years (Arokoski et al. 2007). 

Other systemic factors, such as female gender, genetic factors, geographic 
factors, race, obesity, diet and increased subchondral bone density can increase 
the risk for knee OA. Additionally, the local biomechanical factors such as 
earlier joint trauma, occupational knee-bending, high impact sports and muscle 
weakness are risk factors for knee OA  (Arokoski et al. 2001, Haq et al. 2003, 
Felson 2004, Das & Farooqi 2008). 
 
Symptoms, diagnosis and treatment 
The dominant symptom in knee OA is the severe pain in the knee joint, which is 
related to the use of the joint and is usually relieved at rest. However, in severe 
knee OA the pain can appear also at rest and cause e.g. inability to sleep. 
Another important symptom in knee OA is the morning stiffness of the knee 
joint. Additionally, limited knee range of motion, crepitus, heat, effusion, 
instability, muscle weakness and atrophy are present in knee OA, which also 
affects mobility limitation and disability  (O'Reilly & Doherty 2003).  

Knee OA can be diagnosed with radiographic evaluation. There are many 
different classifications systems for assessing the severity of knee OA, but the 
most widely used classification system is the Kellgren/Lawrence (K/L) 
classification  (Kellgren & Lawrence 1957), in which 0 refers to ´no OA´ and 4 to 
‘severe OA´ (Table 1). Clinical diagnosis of knee OA is based on subjective 
symptoms e.g. pain, clinical findings e.g. malformation of the knee, decreased 
range of motion, case records and laboratory results. Also, the combination of 
radiographic and clinical classification criteria (Table 2) is widely recommended 
in the diagnosis of knee OA (Knee and hip osteoarthritis: Current Care 
guideline 2012).  

TABLE 1  Severity of knee OA according to the Kellgren/Lawrence classification  
(Kellgren & Lawrence 1957). 

 

Grade 1 Doubtful joint space narrowing and possible osteophyte 
lipping 

Grade 2 Definite osteophytes and possible joint space narrowing 

Grade 3 
Moderate multiple osteophytes, definite joint space 

narrowing and some sclerosis and possible deformity of 
bone ends 

Grade 4 Large osteophytes, marked joint space narrowing, severe 
sclerosis and definite deformity of bone ends 
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TABLE 2  Combination of clinical and radiological classification criteria in diagnosis of 

knee OA (Altman et al. 1986). 

Knee pain on most days of prior month 
AND 

At least one of the following: 
Age over 50 years 

Morning stiffness less than 30 min in duration 
Crepitus on active joint motion 

AND 
Osteophytes at joint margins (X-ray)

 
 
Currently, there is no cure for OA. However, the treatment of knee OA is 
comprised of weight reduction (Christensen et al. 2007), exercise (McKnight et 
al. 2010), patient education (Buszewicz et al. 2006, McKnight et al. 2010), 
manual and physical therapy (Knee and hip osteoarthritis: Current Care 
guideline 2012), use of assistive devices for walking and daily living (Moe et al. 
2012, Simic et al. 2011), use of different medications (Zhang et al. 2010), and at 
the final stage, knee replacement surgery (Knee and hip osteoarthritis: Current 
Care guideline 2012). Knee replacement is a common end-stage surgical 
procedure that effectively relieves knee pain, and thus decreases mobility 
limitation in persons with knee OA (Martin et al. 1998, Orbell et al. 1998, NIH 
Consensus Panel 2004, Jones et al. 2005, Wylde et al. 2007, Nilsdotter et al. 2009a, 
Nilsdotter et al. 2009b). Knee replacement is defined as a replacement of the 
knee joint, where an artificial substitute for a body part (prosthesis) is inserted 
into tissue for functional purposes (United States National Library of Medicine 
2011). The replacement of a knee joint can be total, whereby the whole knee 
joint is replaced, or partial, whereby only the medial or lateral part of the knee 
joint is replaced. In the literature the commonly used terms for knee 
replacement are total knee arthroplasty (TKA), total knee replacement (TKR) or 
partial knee replacement. Even though the knee replacement surgery effectively 
relieves pain, the osteoarthritis-related problems seem to have long-term 
problems for mobility (Walsh et al. 1998, Yoshida et al. 2008). Additionally, 
there are patients who also have pain, mobility limitation and disability after 
their knee replacement (Hawker 2006, Wylde et al. 2007). In addition, many 
patients are dissatisfied in their physical function after knee replacement even 
though they are satisfied with the decrease in pain (NIH Consensus Panel 2004, 
Wylde et al. 2007, Nilsdotter et al. 2009b). 
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2.2 Mobility limitation in persons with knee osteoarthritis 

As described earlier, knee OA and knee replacement surgery affect mobility, 
which can be defined as a person’s ability to move independently and safely 
from one place to another  (Shumway-Cook & Woollacott 2007). Negative 
affects for mobility are called mobility limitation, which is a difficulty in 
walking from place to place. In the present study, mobility refers to walking 
and stair ascension. Further, the mobility limitation means difficulty in walking 
and in negotiating stairs. 

There are many models that are used as a theoretical framework by 
researchers and clinicians to provide a common language for professionals and 
to help with focusing health care on the unique needs of the patient. The most 
widely used are the Nagi’s disablement model, which was further extended by 
Verbrugge and Jette  (Nagi 1965, Verbrugge & Jette 1994) and the World Health 
Organization’s International Classification of Functioning and Health (ICF)  
(World Health Organization 2001, World Health Organization 2004). Both 
frameworks take into account the whole person and are based on the idea that 
all levels of the model should be considered in describing the dynamic process 
of the functional limitation by highlighting the patient-centered problems in 
daily life (Snyder et al. 2008, Jette 2009). Because of the terminology used in the 
model, the present study decided to use Nagi’s disablement model (Figure 2) as 
a theoretical framework  (Nagi 1965, Verbrugge & Jette 1994). According to the 
disablement process, the mobility limitation develops when the pathology or 
physiological abnormality, such as a disease or injury (e.g. knee OA), generates 
problems in the muscular system; the muscle impairments. Muscle impairment 
is a dysfunction or structural abnormality of the neuromuscular system. Muscle 
impairment (e.g. loss of muscle strength) may lead to functional limitation (e.g. 
slower walking speed) and finally to disability, which is the difficulty in doing 
activities of daily life, e.g. going shopping. In addition to the main pathway, the 
process is also affected by predisposing factors as lifestyle, demographic, social 
and behavioral factors. Also, intra-individual factors such as lifestyle and 
behavioral changes, psychosocial attributes and activity accommodations, and 
extra-individual factors such as medical care, rehabilitation, external supports 
and the environment may affect the process  (Verbrugge & Jette 1994). 
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FIGURE 2 The disablement process  (Verbrugge & Jette 1994). 
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personal care, 
hobbies, active 
recreation, clubs, 
socializing with 
friends and kin, 
childcare, errands, 
sleep, trips, etc.) 

EXTRA-INDIVIDUAL FACTORS 
MEDICAL CARE & REHABILITATION 
(surgery, physical therapy, speech therapy, counseling, health 
education, job retraining, etc.) 
MEDICATIONS & OTHER THERAPEUTIC REGIMENS 
(drugs, recreational therapy/aquatic exercise, biofeedback/ 
meditation, rest/energy conservation, etc.) 
EXTERNAL SUPPORTS 
(personal assistance, special equipment and devices, standby 
assistance/supervision, day care, respite care, meals-on-wheels, 
etc.) 
BUILT, PHYSICAL & SOCIAL ENVIRONMENT 
(structural modifications at job/home, access to buildings and to 
public transportation, improvement of air quality, reduction of 
noise and glare, health insurance & access to medical care, laws 
& regulations, employment discrimination, etc. 

RISK FACTORS 
(predisposing 
characteristics: 
demographic, 
social, lifestyle, 
behavioral, 
psychological, 
environmental, 
biological) 

INTRA-INDIVIDUAL FACTORS 
LIFESTYLE & BEHAVIOR CHANGES 
(overt changes to alter disease activity and impact) 
PSYCHOSOCIAL ATTRIBUTES & COPING 
(positive affect, emotional vigor, prayer, locus of 
control, cognitive adaptation to one’s situation, 
confidant, peer, support groups, etc.) 
ACTIVITY ACCOMMODATIONS 
(changes in kinds of activities, procedures for doing 
them, frequency or length of time doing them) 

THE MAIN PATHWAY 
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2.2.1 Mobility limitation  

Successful mobility requires numerous motor and sensory processes, which 
change with age and thus increase the mobility limitation as well. Therefore, it 
is known that maximal walking speed is affected by age (Bohannon 1997, 
Lauretani et al. 2003) whereas walking with habitual or comfortable speeds 
leads one to slow down to a smaller extent than walking with maximal speed 
(Cunningham et al. 1982, Bohannon 1997). However, negotiating stairs is a 
more complex and demanding mobility task than walking on a flat surface and 
can be even more affected by aging, diseases and injuries. When functioning on 
the upper limit of the performance, compensatory movement strategies are 
often needed  (Hamel & Cavanagh 2004, Reeves et al. 2009). Older and mobility 
limited persons have been reported to use handrail-help or change their 
walking style from step over to two feet on same stair or even to sideways 
walking as compensatory movement strategies to complete the stair-ascension 
task  (Hamel & Cavanagh 2004). 

Studies conducted in persons with knee joint OA have shown that persons 
with knee OA have even more mobility limitation compared to age-matched 
people (Thomas et al. 2003, Piva et al. 2004, Liikavainio et al. 2008). For example, 
Liikavainio et al. (2008) reported from 16 to 20% lower values among persons 
with knee OA in 5 min walking distance, 20 m walking speed, lift repetitions 
and stair ascension and descension speeds compared to age-matched control 
subjects. In addition, persons with knee OA were slower in the timed up and go 
(TUG) test than healthy persons (Thomas et al. 2003, Piva et al. 2004, 
Liikavainio et al. 2008). 

Even after successful knee replacement, patients suffer from mobility 
limitation, which can persist for several months after surgery. During the first 
month after knee replacement the mobility undergoes an expected decline 
compared to the preoperative values (Mizner et al. 2005a). Mizner et al. (2005a) 
reported, that performance in stair-climbing and TUG tests returned to the 
preoperative level at two months after surgery. Although functional ability may 
improve to the preoperative level, which most likely already is severely 
impaired because of pain and long-term disuse, it rarely reaches the level of 
age-matched control subjects  (Finch et al. 1998, Walsh et al. 1998, Mizner & 
Snyder-Mackler 2005, Noble et al. 2005, Wylde et al. 2007, Yoshida et al. 2008). 
For example, people with knee replacements have been reported to have 17 to 
18% lower maximal walking speed (Walsh et al. 1998, Yoshida et al. 2008) and 
they negotiate stairs even 43 to 51% more slowly (Walsh et al. 1998) than control 
subjects even beyond one year after surgery. 

2.2.2 Factors associated with mobility limitation  

Disuse-related decrease in muscle strength and cross-sectional area 
For successful mobility, one of the most important prerequisities is sufficient 
lower limb muscle strength (Sakari-Rantala et al. 1998, Rantanen et al. 2001, 
Visser et al. 2005, Sakari et al. 2010, LaRoche et al. 2011). In persons with knee 
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OA, the mobility has been reported to be associated with muscle strength of the 
OA side and contralateral side  (Gur & Cakin 2003, Barker et al. 2004, 
Liikavainio et al. 2008, Kauppila et al. 2009). For example, Liikavainio et al. 
(2008) found strong correlations between maximal walking speed, negotiating 
stairs and knee extensor-flexor muscle strengths among persons with knee OA. 
In addition to muscle torque, the lower leg power is known to be a just as 
important contributor for walking speed in healthy older persons  (Bassey et al. 
1992, Rantanen & Avela 1997, Bean et al. 2003, Bean et al. 2010). Muscle power 
is especially needed when performing more demanding functional tasks, such 
as stair ascension (Bassey 1997). In particular, the ability to recover from a 
stumble depends on the power and coordination of the leg muscles (Thelen et al. 
1996, Robinovitch et al. 2000, Thelen et al. 2000). Therefore, muscle power has 
been suggested to be an even more important determinant of mobility than 
maximal force (Bean et al. 2002, Bean et al. 2003, Bean et al. 2010).  

Comparisons between healthy persons and persons with knee OA reveal 
that muscle weaknesses and muscle atrophies in the knee extensor and flexor 
muscles are considerable in persons with knee OA (Berth et al. 2002, Lewek et al. 
2004, Gapeyeva et al. 2007, Liikavainio et al. 2008, Petterson et al. 2011). 
Decreases from 20 to 48% in knee extensor torque (Berth et al. 2002, Lewek et al. 
2004, Gapeyeva et al. 2007, Liikavainio et al. 2008, Petterson et al. 2011) and 13% 
in knee flexor torque (Liikavainio et al. 2008) have been found in persons with 
knee OA when compared to the healthy persons. However, the severity of the 
knee OA had no influence on the muscle strength (Liikavainio et al. 2008). In 
addition to the muscle weakness, persons with knee OA have been reported to 
have 12% smaller knee extensor muscle cross-sectional area (CSA) than healthy 
persons (Ikeda et al. 2005). On the contrary, by ultrasound measurements 
Liikavainio et al. (2008) found no decrease in knee extensor muscle mass 
compared to healthy persons. 

Additionally, a few studies have shown that mobility limitation is 
associated with impairments in muscle strength and power also after knee 
replacement  (Lamb & Frost 2003, Petterson et al. 2009). In the first month after 
knee replacement there is an expected decline in knee extensor muscle strength 
and muscle CSA, which slowly recovers during the next months  (Berman et al. 
1991, Perhonen et al. 1992, Rodgers et al. 1998, Rossi & Hasson 2004, Mizner et 
al. 2005a, Schroer et al. 2010, Petterson et al. 2011). However, knee extensor 
muscle strength is reported to remain 19% to 35% lower in people with knee 
replacement than in age-matched people even at 13 years after surgery (Huang 
et al. 1996, Walsh et al. 1998, Berth et al. 2002, Silva et al. 2003, Meier et al. 2008), 
and thus causes mobility limitations as well. 
 
Asymmetrical muscle deficit 
In severe OA of the weight-bearing joint the impairments of muscles on the 
affected side are mainly generated by unilateral pain-related disuse (Suetta et al. 
2007). Therefore, it should be emphasized that in addition to the muscle 
weakness alone, the asymmetrical muscle deficit (muscle side-to-side difference 
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between the legs) may independently lead to mobility limitation. However, the 
quantity of these studies is quite small. Previous studies with healthy persons 
have indicated mixed results about associations between asymmetrical muscle 
deficit and mobility (Portegijs et al. 2005, Portegijs et al. 2006, Carabello et al. 
2010). Portegijs et al. (2005) indicated that asymmetrical knee extensor power 
deficit was associated with slower walking speed in healthy older women. In 
turn, Carabello et al. (2010) found no association between lower limb muscle 
asymmetrical deficit and mobility in healthy older persons. However, in clinical 
populations the asymmetrical lower limb power deficit has shown noteworthy 
effects on mobility, as in women recovering from unilateral hip fracture, greater 
asymmetrical power deficit was associated with slower stair climbing (Portegijs 
et al. 2008).  

In most of the studies of participants with knee OA, decreases in muscle 
torque or power on the affected side have been reported  (Robertson et al. 1998, 
Rodgers et al. 1998, Lorentzen et al. 1999, Anchuela et al. 2001, Berth et al. 2002, 
Lamb & Frost 2003, Mizner et al. 2005a, Rossi et al. 2006, Gapeyeva et al. 2007, 
Petterson et al. 2008, Schroer et al. 2010, Petterson et al. 2011, Barker et al. 2012). 
Muscle torque or power differences between the legs in different studies range 
from 7 to 32% in knee extensor muscles  (Robertson et al. 1998, Rodgers et al. 
1998, Lorentzen et al. 1999, Anchuela et al. 2001, Berth et al. 2002, Lamb & Frost 
2003, Mizner et al. 2005a, Rossi et al. 2006, Gapeyeva et al. 2007, Petterson et al. 
2008, Schroer et al. 2010, Petterson et al. 2011, Barker et al. 2012) and from 17 to 
39% in knee flexors (Rodgers et al. 1998, Lorentzen et al. 1999, Rossi et al. 2006).  

Three to six months after knee replacement surgery, muscle deficits of 21% 
to 42% in knee extensor torque and power of the operated side compared to the 
non-operated side have been reported (Berman et al. 1991, Rodgers et al. 1998, 
Lorentzen et al. 1999, Mizner et al. 2005a, Gapeyeva et al. 2007, Meier et al. 
2008). Furthermore, knee extensor torque and power differences between the 
operated and non-operated side are maintained between 12 and 29% at least 
one to two years after surgery (Berman et al. 1991, Walsh et al. 1998, Anchuela 
et al. 2001, Mizner et al. 2005b, Rossi et al. 2006). Large muscle deficits between 
the operated and non-operated side have also been reported for knee flexor 
muscle strength after knee replacement (Walsh et al. 1998, Lorentzen et al. 1999, 
Rossi et al. 2006).  

Only a few studies have investigated muscle CSA in persons with knee 
OA or knee replacement. However, in addition to muscle strength deficit, in 
persons with knee OA a unilateral disuse-related decline in muscle mass of the 
affected side when compared to the non-affected side exists (Petterson et al. 
2008, Petterson et al. 2011). Deficits on the affected side in the knee extensor 
muscle CSA have been 12 to 15% in persons waiting for knee replacement 
because of knee joint OA (Petterson et al. 2008, Petterson et al. 2011). Large 
decreases in muscle CSA have also been reported after knee replacement 
surgery. Petterson et al. (2011) found 22% muscle CSA difference between the 
legs four weeks postsurgery, which declined to 15% in three months and to 7% 
one year postsurgery. However, studies conducted in persons with knee OA or 
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knee replacement have not focused on individually calculated asymmetrical 
muscle deficit. Instead they have used group mean values to describe the 
decrease in muscle strength or CSA of the affected side. Therefore, it is not clear 
whether the asymmetrical muscle power, torque or CSA deficits in persons with 
knee OA and related knee replacement are associated with mobility limitation. 
 
Pain 
An important factor behind mobility limitation and disability in knee OA is the 
pain of the knee joint. For example, Kauppila et al. (2009) found that knee pain 
explained 41% of the variability in self-reported physical functional difficulty. 
High knee pain scores, and strong associations between knee pain and mobility 
limitation, have been found in several studies in persons with knee OA  (Gur & 
Cakin 2003, Barker et al. 2004, Liikavainio et al. 2008, Kauppila et al. 2009, 
McDaniel et al. 2011). Also, muscle deficits in knee OA are suggested to result 
from severe pain at the impaired knee, which causes inability to fully activate 
the muscles (Fitzgerald et al. 2004, Lewek et al. 2004, Mizner et al. 2005c) and 
reflex inhibition (O'Reilly et al. 1997, O'Reilly et al. 1998, Hurley 1999). Severe 
knee pain leads to avoidance of activity (Holla et al. 2012), and in part, increases 
the disuse-related weakness and atrophy of the muscles (O'Reilly et al. 1997, 
Hurley 1999). However, successful knee replacement surgery usually decreases 
knee pain, and therefore it does not play important role in mobility 
postoperatively (Moffet et al. 2004, Escobar et al. 2007a, Escobar et al. 2007b, 
Bourne et al. 2010). 
 
Other factors 
In addition to adequate muscle strength and muscle mass, there are many other 
physiological factors, which are required for mobility. Insufficient postural 
balance (Lamb et al. 1995, Rantanen et al. 2001, Marsh et al. 2003, Tiedemann et 
al. 2005, Tiedemann et al. 2007, Sakari et al. 2010), increased reaction time 
(Tiedemann et al. 2005, Tiedemann et al. 2007, Sakari et al. 2010), decreased joint 
range of motion in the lower limbs (Beissner et al. 2000, Menz et al. 2005, van 
Dijk et al. 2009) and decreased physical fitness (Alexander et al. 2003, Malatesta 
et al. 2004, Morie et al. 2010) may cause mobility limitation. Also, impairment in 
sensory functions, such as vision, usually induces challenges for mobility 
(Sakari-Rantala et al. 1998, West et al. 2002, Tiedemann et al. 2005, Sakari et al. 
2010). A variety of psychological factors underlying mobility limitations are 
cognitive problems, impairments in perception, as well as changes in attention, 
orientation and memory  (Shumway-Cook & Woollacott 2007). 

2.3 Aquatic training in decreasing mobility limitation after knee 
replacement 

In the previous literature, there are not many randomized controlled trials 
(RCTs) which have investigated the effects of some form of land-based 
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rehabilitation on muscle strength or mobility after knee replacement 
(Avramidis et al. 2003, Moffet et al. 2004, LaStayo et al. 2009, Petterson et al. 
2009, Johnson et al. 2010, Kauppila et al. 2010, Avramidis et al. 2011, Russell et 
al. 2011, Stevens-Lapsley et al. 2012). Two of these studies used resistance 
training, which was compared with another type of resistance training, and 
resulted in no between-group differences (LaStayo et al. 2009, Petterson et al. 
2009). However, when one study compared the resistance training cohort with 
the non-training cohort, the training positively affected muscle strength and 
mobility (Petterson et al. 2009). It might be that when the major problem, knee 
pain, is solved, the persons with knee replacement are considered as healthy. 
However, mobility limitation and asymmetrical muscle deficits can prevail 
even years after knee replacement (Huang et al. 1996, Walsh et al. 1998, Berth et 
al. 2002, Silva et al. 2003, Meier et al. 2008, Yoshida et al. 2008). Taking into 
account the harmful effects of asymmetrical power and torque deficits, 
individualized and targeted rehabilitation should be considered. Water might 
be an effective and comfortable training medium to conduct intensive resistance 
training after knee replacement. 

2.3.1 Aquatic resistance training  

In addition to land-based training, aquatic training is clinically commonly used 
in rehabilitation after musculoskeletal lower limb problems. Resistance training 
is defined as a type of muscle strength-building exercise program that requires 
the muscle to exert a force against some form of resistance, such as weight, 
stretch bands, water, or immovable objects (United States National Library of 
Medicine 2011). As mentioned in this definition, resistance training can also be 
conducted in a safe and comfortable training medium, water. Through the 
special properties of water the training can be easily individually adjusted for 
persons with medical conditions that may restrict training on land. Changes in 
the autonomic nervous and circulatory systems when in thermo-neutral water 
(34.5°C) increase blood flow to muscles and tissues to help the healing process, 
and the feeling of pain can also be modulated (Becker 2004). Additionally, the 
special properties of fluids offer many other advantages when performing 
exercises under water. 

The hydrostatic pressure is the force produced by the water on an object 
submerged underwater. The hydrostatic pressure depends on the density and 
depth of a fluid, from which the density of water changes with temperature. In 
addition, the deeper the object is immersed, the more pressure exists on the 
object (Ohanian 1989). In rehabilitation, the hydrostatic pressure might be 
useful in decreasing effusion or allowing the patient to train without increasing 
effusion  (Thein & Brody 2000). In general, hydrostatic pressure helps to reduce 
swelling in the joints and soft tissues, for example in the acute phase after knee 
or hip replacement (Rahmann et al. 2009) or in other conditions with 
lymphedema  (Hartmann & Huch 2005, Tidhar et al. 2007).  

When the body is immersed in water, it experiences an upward directed 
force, the buoyancy force. According to the Archimedes’ Principle the buoyant 
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force on an immersed body has the same magnitude as the weight of the fluid 
displaced by the body (Ohanian 1989). In aquatic training, buoyancy can be 
used as a support, assistance or resistance. Supported exercises are presented in 
a direction parallel to the bottom of the pool and assisted movements are 
performed upwards toward to the surface of water. However, if the buoyancy-
supported or –assisted movements are performed at high speeds then the 
buoyancy can be overridden by viscosity and then the water resists the 
movement. Viscosity is the friction occurring between individual molecules in a 
liquid (Ohanian 1989). Viscosity resists the movement in water because liquid 
molecules adhere to the surface of the body  (Thein & Brody 2000, Becker 2004). 
Water offers a predominance of concentric muscle contractions and thus 
decreases muscle damage after resistance training (Pantoja et al. 2009). During 
training the viscous resistance stops immediately after cessation of force 
because there is only a small amount of inertial moment. Hence, if the person 
feels pain during training the viscosity stops the movement almost immediately 
(Becker 2004). In addition to the viscosity resistance, also buoyancy can be used 
as a resistance. Buoyancy-resisted training is performed towards the bottom of 
the pool against the upward thrust of buoyancy  (Thein & Brody 2000). In 
rehabilitation, when the person is submerged into the water, the buoyancy of 
the water assists to support the weight of the person. Hence, the buoyancy 
reduces the compressive and shear forces on weight-bearing joints (Triplett et al. 
2009, Colado et al. 2010). When the stress of the joints is reduced, it is easier and 
less painful to train in water compared to dry-land training (Petrick et al. 2001, 
Wyatt et al. 2001, Gill et al. 2009).  

The shape and size of the object affects the resistance in water. When an 
object moves under water it experiences drag force, which opposes the motion, 
and lift force, which exerts upward force on the object. When water moves 
around the object, there are two types of flow: laminar flow and turbulent flow. 
Laminar flow is the smooth flow of water molecules and turbulent flow is 
interrupted flow (Enoka 2002, Becker 2004). Turbulent flow produces the 
resistance, which is used in aquatic training  (Thein & Brody 2000). Turbulence, 
and thus, the resistance can be increased during training by changing the shape 
of the object or by adding the surface area e.g. with resistance boots (Pöyhönen 
et al. 2001a, Becker 2004). Drag is the force that is caused by turbulence and 
viscosity of water. When an object moves through the water there is more 
pressure at the front of the object than at the back of the object, which is called 
the pressure drag. In addition, surface drag and wave resistance resist the 
movement of the object through the water. Training resistance increases by 
adding to the movement velocity in the water. This is because the resistance to 
movements offered by water increases with speed: the drag produced by water 
quadruples when the velocity doubles (Becker 2004). A lift force in water is 
created according to the Bernoulli’s principle, where fluid pressure is inversely 
related to fluid velocity (Ohanian 1989, Enoka 2002). Lift force occurs in water 
when the object has an asymmetrical shape, when it is located at an angle 
relative to the fluid flow or when it is spinning. Lift force is generated because 
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the velocity of the water flow is greater on the topside of the object and 
therefore the pressure on that side is smaller (Enoka 2002).  

As described earlier, the water offers resistance to exercise movements. 
However, defining the optimal training intensity is a challenging task in water. 
The calculations of the size of the resistive equipment, length of the lever of a 
limb in motion, and the hydrodynamic position of the limb as well as its 
movement velocity can be performed before training (Pöyhönen et al. 2001a, 
Pöyhönen et al. 2001b). During training, the training load has been defined by 
objective heart rate monitoring (Taunton et al. 1996, Pöyhönen et al. 2001a, 
Takeshima et al. 2002, Tsourlou et al. 2006) or by subjective scales of perceived 
exertion e.g. Borg’s Rating of Perceived Exertion (RPE) Scale (Wang et al. 2007, 
Colado et al. 2009b, Gill et al. 2009, Katsura et al. 2010, Wang et al. 2011). In 
addition, by controlling the pace of the movement the desired number of 
repetitions can be achieved during training (Petrick et al. 2001, Tsourlou et al. 
2006, Colado et al. 2008, Lund et al. 2008, Colado et al. 2009a, Rahmann et al. 
2009).  

2.3.2 Aquatic training interventions to decrease mobility limitation 

Aquatic training can be executed as different aquatic therapies, as endurance 
training, resistance training, several combinations and also in many other ways. 
However, this study focuses on aquatic resistance training with additional 
resistance (e.g. resistance boots, floaters, rings etc.) or without additional 
resistance (water only), with an intention to improve muscle power, torque, 
CSA and mobility. 

Previously, RCTs studying aquatic training have been widely performed 
in healthy adults (Petrick et al. 2001, Pöyhönen et al. 2002, Colado et al. 2009a) 
and in healthy older persons (Takeshima et al. 2002, Tsourlou et al. 2006, 
Colado et al. 2009b, Katsura et al. 2010). From 8- to 24-week-long aquatic 
training programs have found to bring beneficial effects to lower limb muscle 
torque (Pöyhönen et al. 2002, Takeshima et al. 2002, Tsourlou et al. 2006), 
muscle power (Colado et al. 2009a) and muscle CSA (Pöyhönen et al. 2002), and 
also to the mobility of older persons (Tsourlou et al. 2006, Colado et al. 2009b, 
Katsura et al. 2010). For example, after 24 weeks of aquatic resistance training 
with additional resistance, Tsourlou et al. (2006) found a 19% training effect in 
TUG test compared to the non-training controls in healthy older persons. 

Also in persons with knee OA, the number of earlier studies on aquatic 
training is quite large. Table 3 summarizes RCTs including aquatic training in 
persons with knee OA or knee replacement. In the knee OA RCTs comparing 
aquatic training with non-training controls, aquatic training has been conducted 
using additional resistance equipment (Foley et al. 2003, Cochrane et al. 2005, 
Silva et al. 2008) or without additional resistance (Fransen et al. 2007, Hinman et 
al. 2007, Wang et al. 2007, Lund et al. 2008, Lim et al. 2010, Wang et al. 2011, 
Hale et al. 2012). In most of the studies after aquatic training, the lower limb 
muscle strength increased (Foley et al. 2003, Hinman et al. 2007, Wang et al. 
2007), mobility improved (Foley et al. 2003, Cochrane et al. 2005, Fransen et al. 
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2007, Hinman et al. 2007, Wang et al. 2007, Wang et al. 2011) and pain and self-
reported functional difficulty decreased (Cochrane et al. 2005, Fransen et al. 
2007, Hinman et al. 2007) compared to controls. For example, Wang et al. (2007) 
found 11% improvement in walking distance measured by a 6 min walking test, 
as the aquatic training group was compared to controls after 12-weeks of 
training.  

Previously, RCTs have also compared aquatic training with land-based 
training in healthy adults (Petrick et al. 2001), in older persons (Taunton et al. 
1996) and in persons with knee or hip OA (Wyatt et al. 2001, Foley et al. 2003, 
Lund et al. 2008, Silva et al. 2008, Gill et al. 2009, Wang et al. 2011). The 
interventions have been performed using additional resistance (Petrick et al. 
2001, Foley et al. 2003, Silva et al. 2008) or without additional resistance 
(Taunton et al. 1996, Wyatt et al. 2001, Lund et al. 2008, Gill et al. 2009, Wang et 
al. 2011). No differences between the aquatic and land-based groups have been 
found in mobility (Wyatt et al. 2001, Silva et al. 2008, Gill et al. 2009, Wang et al. 
2011) and muscle strength after training (Taunton et al. 1996, Petrick et al. 2001), 
or land-based training has been more successful in increasing mobility (Foley et 
al. 2003) and muscle strength (Foley et al. 2003, Lund et al. 2008) than aquatic 
training. However, after aquatic training the persons with knee OA have been 
less painful compared with land-based training (Wyatt et al. 2001, Bartels et al. 
2007, Lund et al. 2008, Silva et al. 2008, Gill et al. 2009, Wang et al. 2011).  

On the contrary, after knee replacement there exists very few RCTs that 
have studied the effects of aquatic training (Harmer et al. 2009, Rahmann et al. 
2009, Liebs et al. 2012) (Table 3). One earlier RCT has compared aquatic 
rehabilitation without additional resistance and ward physiotherapy 
commencing four days after surgery. After two weeks of aquatic rehabilitation 
the researchers found positive results in lower limb muscle strength but not in 
mobility compared with the ward physiotherapy (Rahmann et al. 2009). 
Meanwhile, Liebs et al. (Liebs et al. 2012) compared 3-4 weeks of aquatic 
therapy without additional resistance starting either 6 days or 14 days after 
knee replacement and found no significant differences in self-reported 
functional difficulty at 3, 6, 12 and 24-month follow-ups (Liebs et al. 2012). Also, 
Harmer et al. (2009) compared land-based training and aquatic training without 
additional resistance and found no difference between the groups in terms of 
mobility or pain after a 6-week training period. However, these earlier 
interventions were short and used no additional resistance. Therefore, the 
knowledge of whether the persons with knee replacement can tolerate aquatic 
resistance training conducted with resistance equipment is sparse. Also, the 
training effects of progressive aquatic training interventions with additional 
resistance are not known.  

The long-term effects of aquatic training have been examined in some 
studies only. In persons with knee replacement, three to six months after 
cessation of training the aquatic training group had improved their mobility 
compared to the land-trained group (Harmer et al. 2009), but another study 
showed that the training effect in muscle strength had disappeared compared 
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to a ward physiotherapy group (Rahmann et al. 2009). In persons with OA, 
aquatic training-induced improvements may be at least partly maintained in 
mobility (Cochrane et al. 2005, Fransen et al. 2007, Hinman et al. 2007) or in 
muscle strength (Hinman et al. 2007) after six weeks to one year after cessation 
of training. However, due to the small number of earlier studies it is somewhat 
unclear whether the aquatic training-induced benefits can be maintained after 
cessation of training. 
 
 



TABLE 3  Randomized controlled trials including aquatic training in persons with knee OA or knee replacement. 

 
Reference Participants, 

mean age 
Study 
groups 

Duration and 
frequency, 
follow-up 

Progression, 
resistance 

Changes in performance-based 
mobility and self-reports 

Changes in muscle strength  

Foley et 
al. 2003 

Knee/hip OA  
71 years  
 

AT n=35 
GYM n=35 
C n=35 

6 weeks 
3 x week  
 

Progr 
ADD 

Mobility AT: +* L: +* C: 0 
Pain AT: – L: 0 C: 0 
Stiffness AT: 0 L: 0 C: 0 
Funct diff AT: – L: – C: 0 

Isometric muscle strength
Knee extension  
AT: +* GYM: +* C: 0 

Cochrane 
et al. 2005 

Knee/hip OA 
70 years 
 

AT n=153 
C n=159 

1 year 
2 x week 
6 month FU 

Progr 
ADD 

Mobility AT: +* C: + 
Pain AT: -* C: + 
Stiffness AT: 0 C: 0 
Funct diff AT: -* C: + 

Isometric muscle strength 
Knee extension AT: + C: - 
Knee flexion AT: + C: + 

Fransen 
et al. 2007 

Knee/hip OA 
70-71 years 
 

AT n=55 
TaiChi n=56 
C n=41 

12 weeks 
2 x week 
12 week FU 

NoADD Mobility AT: +* L: +* C: 0 
Pain AT: -* L: - C: - 
Funct diff AT: -* L: -* C: - 

 

Hinman 
et al. 2007 

Knee/hip OA 
62-63 years  
 

AT n=36 
C n=35 

6 weeks  
2 x week 
6 week FU  
 

Progr 
NoADD 

Mobility AT: +* C: 0 
Pain AT: – * C: 0 
Stiffness AT: –* C: – 
Funct diff AT: –* C: + 

Isometric muscle strength# 
Hip abduction 
AT: +8-12%* C: – 3-6% 
Knee extension 
AT: +11-12% C: 1-2% 

Wang et 
al. 2007 

Knee or hip OA 
66 years 
 

AT n=20 
C n=18 

12 weeks 
3 x week  
 

Progr 
NoADD 

Mobility AT: +* C: + 
Pain AT: – C: – 
Funct diff AT: 0 C: 0 
 

Isometric muscle strength 
AT: Knee extension +19%*, 
flexion +12%* Hip extension 
+26%*, flexion +12%*, abduction 
+25%*, adduction +14%* C: 0 

 
          (Continues) 

  



 
 
TABLE 3  Continues 

Reference Participants, 
mean age 

Study 
groups 

Duration and 
frequency, 
follow-up 

Progression, 
resistance 

Changes in performance-based 
mobility and self-reports 

Changes in muscle strength  

Lund et 
al. 2008 

Knee OA  
68 years  
 

AT n=27  
L n=25  
C n=27 

8 weeks 
2 x week 
12 week FU 

Progr 
NoADD 
 

Pain AT: 0 L: 0 C: 0 Isokinetic muscle torque 
Knee extension AT: –* L: +* C: 0 
Knee flexion AT: –* L: +* C: 0 

Silva et 
al. 2008 

Knee OA  
59 years  
 

AT n=32  
L n=32 

18 weeks  
3 x week 
 

Progr 
ADD 

Mobility AT: + L: + 
Pain AT: – L: – 
WOMAC index AT: – L: – 

 

Gill et al. 
2009 

Waiting for 
Knee/hip REPL 
70 years  

AT=42 
L=40 

6 weeks  
2 x week 
FU 8 week PO 

Progr 
No ADD 

Mobility AT: + L: + FU AT: - L: - 
Pain AT: - L: - FU AT: 0 L: + 
Funct diff AT: - L: - FU AT: 0 L: + 

 

Lim et al. 
2010 

Obese with 
knee OA  
66 years 

AT n=26 
L n=25 
C n=24 

8 weeks 
3 x week 

AT: NoADD 
L: ADD 

Pain AT: -* L: - C: + 
Funct diff AT: -* L: -* C: - 

Isokinetic muscle torque 
Knee extension AT: + L: + C: + 
Knee flexion AT: 0 L: + C: + 

Wang et 
al. 2011 

Knee OA  
68 years 
 

AT n=28 
L n=28 
C n=28 

12 weeks  
3 x week 

Progr 
NoADD 

Mobility AT: +* L: +* C: + 
Pain AT: -* L: -* C: 0 

 

Hale et 
al. 2012 

Knee OA with 
fall risk  
74 years 
 

ATbal 
n=23 
C n= 16 

12 weeks 
2 x week 

Progr 
NoADD 

Mobility AT: + C: + 
Pain AT: + C: - 
Stiffness AT: 0 C: - 
Funct diff AT: 0 C: - 

 

Harmer 
et al. 2009 

Knee REPL 
2 weeks PO  
68 years 
 

AT n=53  
L n=49 

6 weeks  
2 x week  
26 week FU 

NoADD Mobility AT: +* F-U L: + 
Pain AT: – L: – 
Stiffness AT: –* F-U L: – 
Funct diff AT: –* F-U L: – 

 

 
          (Continues)  



 
 
TABLE 3  Continues 

Reference Participants, 
mean age 

Study 
groups 

Duration and 
frequency, 
follow-up 

Progression, 
resistance 

Changes in performance-based 
mobility and self-reports 

Changes in muscle strength  

Rahmann 
et al. 2009 

Knee/hip REPL 
4 days PO  
70 years  

AT n=17  
WE n=19  
FS n=17  

2 weeks  
1 x day 
12, 24 week FU 

Progr 
NoADD 
 

Mobility AT: – WE: – FS: – 
WOMAC AT: – WE: – FS: – 
 

Isometric muscle strength  
Hip abduction  
AT: 0* WE: –17% L: –31% 

Liebs et 
al. 2012 

Knee/hip REPL 
6/14 days PO  
67-71 years 

Day6=225 
Day14=240 
 

3-4 weeks  
3 x week 

NoADD Pain AT6: – AT14: – 
Stiffness AT6: – AT14: – 
Funct diff AT6: – AT14: – 

 

 

OA= Diagnosed osteoarthritis, REPL= Replacement, PO= Postsurgery.  

AT= Aquatic training, C= Non-training control group, L= Land-based training, GYM= Gym-based training, TaiChi= Tai Chi training, ATbal= 
Aquatic training targeted on improving balance, FS= Functional and strengthening exercises, WE= Nonspecific water exercise, FU= Follow-Up. 

Progr= Progressive training program, ADD= Additional resistance in majority of the exercises, NoADD= Water as a resistance or small resistance 
(e.g. floaters) in some exercises only, Funct diff= Physical functional difficulty, WOMAC= Western Ontario and McMaster Universities 
Osteoarthritis Index. 

+ Increased, - Decreased, 0 No change, (+, -, 0 estimated from the group mean values), * Significant difference between the groups, # Calculated 
from the group mean values. 
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2.4 Summary of the literature 

Knee OA is a progressive, degenerative joint disease that causes severe pain 
and stiffness in the knee joint  (Haq et al. 2003, Das & Farooqi 2008). These 
problems result in disuse of the painful limb and relate to mobility limitation 
(Liikavainio et al. 2008, Petterson et al. 2011). Knee replacement is a common 
surgical procedure that effectively relieves knee pain, and thus functional 
disability (NIH Consensus Panel 2004, Wylde et al. 2007, Nilsdotter et al. 2009b). 
After successful knee replacement surgery, mobility usually improves, but it 
rarely reaches the level of the age-matched control subjects (Walsh et al. 1998, 
Yoshida et al. 2008).  

Mobility limitation can be explained by impairments in muscle torque and 
power (Yoshida et al. 2008, Petterson et al. 2009), which have been clearly 
shown to exist in knee OA and also after knee replacement on the affected side 
compared to the non-affected one (Lorentzen et al. 1999, Gapeyeva et al. 2007, 
Petterson et al. 2011, Barker et al. 2012). Additionally, it is noteworthy that the 
asymmetrical muscle deficit, that is muscle side-to-side difference between the 
legs, may as well explain mobility limitation. This was shown earlier in persons 
with unilateral muscle impairments due to hip fracture (Portegijs et al. 2008). 
However, it is not known whether the asymmetrical deficit in muscle power, 
torque and CSA in persons with knee OA and related knee replacement 
explains mobility limitation. 

As the mobility limitation and muscle impairments related to knee OA 
and knee replacement are substantial, the need to develop efficacious 
rehabilitation methods exists. Water is an effective and pain-free training 
medium for persons with medical conditions that may restrict training on land. 
Previous RCTs have found positive effects on mobility and muscle strength 
after aquatic resistance training in healthy persons (Pöyhönen et al. 2002, 
Takeshima et al. 2002, Tsourlou et al. 2006) and in clinical populations (Foley et 
al. 2003, Cochrane et al. 2005, Wang et al. 2007). Also, aquatic training without 
additional resistance has somewhat been studied in the acute phase after knee 
replacement (Harmer et al. 2009, Rahmann et al. 2009). However, it is not 
known whether aquatic resistance training with additional resistance is 
effective in decreasing mobility limitation and muscle impairments after knee 
replacement. In addition, it is not clear whether the training-induced benefits 
can be maintained after cessation of training. 



 
 

3 PURPOSE OF THE STUDY 

The purpose of this study was to determine asymmetrical lower limb muscle 
deficits, and their associations with mobility limitation in persons with end-
stage knee joint OA and in persons who have had knee replacement surgery. 
Thereafter, the effects of 3-month aquatic resistance training in persons with 
knee replacement were studied in a randomized controlled trial (RCT). The 
aquatic training program was specifically targeted at improving lower limb 
muscle power and torque of both lower legs, and reducing asymmetrical 
muscle deficit, and thus mobility limitation. The maintenance of training-
induced benefits was studied 12 months after cessation of training.  

We hypothesized that the asymmetrical deficit in lower limb muscles 
would exist, and it would be associated with mobility limitation (Studies I-II). 
Aquatic resistance training would reduce knee OA and knee replacement 
related mobility limitation by reducing muscle impairments and asymmetrical 
muscle deficit (Study III), and training-induced benefits would be maintained 
by regular physical activity after the exercise intervention (Study IV). 

 
The specific research questions were: 

1. Is there asymmetrical deficit in knee extensor and flexor muscle power, 
torque and CSA in persons with end-stage knee OA and in persons 
with knee replacement? (Studies I and II) 

2. Is asymmetrical deficit in lower limb muscle power, torque or CSA 
associated with mobility limitation in persons with end-stage knee OA 
and in persons with knee replacement? (Studies I and II) 

3. Does the aquatic resistance training have an effect on knee extensor 
and flexor muscle power, torque, CSA, asymmetrical muscle deficit, 
walking speed and stair ascension time in persons 4 to 18 months after 
knee replacement? (Study III) 

4. Are the training-induced benefits in muscle power, torque, CSA, 
asymmetrical muscle deficit, walking speed and stair ascension time 
maintained in persons with knee replacement 12 months after 
cessation of training? (Study IV) 



 
 

4 METHODS 

4.1 Study design and participants 

For this study, data from two research projects, knee osteoarthritis (KNEE-OA) 
and knee replacement (KNEE-REPLACEMENT), were used. KNEE-OA is a 
clinical experimental RCT of the rehabilitation of patients suffering from end-
stage OA of the knee joint. The data was collected in Kymenlaakso Central 
Hospital between May 2008 and May 2012. KNEE-REPLACEMENT is a clinical 
experimental RCT on the effects of 3-month aquatic resistance training 
including patients recovering from unilateral knee replacement. The data was 
collected in Kymenlaakso Central Hospital between March 2005 and December 
2006. The study design, participants and main outcome variables used in the 
original publications are summarized in Table 4.  



 
 
TABLE 4 Description of the study designs, participants and main outcomes. 

KNEE-OA= Research project studying persons with knee osteoarthritis, KNEE-REPLACEMENT= Research project studying persons with knee 
replacement, RCT= Randomized controlled trial, SD= Standard deviation, KET= Knee extensor torque, KFT= Knee flexor torque, KEP= Knee 
extensor power, KFP= Knee flexor power, CSA= Muscle cross-sectional area.  

Study Research project Design Participants Age  
(Mean ± SD) 

Main outcomes 

I 
 

KNEE-OA Observational 
Cross-sectional 

43 participants 
Women n= 23 
Men n= 20 

50-75  
(65.4 ± 6.7) 

KEP, KFP, KET, KFT, CSA  
Asymmetrical muscle deficit 
Maximal walking speed 
Stair ascension  
Physical functional difficulty, pain, stiffness 

II KNEE-
REPLACEMENT 

Observational 
Cross-sectional 

48 participants 
Women n= 29 
Men n= 19 

55-75  
(66.7 ± 5.9) 

KEP, KFP, KET, KFT, CSA  
Asymmetrical muscle deficit 
Maximal walking speed 
Stair ascension  

III KNEE-
REPLACEMENT 

Experimental 
RCT 
3-month intervention 

50 participants 
Intervention group n= 26 
Control group n= 24 
 

55-75  
(65.9 ± 6.1) 

KEP, KFP, CSA 
Maximal and habitual walking speed 
Stair ascension 
Physical functional difficulty, pain, stiffness 

IV KNEE-
REPLACEMENT 

Experimental 
RCT  
3-month intervention 
with 12-month post-
intervention follow-up  

42 participants 
Intervention group n= 25 
Control group n= 17 

55-75  
(66.1 ± 5.9) 

KEP, KFP, CSA 
Habitual walking speed 
Stair ascension 
Physical functional difficulty, pain, stiffness 
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4.1.1 KNEE-OA research project (Study I) 

The KNEE-OA research project investigates mobility limitation, muscle 
function impairments, perceived functional difficulty and rehabilitation of 
persons with unilateral end-stage knee OA. Baseline cross-sectional data of 
participants was utilized in this study (Study I). The data were collected in two 
phases. Data collection was conducted with the same recruitment protocol, 
infrastructure and staff for all measurements. 

The target population consisted of community-living 50-75-year-old 
women and men from the Kymenlaakso Central Hospital district, suffering 
with end-stage knee OA and awaiting knee replacement surgery. All eligible 
patients who were on the waiting list for a unilateral knee replacement in the 
local Central Hospital were informed of the study.  

The flow chart of the research project is displayed in Figure 3. Physical 
examination, radiographs and pain history of the OA knee (the knee with end-
stage knee OA with pending knee replacement) were evaluated from 123 
patients by an orthopedic surgeon. Eighty-six women or men with medial knee 
OA according to a radiographic grading of Kellgren/Lawrence (K/L) K/L 3 or 
K/L 4  (Kellgren & Lawrence 1957) and continuous pain lasting at least six 
months were added to the waiting list for total knee replacement. Patients with 
posttraumatic OA, earlier osteotomy of the knee, rheumatoid arthritis, 
alcoholism, severe cardiovascular diseases, dementia or other diseases that 
decrease cooperation were excluded from the study. Fifty-two patients met the 
inclusion criteria and were informed about the present study. All eligible 
patients, who were willing to participate in this study were contacted by 
research personnel. Thus, 43 volunteers, 23 women and 20 men participated in 
the observational cross-sectional study (Study I). 

4.1.2 KNEE-REPLACEMENT research project (Studies II-IV) 

The KNEE-REPLACEMENT research project investigates mobility limitation, 
muscle function impairments, perceived functional difficulty and rehabilitation 
of persons with knee replacement. Cross-sectional data from participants at 
baseline were utilized (Study II), and the effects of aquatic resistance training 
aiming to improve lower extremity muscle strength and power, and thus 
mobility, were studied in a 3-month RCT (ISRCTN50731915) (Study III). The 
maintenance of training induced benefits was investigated after 12-months of 
follow-up (Study IV). The data were collected in two phases. Due the small 
number of eligible subjects in spring 2005, the data collection was repeated in 
autumn 2005 with the same recruitment protocol, infrastructure and staff for 
the measurements and training. The data were pooled for the analysis. 

The target population consisted of community-living 55-75-year-old 
women and men from the Kymenlaakso Central Hospital district with 
unilateral knee replacement surgery due to medial tibiofemoral joint OA. To 
assure safety in the muscle power and torque measurements, the post-operative 
time for the participants was defined to be within 4 to 18 months prior to 
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baseline.  Patients living within a 30 km radius of the hospital with unilateral 
knee replacement were identified from the records of Kymenlaakso Central 
Hospital and invited to participate in the study. Persons with bilateral knee 
replacement, revision knee replacement, severe cardiovascular diseases, 
dementia, rheumatoid arthritis or any other major surgery in either of the knees 
were excluded from the study.  

The flow chart of the research project is displayed in Figure 4. A total of 
201 patients with unilateral knee replacements were informed about the 
research project. Eighty-six patients responded and were contacted by the 
research personnel and interviewed over the telephone. Fifty-two eligible 
persons were invited to the baseline measurements. Before the measurements, 
two participants were excluded from the intervention due to health problems to 
assure safe measurements and training. Fifty persons (30 women, 20 men) 
participated in the baseline measurements. The participants with partial knee 
replacement were excluded from the cross-sectional study (Study II) to confirm 
the homogeneity of the sample. Thus, 48 eligible volunteers with total knee 
replacement (age range 55-75 years), 29 women and 19 men, participated in the 
cross-sectional study (Study II). 

Those with partial knee replacament did not differ from the participants 
with total knee replacement in any of the variables measured (power, torque, 
muscle CSA, maximal and habitual walking speed, stair ascension, and physical 
functional difficulty, pain and stiffness) at baseline, and were thus included in 
the RCT to increase the size of the sample (Study III). Thus, 50 eligible 
volunteers, 30 women and 20 men, were randomly assigned after the baseline 
measurements, into an aquatic training (16 women, 10 men) and a control 
group (14 women, 10 men). The random allocation was concealed in sealed 
envelopes, sorted into blocks by sex, age and type of knee replacement. 
Envelopes were allocated into the intervention and control groups by using 
randomization ratio of 1:1 by drawing lots. The randomization was performed 
by a person who was blinded to the details of the study participants.  

The maintenance of the training induced benefits was studied after a 12-
month follow-up period (Study IV). 

4.2 Ethics 

The KNEE-OA and KNEE-REPLACEMENT research projects were conducted 
according to guidelines for good scientific and clinical practice laid down by the 
Declaration of Helsinki. Both studies were approved by the Ethical Committee 
of Kymenlaakso Central Hospital. Before the laboratory examinations, the 
participants were informed about the study and written, signed, informed 
consent was obtained. 
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FIGURE 3 Flow chart of the KNEE-OA research project used in Study I.  
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FIGURE 4 Flow chart of the KNEE-REPLACEMENT research project used in Studies II-IV. 
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4.3 Measurements 

A summary of all the measurement methods used in Studies I-IV and their 
reliabilities are listed in Table 5. Computed tomography (CT) measurements 
and analyses were conducted blinded to the OA side (Study I) and operated 
side (Studies II-IV). Other measurements were conducted in a blinded manner 
in the KNEE-OA research project (Study I) and unblinded in the KNEE-
REPLACEMENT research project (Studies II-IV). 

4.3.1 Muscle function impairments 

Muscle power and torque 
Maximal voluntary power (the rate at which muscles can produce work; 
Studies I-IV) and torque (capability of force to produce rotation; Studies I-II) of 
the knee extensors and flexors were assessed for both lower limbs separately 
using an isokinetic dynamometer (Humac/Norm, Computer Sports Medicine, 
Inc., Stoughton, MA; Study I or Biodex Medical Systems, Inc., Shirley, NY; 
Studies II-IV) with a sampling frequency of 100 Hz and a 1% measurement 
error through the entire range of motion (Pöyhönen et al. 2002). The 
dynamometer was calibrated before each measurement session according to the 
standard procedure recommended by the manufacturer. Before the 
measurement session, the participants were carefully familiarized with the 
testing procedure. For each leg, the axis of rotation of the dynamometer was 
aligned with the lateral femoral condyle. The lever arm of the dynamometer 
was attached around the ankle 2.5 cm above the mid-point of the lateral 
malleolus. The hip and thigh were stabilized with straps. The measurement was 
performed on the full knee range of motion of the participant. After few 
submaximal flexion-extension movements, three maximal continuous flexion-
extension trials were performed at an angular velocity of 60 degrees per second 
(deg.s-1) and 5 to 10 trials at a velocity of 180 deg.s-1. The inter-trial rest period 
was two to three minutes. The participants were verbally encouraged to make 
maximal effort throughout the whole range of motion. The performance of 
highest extensor and flexor torque (Nm) values at angular velocities of 60 deg.s-

1 and 180 deg.s-1 were used for the analyses. Peak extensor and flexor power (W) 
were analyzed from the efforts with the angular velocity of 180 deg.s-1. 
 
 



 
 
TABLE 5 Measurement methods and variables used in this study including reliability. 

Variable Study Method Reliability Specifics
Outcome and explanatory variables 
Muscle power and torque 

Maximal isokinetic KEP and KFP (W) I-IV Isokinetic dynamometer, angular velocity 180 deg.s-1 ICC .90-.96 Our laboratory Both sides 
Maximal isokinetic KET and KFT (Nm) I Isokinetic dynamometer, angular velocity 180 deg.s-1 ICC .90-.96 Our laboratory Both sides 
Maximal isokinetic KET and KFT (Nm) I-II Isokinetic dynamometer, angular velocity 60 deg.s-1 ICC .91-.97 Our laboratory Both sides 

Muscle CSA and attenuation 
Muscle CSA (cm2) I-IV Computed tomography CV 1-2% Sipilä et al. 1995 Both sides 
Attenuation (HU) I Computed tomography CV 1% Sipilä et al. 1995 Both sides 

Mobility limitation 
10 meter maximal walking speed (m.s-1) I-III Stopwatch (I)/Photocells (II-III) ICC .86 Our laboratory 
10 meter habitual walking speed (m.s-1) I-IV Stopwatch (I)/Photocells (II-IV) ICC .44 Our laboratory 
Stair ascension time (s) I-IV Stopwatch (I)/Photocells (II-IV) ICC .73 Our laboratory   

Self-reports 
WOMAC pain (mm) I-IV WOMAC pain index Affected side 
WOMAC stiffness (mm) I,III-IV WOMAC stiffness index Affected side 
WOMAC physical functional difficulty (mm) I,III-IV WOMAC physical functional difficulty index     

Descriptive variables 
Anthropometry 

Body weight (kg) I-IV Beam scale 
Body height (cm) I-IV Scale stadiometer 

Comorbidities (n) I-IV Self-report, confirmed by study personnel 
Knee OA burden (n) I Self-report, confirmed by study personnel 
Physical activity III-IV Self-report, confirmed by study personnel     

KEP= Knee extensor power, KET= Knee extensor torque, KFT= Knee flexor torque, KFP= Knee flexor power, CSA= Cross-sectional area, HU= 
Hounsfield unit, WOMAC= Western Ontario and McMaster University Osteoarthritis Index, Knee OA burden= Number of knees affected by knee 
osteoarthritis, CV= Coefficient of variation, ICC=Intraclass correlation coefficient. 



41 
 
Muscle cross-sectional area and attenuation 
Muscle cross-sectional area (CSA; cm2; Studies I-IV) and attenuation (HU; 
Studies I-II) were assessed with computed tomography (CT). CT scans were 
obtained from both mid-thighs using a Siemens Somatom Definition AS 
scanner (Siemens Ag, Erlangen, Germany; Study I) and a Siemens Somatom DR 
Scanner (Siemens Ag, Erlangen, Germany; Studies II-IV) with the patient in the 
supine position  (Sipilä & Suominen 1995). The mid-thigh was defined as the 
midpoint between the level of the greatest lateral protuberance of the greater 
trochanter and lower edge of the patella. In the baseline measurements, the 
mid-thigh was marked out with a tattoo. The scans were analyzed using an 
Agfa Impax ES DS3000 Radiology Diagnostic Station (Agfa HealthCare NV, 
Mortsel, Belgium; Study I) and software developed for cross-sectional CT image 
analysis (Geanie 2.1, Commit Ltd, Espoo, Finland; Studies II-IV), which separate 
fat and lean tissue based on the radiological density limits (measured as 
attenuation in Hounsfield units). A lower mean attenuation value reflects 
greater fat infiltration within the muscle.  
 
Asymmetrical muscle deficit 
In cross-sectional analyses (Studies I-II) the relative difference in muscle power 
and torque, and muscle CSA between the OA side and contralateral side (Study 
I) and the operated and non-operated side (Study II) were calculated according 
to Formula 1 and Formula 2 and used as a measure for asymmetrical muscle 
deficit. The value 0% represents equal values in both lower legs, indicating no 
asymmetrical muscle deficit. Positive values indicate lower value on the OA 
side (I) or on the operated side (II) (Portegijs et al. 2005).  

 
FORMULA 1:   

 
FORMULA 2:

  
In additional analyses published in this thesis to show the training effect on 
asymmetrical muscle deficit, the relative difference in knee extensor and flexor 
power between the operated and non-operated side was calculated according to 
Formula 3 and used as a measure of asymmetrical muscle deficit. The value of 
50% represents equal values in both legs, indicating no asymmetrical muscle 
deficit. Values below 50% indicate lower value on the operated side (Portegijs et 
al. 2008).  
 
FORMULA 3:   

4.3.2 Mobility limitation 

Maximal walking speed (m.s-1; Studies I-III) (Rantanen & Avela 1997) and 
habitual walking speed (m.s-1; Studies III-IV) (Portegijs et al. 2008) over 10 
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meters were assessed in the hospital corridor and the time taken for walking 
was recorded using a stopwatch (Study I) or photocells (Newtest Oy, Oulu, 
Finland; Studies II-IV). All the participants wore thin aquatic shoes and were 
allowed three meters for acceleration. They were instructed to walk as fast as 
possible without compromising their safety. Each participant made two efforts 
for both speeds separated by a 1-minute rests and the faster performances were 
accepted for statistical analysis.  

 
Maximal stair ascension time (s; Studies I-IV) over 10 stairs was measured in the 
hospital corridor  (Gur & Cakin 2003). The time taken for ascension was 
recorded using a stopwatch (Study I) or photocells (Newtest Oy, Oulu, Finland; 
Studies II-IV). The stair height was 17 cm and depth 29.5 cm. The participants 
were instructed to step alternately on each stair and ascend as fast as possible 
without compromising their safety. A handrail or taking a step with both feet 
on the same step (bipedal ascent) was allowed only if necessary. Each 
participant performed two trials of stair ascension separated by a 1-minute rest. 
The time of the faster performance was accepted for statistical analysis. 

4.3.3 Pain, stiffness and physical functional difficulty 

The WOMAC questionnaire (Western Ontario and McMaster University 
Osteoarthritis Index) (Bellamy et al. 1988) was used to assess the level of pain (5 
subscales) and stiffness (2 subscales) in the OA knee or operated knee and the 
physical functional difficulty (17 subscales) of the participants (Studies I, III-IV). 
The subscales were based on the visual analogue scale (VAS, range 0-100mm, 
with 100 indicating the worst possible situation). The WOMAC indexes are the 
sum of the related subscales divided by the number of subscales used. In the 
physical functional difficulty score, 65% of the participants study did not 
answer the subscale ‘getting in and out of the bath’ because they did not have a 
bath. Therefore, this subscale was not included in the analysis.  

4.3.4 Health status and background characteristics 

Contraindications for safe participation 
The general health, clinical history, medication, and diseases of the participants 
were assessed by a physician before the laboratory examinations to evaluate 
potential contraindications for safe participation in the measurements and 
training. 
 
Anthropometry 
Body height and body weight (Studies I-IV) were measured in the hospital 
laboratory using standard procedures. 

 
General health 
Diseases and regular medication were assessed by self-reports and confirmed 
by research personnel (Studies I-IV).  
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Physical activity 
The level of general physical activity was assessed by a questionnaire (Studies 
III-IV). Participants were asked about their type of physical exercises and 
general physical activity that they perform, as well as the frequency (times per 
week) and duration (minutes per session) of the physical activity. Additionally, 
participants were asked to estimate the loading of the physical activities they 
perform on scale 1 to 3 where ‘1’ represents light, ‘2’ moderate, and ‘3’ heavy. 

 
Knee status 
In persons with knee OA, the radiographs (K/L grading, See Table 1 in chapter 
2.1) and the pain history of the OA knee were evaluated by an orthopedic 
surgeon. The OA burden of the contralateral knee was collected by self-report. 
Both knees were assessed for OA and a sum (one or two) was used to describe 
the burden of knee OA. If the contralateral knee was replaced, it was considered 
to have OA burden. 

In persons with knee replacement the characteristics of the knee 
replacement surgery were collected from the hospital medical records. Forty-
eight participants (96%) had undergone tri-compartmental total knee 
replacement and two participants (4%) had unicompartmental partial knee 
replacement. All knee replacements were fixed with cement. The OA burden of 
the non-operated knee was collected by self-report and a sum (one or two) was 
used to describe the burden of knee OA. 

4.4 Aquatic training intervention 

In the KNEE-REPLACEMENT research project, participants without 
contraindications for the aquatic training participated in the RCT. The aim of 
the training was to improve muscle power, torque and muscle mass in the 
lower legs, and thus mobility. A 3-month aquatic training for the participants of 
the training group was conducted in the hospital therapy pool twice a week in 
small classes including 4-5 participants. The classes were supervised by an 
experienced physiotherapist. The training compliance was calculated according 
to Formula 4. 

 
FORMULA 4:   
 

4.4.1 Aquatic training exercises 

Each session started with an 8 min warm-up including walking (forward, 
backward, sideways), aqua jogging and lower leg muscle stretching. Warm-up 
was followed by 30-40 min of resistance training and a 5 min cooling down 
period. Each training session consisted of five exercises for both legs, which 
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were selected on the basis our previous study (Pöyhönen et al. 2002): 1) 1-leg 
knee extension-flexion movement in a sitting position, 2) hip abduction-
adduction with extended knee in a standing position, 3) hip extension-flexion 
with extended knee in a standing position, 4) 1-leg knee extension-flexion in a 
standing position and 5) step-squat backwards from the aqua aerobic step 
board. 

In each exercise, the operated side was trained first. The operated side was 
trained to 30% more sets compared to the non-operated one. Table 6 
summarizes the training program including the weekly sets, duration of work 
and rest and resistance produced by the resistance-boots. 

The subjects were instructed to perform each repetition with maximal 
effort in order to achieve the highest possible movement velocity and resistance. 
Verbal encouragement was provided by the instructor and the participants 
were asked to describe their perceived exertion after each exercise with the RPE 
scale (6-20) (Borg 1998). Training was conducted by heart rate response 
monitoring to control the level of work and recovery. A physician was 
consulted for all medical symptoms and any pain that emerged during the 
training. 

TABLE 6 Summary of the aquatic training protocol. 

Week Sets Reps Work/set Rest/set Resistance Mean RPE

  Operated 
 

Non-
operated   (s) 

 
(s) 

     

1 2 2 25-30 45 30 No boots 14 
2 2 2 25-30 45 30 No boots 15 
3 2 2 20-25 35 30 Small 16 
4 3 2 20-25 35 30 Small 16 
5 2 2 14-20 30 30 Medium 16 
6 2 2 14-20 30 30 Medium 17 
7 3 2 25-30 40 30 No boots 16 
7 3 2 14-20 30 30  Medium 16 
8 3 2 14-20 30 30 Medium 17 
9 2 2 12-15 30 30 Large 17 
10 3 2 12-15 30 40 Large 16 
11 4 2 12-15 30 40 Large 17 
12 3 2 12-15 30 40 Large 17 
12  3 2 25-30 30 40 No boots 16 

Operated= Side with knee replacement, Non-operated= Side without knee replacement, 
Reps= Repetitions, RPE= Rating of Perceived Exertion. 

4.4.2 Progressive resistance 

The progression of the exercise program was ensured by using four different 
resistances: 1) without resistance boots, 2) with small, 3) medium or 4) large 
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resistance boots and by varying the amount and duration of sets. The first two 
weeks of training were conducted without resistance boots in order to ensure 
adaptation to the exercises. The actual training was conducted using small size 
Aqua Runner Zero Impact Footwear (AquaJogger, Springfield, OR, USA) and 
with medium and large size resistance boots (Hydro-Tone Fitness Systems, Inc., 
Orange, CA, USA) with frontal areas of 0.045 and 0.075 m2, respectively. 

The small footwear were attached around the foot, and the medium and 
large size boots around the lower leg and foot during the exercises. In weeks 7 
and 12, one training session was conducted without resistance boots in order to 
avoid overtraining. The drag during the exercises has been estimated to be 
double with the medium size boots and triple with the large boots compared to 
the barefoot condition (Pöyhönen et al. 2002).  

4.4.3 Intensity of training 

The intensity of training was defined during the exercises by the RPE (Borg 
1998). In addition, the training intensity was estimated for six persons (3 
women, 3 men) from the training group (mean age 62.2±4.3 years, body height 
169.8±8.2 cm, body weight 86.3±9.2 kg) with heart rate monitoring (Polar RS400, 
Polar Electro Oy, Kempele, Finland). 

The average heart rates were recorded during the five exercises excluding 
the warm-up and cool-down. Age-related maximal heart rates were calculated 
according to Formula 5.  

 
FORMULA 5:   
 
The mean average heart rate was 116±18 beats/min (range 93-148), which was 
73% of age-related maximal heart rate. In the hydro-boot conditions the 
movement velocities were slower and the number of repetitions per set were 
lower but the resistance was higher compared to the barefoot condition 
(Pöyhönen et al. 2001a, Pöyhönen et al. 2002). 

4.4.4 Control group 

The control group did not receive any intervention. The participants were 
encouraged to continue their lives as usual during the 3-month trial.  

4.5 Statistical analyses 

Means and standard deviations (SD) were used as descriptive statistics. The 
normality distributions were tested using Kolmogorov-Smirnov tests. In the 
baseline comparisons the absolute differences in muscle variables (power, 
torque, CSA, and attenuation) between the OA and contralateral side (Study I), 
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and between the operated and the non-operated side (Study II) were analyzed 
with a paired 2-tailed Student’s t test.  

In participants with knee OA (Study I) and with knee replacement (II-IV), 
statistical tests were first performed separately for women and men. Since there 
were no differences between the sexes in age or in any of the asymmetrical 
muscle deficit variables the results obtained for men and women were pooled 
to obtain a larger sample size. 

 
Linear regression models 
Stepwise multiple linear regression models were used to examine the 
determinants associated with mobility limitation. Variables with non-significant 
independent associations with mobility were removed from the final model. 
Thus, the final models contained only the explanatory variables that had 
significant independent associations with mobility limitations and that had the 
highest possible proportion of the variance explained by coefficients of 
determination (adjusted r2). The models were further adjusted for age and sex 
(Studies I-II) and time after surgery (Study II). 
 
Analysis of covariance 
Analysis of covariance (ANCOVA) was used to assess the post-trial (Study III) 
and follow-up (Study IV) training effects between the training and control 
groups. Age, sex and postoperative time were tested separately and they were 
added into the model as covariates. Since they did not have an effect on the 
results, only the baseline measurement was used as a covariate.  
 
Training effect 
For each participant, the relative changes in knee extensor and flexor power and 
torque, thigh CSA and mobility measures between the pre- and post-trial 
measurements (Study III) were calculated according to Formula 6, and between 
pre-trial and follow-up measurements (Study IV) according to Formula 7. For 
asymmetrical muscle deficits, the change in time was calculated according to 
Formulas 8 and 9. 

 
FORMULA 6:  
 
FORMULA 7:  
 
FORMULA 8:   
 
FORMULA 9:   
 
The training effect (the mean difference) between the mean relative changes and 
95% confidence intervals (CI) of the aquatic training and control groups 
between the pre- and post-trial measurements (Study III), and pre-trial and 
follow-up measurements (Study IV) were calculated according to Formula 10.  
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FORMULA 10:   

 
Statistical power 
For the RCT (Study III), all results were based on an Intention-to-treat analysis. 
All the eligible patients with knee replacement were included in the study and 
thus, with the present dropout rate, the sample size of the study provided 80% 
statistical power to detect a difference of about 10% between the groups in 
habitual walking speed at a significance level of p<0.05.  

 
In all studies, SPSS software (SPSS Inc., Chicago, IL, versions 13.0, 17.0 or 19.0) 
was used for analysis and statistical significance was set at p<0.05. 



 
 

5 RESULTS 

5.1 Participant characteristics 

The study population consisted of community-dwelling people aged between 
50 and 75 years. Table 7 displays the characteristics of persons with knee OA 
and knee replacement. Persons with knee OA were on average 65 years old. The 
WOMAC pain index of the OA knee was on average 44/100 and the 
contralateral knee had an OA burden in 26% of the participants. Persons with 
knee replacement were on average 66 years old and their mean post-operative 
time was 10 months. The WOMAC pain index of the operated knee was 17/100 
and the non-operated knee had an OA burden in 16% of the participants. 
Additionally, Table 7 shows the baseline physical characteristics of the training 
and control groups used in the RCT (Study III).  

5.2 Muscle function impairments and asymmetrical muscle deficit  

Muscle power and torque 
In persons with knee OA (Study I) the knee extensors and flexors on the OA 
side were significantly weaker compared to the contralateral side (p<0.001; 
Table 8; Figure 5). Mean±SD asymmetrical deficit in knee extensor power was 
24±21%, in torque at 180 deg.s-1 22±20% and in 60 deg.s-1 30±19%. In knee flexors 
the corresponding asymmetrical muscle deficits were 21±31%, 23±30% and 
21±31%, respectively.  

In persons with knee replacement (Study II) the knee extensors and flexors 
on the operated side were significantly weaker compared to the non-operated 
side (p<0.001; Table 8; Figure 5). Mean±SD asymmetrical deficit in knee 
extensor power was 23±20%, torque at 180 deg.s-1 23±18% and at 60 deg.s-1 
27±17%. In knee flexors the corresponding asymmetrical muscle deficits were 
19±27%, 13±23% and 13±19%, respectively. 



 
 
TABLE 7 Participant characteristics in participants with end-stage osteoarthritis of the knee joint (Study I), and participants 4-18 months after 

knee replacement surgery (Studies II-IV). 
 

# A total of eight participants were lost to follow-up (Study IV). For baseline characteristics of those who participated see Original paper IV.  
Knee OA= Persons with knee osteoarthritis, Knee replacement= Persons with unilateral knee replacement. 

 
  

  Knee OA  Knee replacement 
  I  II III-IV# 
  All  Total knee  Training group Control group 
  n=43   replacement n=48  n=26 n=24 
Variables Mean ± SD  Mean ± SD  Mean ± SD Mean ± SD 
Age, years 65.4 ± 6.7  66.3 ± 6.0  66.2 ± 6.3 65.7 ± 6.0 
Body mass, kg 83.4 ± 14.4  83.2 ± 15.1  83.2 ± 15.2 83.9 ± 15.0 
Body height, cm 168.2 ± 9.2  168.0 ± 8.6  167.3 ± 9.3 169.7 ± 8.2 
Comorbidities, n 1.8 ± 1.4  1.4 ± 1.2  1.7 ± 1.2 1.2 ± 1.1 
Time after surgery, months -  9.6 ± 4.5  9.9 ± 4.7 9.2 ± 4.2 
Pain of the OA knee, 0-100 44.3 ± 19.7  -  - - 
Pain of the operated knee, 0-100 -   16.9 ± 12.9   16.3 ± 10.6  16.9 ± 14.9 
  n (%)  n (%)  n (%) n (%) 
Women, n (%) 23 (53.5)  29 (60.4)  16 (61.5) 14 (58.3) 



 
 
TABLE 8 Isokinetic knee extensor and flexor muscle power, torque, thigh muscle CSA and attenuation in participants with end-stage 

osteoarthritis of the knee joint (Study I; n=43), and participants 4-18 months after knee replacement surgery (Study II; n=48). 
Differences between the OA side and the contralateral side, and between the operated side and the non-operated side were tested with 
paired samples t-test. 

  Knee OA (Study I)   Knee Replacement (Study II) 
OA side Contralateral side Operated side Non-operated side 

Variable Mean ± SD Mean ± SD p   Mean ± SD Mean ± SD p 
Knee extensors 

Power 180 deg.s-1, W 139.8 ± 62.6 190.0 ± 83.0 <0.001 117.3 ± 47.1 153.6 ± 55.0 <0.001 
Torque 180 deg.s-1, Nm 51.4 ± 19.7 67.5 ± 24.8 <0.001 56.7 ± 21.0 74.8 ± 24.2 <0.001 
Torque 60 deg.s-1, Nm 74.6 ± 28.9 107.5 ± 35.6 <0.001 79.6 ± 27.9 111.7 ± 37.7 <0.001 

Knee flexors 
Power 180 deg.s-1, W 98.1 ± 47.0 126.7 ± 52.0 <0.001 105.0 ± 44.1 133.9 ± 50.9 <0.001 
Torque 180 deg.s-1, Nm 31.5 ± 16.1 41.0 ± 17.4 <0.001 39.2 ± 15.8 45.6 ± 16.3 <0.001 
Torque 60 deg.s-1, Nm 44.3 ± 22.0 56.6 ± 25.3 <0.001 53.8 ± 21.2 62.2 ± 22.4 <0.001 

Thigh muscle 
CSA, cm2 133.2 ± 26.3 139.9 ± 29.2 <0.001 101.4 ± 25.9 111.5 ± 27.3 <0.001 
Attenuation, HU 37.7 ± 9.7 39.7 ± 9.4 <0.001   35.6 ± 5.1 37.8 ± 4.3 <0.001 

Knee OA= Persons with knee osteoarthritis, Knee replacement= Persons with unilateral knee replacement, OA side= Side with knee with end-
stage osteoarthritis awaiting knee replacement, Contralateral side= Side with ‘better knee’, which is not awaiting knee replacement, Operated side= 
Side with knee replacement, Non-operated side= Side without knee replacement, CSA= Cross-sectional area.
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FIGURE 5 Means and standard error means of isokinetic muscle power at 180 deg.s-1 (a), 
thigh cross-sectional area (CSA) (b), isokinetic muscle torque at 180 deg.s-1 (c), 
and isokinetic muscle torque at 60 deg.s-1 (d) in knee extensors and flexors of 
the OA side/operated side and contralateral side/non-operated side in 
persons with knee osteoarthritis (OA) and in persons with knee replacement 
(KR). The mean asymmetrical muscle deficits and standard error means are 
noted at the base of the bars.  

Muscle CSA and attenuation 
In persons with knee OA (Study I) the thigh muscle CSA was significantly 
smaller and the attenuation coefficient was lower on the OA side compared to 
the contralateral side (p<0.001; Table 8; Figure 5). Lower attenuation coefficient 
in skeletal muscle describes higher fat infiltration with in the muscle 
compartment. Mean±SD asymmetrical deficit in thigh CSA was 5±5% and in the 
attenuation coefficient 5±9%.  

In persons with knee replacement (Study II), the thigh muscle CSA was 
significantly smaller on the operated side compared to the non-operated side 
(p<0.001; Table 8; Figure 5). Mean±SD asymmetrical muscle deficit was 9±8% 
for thigh CSA and 6±6% for the attenuation coefficient.  
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5.3 Mobility limitation 

In persons with knee OA (Study I) the mean maximal walking speed was 
1.5±0.4 m.s-1 and the mean habitual walking speed 1.1±0.2 m.s-1 In persons with 
knee replacement (Study II) the mean maximal walking speed was 1.9±0.5 m.s-1 

and the mean habitual walking speed was 1.3±0.2 m.s-1. 
In persons with knee OA (Study I) the mean stair ascension time was 

6.8±3.3 s. Eight participants (19%) were not able to perform alternate stepping 
and thus used bipedal ascent. In persons with knee replacement (Study II) the 
mean stair ascension time was 4.9±2.0 s. Four participants (8%) were not able to 
perform alternate stepping and used bipedal ascent. 

5.4 Factors explaining mobility limitation 

Regression analyses revealed that asymmetrical extensor power deficit was the 
most relevant asymmetrical muscle deficit variable associated with mobility 
limitation (Studies I-II). The final multivariate models (Table 9) show only the 
explanatory variables that had significant independent associations with 
mobility limitations.  

Maximal walking speed was not associated with asymmetrical muscle 
deficit. However, in persons with knee OA, knee flexor power of the 
contralateral side together with WOMAC knee pain explained 44% of the 
variation observed in the walking speed. Also, in persons with knee 
replacement, knee flexor power of the non-operated side explained 30% of the 
variability in their walking speed. Adjustment for potential confounding factors 
did not materially change the associations. 

In persons with knee OA, asymmetrical knee extensor power deficit, 
together with knee flexor power of the contralateral side, knee OA burden and 
WOMAC knee pain predicted 65% of the variation observed in stair ascension 
time. Additionally, in persons with knee replacement, asymmetrical knee 
extensor power deficit, together with knee flexor power of the non-operated 
side explained 37% of the variability in stair ascension time. Adjustment for 
potential confounding factors did not materially change the associations. 



 
 
TABLE 9 Multivariate linear regression models explaining variability in maximal walking speed and in stair ascension time in persons with knee 

OA (Study I; n=43) and in persons with knee replacement (Study II; n=48). The crude models include only the significant determinants; 
asymmetrical knee extensor power deficit, knee flexor power of the contralateral/non-operated side, knee OA burden and WOMAC 
knee pain. The adjusted models are adjusted with age and sex in persons with knee OA and with age, sex and postoperative time in 
persons with knee replacement. 

   Knee OA  Knee replacement 
Crude Adjusted Crude Adjusted 

   R2  p R2  p  R2  p R2  p 
a) Maximal walking speed 0.437 <0.001 0.445 <0.001 0.299 <0.001 0.325 0.001 

Flexor power of the contralateral/non-operated side, W 0.504 <0.001 0.488 0.003 0.547 <0.001 0.495 0.007 
WOMAC pain of the OA/operated knee, 0-100  -0.366 0.006   -0.355 0.010   -  -   - -  

b) Stair ascension time 0.645 <0.001 0.670 0.372 <0.001 0.378 <0.001 
Asymmetrical knee extensor power deficit % 0.319 0.003 0.313 0.004 0.404 0.002 0.379 0.006 
Flexor power of the contralateral/ non-operated side, W -0.548 <0.001 -0.577 <0.001 -0.481 <0.001 -0.423 0.021 
Knee OA burden*, n 0.287 0.008 0.254 0.020 - - - - 
WOMAC pain of the OA/operated knee, 0-100  0.275 0.011   0.276 0.012    -  -   -  - 

Knee OA= Persons with knee osteoarthritis, Knee replacement= Persons with unilateral knee replacement, Contralateral side= In persons with 
knee osteoarthritis the side with ‘better knee’, which was not awaiting knee replacement, Non-operated side= In persons with knee replacement the 
side without knee replacement, * Number of knees affected by knee OA. 
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5.5 Effects of aquatic resistance training and maintenance of 

training-induced benefits 

Fifty participants with knee replacement participated in the RCT (Study III). In 
the training group the participants did not report any pain during the training 
program. However, one participant visited the study physician due to elevated 
blood pressure without taking further actions or a pause in the training regimen. 
Training compliance in the aquatic training sessions for those who completed 
the training was excellent, averaging 98% (590 sessions attended/ 600 offered). 
The mean RPE value for training was 16 (range 14-17). The drop-out rates were 
4% and 13% in the training and control groups, respectively. In the training 
group one participant (due to knee replacement surgery of the contralateral 
knee) and in the control group three participants (one for personal reasons and 
two for a knee replacement surgery of the contralateral knee) were lost to 3-
month assessment (See Figure 4). 

Forty-two participants (84%) were measured in the follow-up assessment 
12 months after cessation of training. All the participants from the training 
group participated in follow-up assessments, whereas four subjects in the 
control group withdrew from the study during the follow-up (See Figure 4). 
During the 12-month follow-up, two participants in the training group and one 
in the control group had their non-operated knee replaced. In addition, one 
participant in each group had revision knee replacement during the follow-up. 
At the follow-up measurements, two participants in the training group (asthma, 
sprain in the ankle) and one in the control group (sprain in the knee) had acute 
health problems, and consequently they attended only to the CT measurements 
and completed the questionnaires. During the 12-month follow-up, the habitual 
physical activity of the participants was at the same level in both groups. Three 
participants in the training and one in the control group had increased their 
habitual physical activity, and two participants in the training and three in the 
control group had decreased their habitual physical activity. None of the 
participants continued aquatic resistance training after the intervention. 

5.5.1 Muscle function impairments and asymmetrical muscle deficit 

At baseline, there were no differences between the aquatic training group and 
the control group in knee extensor and flexor power, torque, asymmetrical 
muscle deficit or thigh CSA (Table 10).  
 
Training effects  
Figure 6 shows a forest plot of the training effects (Study III). For absolute 
values see original paper III. The training group improved knee extensor power 
on the operated side by 32% and on the non-operated side by 10% compared 
with controls (ANCOVA p<0.001 and p=0.008, respectively). Training 
decreased asymmetrical knee extensor power deficit by 4% compared with the 
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control group (p=0.015). Training increased knee flexor power on the operated 
and non-operated side by 48% and 8% compared with controls (p=0.003 and 
p=0.002, respectively). Training also decreased asymmetrical knee flexor power 
deficit by 5% compared with the control group (p=0.011).  

The training group improved knee extensor torque on the operated side 
by 10% and on the non-operated side by 7% compared with controls (p=0.015 
and p=0.019, respectively). Training had no effect on asymmetrical knee 
extensor torque deficit (p=0.318). Training increased knee flexor torque on the 
operated side by 21% compared with controls (p=0.013), but had no effect on 
the non-operated side (p=0.517). Training decreased asymmetrical knee flexor 
torque deficit by 3% compared with the control group (p=0.017).  

Additionally, training increased thigh muscle CSA on the operated and 
non-operated side by 3% and 2% compared with controls (p=0.018 and p=0.019, 
respectively). 

TABLE 10 Baseline values of main outcomes in the training and control groups (Study III). 

  Intervention  Control   
Variable n Mean 95% CI  n Mean 95% CI p 
KEP operated, W 25 114.9 (93.1 to 136.6)  24 125.1 (106.0 to 144.2) 0.440
KEP non-operated, W 26 154.8 (132.2 to 177.4)  24 157.6 (132.7 to 182.5) 0.974
KEP asymmetrical deficit, % 25 41.4 (38.0 to 44.9)  24 44.5 (42.7 to 46.4) 0.112
KFP operated, W 25 102.6 (81.8 to 123.3)  24 110.8 (93.6 to 128.1) 0.430
KFP non-operated, W 26 132.1 (112.9 to 151.4)  24 139.3 (115.7 to 162.9) 0.734
KFP asymmetrical deficit, % 25 42.4 (38.2 to 46.6)  24 45.0 (42.1 to 47.9) 0.297
KET operated, Nm 26 78.6 (65.2 to 92.1)  23 82.3 (72.3 to 92.3) 0.659
KET non-operated, Nm 25 110.2 (93.2 to 127.2)  23 115.1 (99.7 to 130.5) 0.662
KET asymmetrical deficit, % 25 41.5 (38.8 to 44.2)  23 42.0 (39.7 to 44.2) 0.794
KFT operated, Nm 26 54.6 (44.4 to 64.8)  23 52.7 (46.0 to 59.4) 0.764
KFT non-operated, Nm 25 63.6 (53.0 to 74.3)  23 61.8 (53.6 to 70.0) 0.779
KFT asymmetrical deficit, % 25 45.2 (42.4 to 48.0)  23 46.1 (44.1 to 48.2) 0.600
Thigh CSA operated, cm2 24 105.2 (92.5 to 117.8)  19 101.5 (91.4 to 111.7) 0.657
Thigh CSA non-operated, cm2 24 114.5 (102.2 to 126.8)  19 111.1 (98.9 to 123.4) 0.693
Habitual walking speed, m.s-1 26 1.3 (1.2 to 1.4)  24 1.3 (1.2 to 1.4) 0.684
Maximal walking speed, m.s-1 26 2.0 (1.8 to 2.2)  24 1.8 (1.6 to 2.0) 0.214
Stair ascension, s 26 4.9 (4.0 to 5.7)  24 4.8 (4.0 to 5.7) 0.884
WOMAC pain 26 16.3 (12.0 to 20.6)  24 16.9 (10.6 to 23.2) 0.866
WOMAC stiffness 26 31.8 (22.1 to 41.5)  24 24.7 (16.8 to 32.6) 0.254
WOMAC function 26 21.9 (17.0 to 26.8)  24 17.1 (12.2 to 22.0) 0.109

KEP= Knee extensor power at 180 deg.s-1, KFP= Knee flexor power at 180 deg.s-1, KET= 
Knee extensor torque at 60 deg.s-1, KFT= Knee flexor torque at 60 deg.s-1, CSA = Cross-
sectional area, Asymmetrical muscle deficit= , WOMAC= 

Western Ontario and McMaster University Osteoarthritis Index, WOMAC function= 
physical functional difficulty. 

Operated
Operated +Nonoperated( )

∗100%
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FIGURE 6 Training effects and 95% confidence intervals (CI) for knee extensor power at 
180 deg.s-1 (KEP), knee flexor power at 180 deg.s-1 (KFP), knee extensor torque 
at 60 deg.s-1 (KET), knee flexor torque at 60 deg.s-1 (KFT), asymmetrical muscle 
deficit (asym deficit) and thigh muscle cross-sectional area (CSA) of operated 
and non-operated side, maximal (max) and habitual (hab) walking speed and 
stair ascension time between the training (n=25) and control groups (n=21). In 
asymmetrical muscle deficit a positive value means larger decrease in the 
training group (Study III). 

Follow-up  
At the follow-up (Study IV), a 32% (95%CI 10% to 53%) training effect in knee 
extensor power and 50% (9% to 90%) in knee flexor power of the operated side 
were still seen in the training group compared with the control group 
(ANCOVA p=0.008 and p=0.005, respectively; Figure 7). For absolute values see 
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original paper IV. In knee extensor power of the non-operated side the training 
effect was 12% (0% to 25%) compared with controls (p=0.044). However, the 
training effect in knee flexor power of the non-operated side (p=0.058), in knee 
extensor and flexor asymmetrical power deficit (p=0.746 and p=0.750, 
respectively) was not maintained at follow-up.  

Also in knee extensor and flexor torque of the operated side (p=0.640 and 
p=0.227, respectively), non-operated side (p=0.615 and p=0.350, respectively), in 
asymmetrical knee extensor and flexor torque deficit (p=0.166 and p=0.361, 
respectively) and in thigh muscle CSA of the operated and non-operated sides 
(p=0.486 and p=0.575, respectively), the training effect had disappeared at 
follow-up. 

5.5.2 Mobility limitation 

At baseline, there were no differences between the aquatic training group and 
the control group in maximal and habitual walking speeds or stair ascension 
time (Table 10). At baseline in the stair ascension test, three participants in the 
training group and one in the control group were unable to perform alternate 
stepping, and thus, used bipedal ascent. 

After training, habitual walking speed increased 9% in the training group 
compared with the control group (ANCOVA p=0.005; Figure 6). However, 
maximal walking speed was not affected by training (p=0.532). Stair ascension 
time decreased 15% among the trainees compared to controls (p=0.006). At the 
follow-up, training-induced benefits in habitual walking speed and stair 
ascension had disappeared (p=0.414 and p=0.229, respectively). 

5.5.3 Pain, stiffness and physical functional difficulty 

At baseline, there were no differences between the aquatic training and control 
groups in the WOMAC physical functional difficulty, pain or stiffness scores 
(Table 10). The scores for physical functional difficulty (ANCOVA p=0.212), 
pain (p=0.352) and stiffness (p=0.097) in the operated knee were not affected by 
training. At the follow-up, no between-group differences were seen in physical 
functional difficulty (p=0.896), pain (p=0.152) or stiffness (p=0.485) scores. 
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a) 

 
b) 

 
 

FIGURE 7 Percentage changes of isokinetic knee extensor power at 180 deg.s-1 (a) and 
knee flexor power at 180 deg.s-1 (b) of the operated side for training (AT; n=21) 
and control groups (CON; n=16) after 3 months of training (Study III) and at 12 
months follow-up (15 months; Study IV).  
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6 DISCUSSION 

The aim of this study was to investigate asymmetrical muscle deficit as an 
explanatory factor for mobility limitation in 50 to 75 year old persons with end-
stage knee OA and with knee replacement. In addition, the effects of 
progressive aquatic resistance training on lower limb muscle function 
impairments, asymmetrical muscle deficit and mobility limitation, and the 
maintenance of training-induced benefits were studied. 

Considerable asymmetrical muscle power, torque and muscle CSA deficits 
existed in the lower limbs of the participants with knee OA and with unilateral 
knee replacement. Both in participants with knee OA and with knee 
replacement, the asymmetrical knee extensor power deficit was associated with 
stair ascension, but not with walking speed. The present study showed that the 
aquatic resistance training was a feasible and effective mode of rehabilitation in 
participants with knee replacement. Three months of progressive aquatic 
resistance training decreased mobility limitation and asymmetrical muscle 
deficit in 55 to 75 year-old women and men after unilateral knee replacement. 
In addition, knee extensor and flexor power and torque, and thigh muscle CSA 
increased with training. Training-induced benefits in the knee extensor and 
flexor power remained one year after cessation of training. However, the 
training effects in mobility, muscle torque, asymmetrical muscle deficit and 
muscle CSA had disappeared at follow-up.  

6.1 Asymmetrical muscle deficit and associations with mobility 
limitation 

Asymmetrical muscle deficit in knee OA and knee replacement 
In the present study, considerable muscle deficit in knee extensor and flexor 
power and torque existed both in participants with knee OA and with knee 
replacement, as most of the participants had less muscle power and torque on 
the affected side than on the non-affected side. In unilateral knee OA the 
asymmetrical muscle deficit is mainly generated by pain-related disuse of the 
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lower limb (Suetta et al. 2007). Asymmetrical knee extensor power deficit in 
participants with knee OA (24%) was at a lower level than in two earlier studies 
in older persons with knee OA. However, the results are not fully comparable 
as the difference between the legs in those studies was calculated from the 
group mean values  (Lamb & Frost 2003, Barker et al. 2012). Knee replacement 
surgery causes long wounds, considerable surgical trauma and long recovery 
times, and thus muscle impairments on the affected side may prevail. In this 
study, after common rehabilitation practice, the asymmetrical knee extensor 
power of the participants (23%) was still persistent. Present asymmetrical knee 
extensor power deficits were considerably larger than in previous studies in 
healthy older persons (12%) and at the same level as in mobility limited older 
persons (Carabello et al. 2010). On the other hand, 6 to 12 months after knee 
replacement, a 19% difference between the legs in knee extensor power  (Lamb 
& Frost 2003) and even equivalent muscle power between the legs (Barker et al. 
2012) have been reported. However, sufficient muscle power is extremely 
important as it is needed when performing demanding functional tasks, such as 
stair ascension (Bassey 1997), and also when recovering from a stumble (Thelen 
et al. 1996, Robinovitch et al. 2000, Thelen et al. 2000). Additionally, 
considerable asymmetrical knee extensor torque deficit was present in persons 
with knee OA and also after knee replacement, which confirms the previously 
reported deficit in muscle torque after unilateral disuse (Lorentzen et al. 1999, 
Gapeyeva et al. 2007). It can also be prolonged; the lower limb with the knee 
replacement has been shown to be significantly weaker than that of the healthy 
control subjects for as long as one year, and for even up to 13 years after the 
surgery (Huang et al. 1996, Walsh et al. 1998, Berth et al. 2002, Silva et al. 2003). 
Therefore, rehabilitation focusing on the muscle power and torque of the 
affected lower limb should be highlighted. 

We also found remarkable asymmetrical muscle deficits in knee flexor 
power and torque of the participants with end-stage knee OA and also after 
knee replacement. It seems that the quite high asymmetrical power deficit in 
knee flexors noted presently has not been described in earlier studies. Whereas 
in knee flexor torque deficit, our results are in line with earlier studies in 
persons with knee OA and knee replacement (Lorentzen et al. 1999, Rossi et al. 
2006). However, these substantial deficits would be important to take into 
consideration in rehabilitation because knee flexors provide stability for the 
knee joint during the movement, especially when the knee joint is unstable and 
painful  (Schipplein & Andriacchi 1991), as in knee OA. Also, knee flexors are 
important for hip extension and forwards motion. Hence, the asymmetrical 
muscle deficit in knee flexors needs to be clarified in future studies, as they may 
also be important in preventing mobility limitation.  

In addition to neural factors, muscle atrophy is an important mechanism 
underlying muscle weakness (Frontera et al. 2000). Previous studies have 
reported from 12 to 15% differences between the legs for quadriceps CSA in 
persons with severe knee OA (Petterson et al. 2008, Petterson et al. 2011). In our 
study the asymmetrical deficit in thigh CSA in participants with knee OA was 
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somewhat smaller (5%). However, in the present study, the total thigh 
asymmetrical CSA deficit values were used and therefore the comparison to the 
previous studies is difficult. On average 10 months after knee replacement, we 
found 9% asymmetrical deficit in thigh muscle CSA. Earlier it has been shown 
that quadriceps CSA between the legs returns to the post-training level three 
months after knee replacement and it continues to decrease for at least one year 
after the surgery (Petterson et al. 2011). Overall, the present thigh CSA deficits 
in participants with knee OA and knee replacement may create a challenge for 
rehabilitation because increasing muscle CSA requires progressive strength 
training, which in part demands a long duration. 
 
Associations with mobility limitation 
As far as we know, this is the first study investigating the associations between 
asymmetrical muscle deficit and mobility in persons with end-stage knee OA or 
with knee replacement. The results of the present study suggested that maximal 
walking speed was not explained by asymmetrical muscle deficit. Whereas, 
both in participants with knee OA and knee replacement, the asymmetrical 
knee extensor power deficit turned out to be the most relevant asymmetrical 
muscle deficit variable associated with stair ascension. The results are in 
accordance with the previous study by Portegijs et al. (2008) who found that in 
women recovering from major surgery after hip fracture, a large power deficit 
was associated with limitations in stair climbing but not with walking speed. It 
would appear that because walking is a common functional task, the unaffected 
leg might be able to compensate for the problems of the affected leg. However, 
more demanding functional tasks, such as stair ascension, require more power 
and force production in the knee extensor muscles of both legs  (Mizner & 
Snyder-Mackler 2005, Mizner et al. 2005a). On the contrary to our study 
conducted in clinical populations, an association between asymmetrical power 
deficit and walking speed in healthy older persons has also been reported 
(Portegijs et al. 2005). However, the association between asymmetrical muscle 
deficit and mobility limitation merits further investigation. 

In accordance with earlier studies  (Gur & Cakin 2003, Barker et al. 2004, 
Liikavainio et al. 2008, Kauppila et al. 2009), knee pain was severe in persons 
with end-stage knee OA. It is clinically known that severe knee pain is the most 
important disability-causing problem in persons with end-stage knee OA. As 
can be expected, a more intense knee pain was associated with more severe 
mobility limitation, explaining the variability in both maximal walking speed 
and stair ascension time, which have also been shown in earlier studies of knee 
OA  (Gur & Cakin 2003, Barker et al. 2004, Liikavainio et al. 2008, Kauppila et al. 
2009, McDaniel et al. 2011). In addition, an increased knee OA burden, which 
means that both knees were affected by knee OA, independently explained 
variability in stair ascension time in participants with knee OA. After successful 
knee replacement, the self-reported knee pain is usually lower and does not 
play an important role in mobility (Moffet et al. 2004, Escobar et al. 2007a, 



62 
 
Escobar et al. 2007b, Bourne et al. 2010), which was also found in this study in 
participants with knee replacement.  

Overall, it was quite expected that severe knee OA causes harmful effects 
on the affected side. However, it is quite surprising that equal asymmetrical 
muscle deficit can be found even months after knee replacement. However, the 
critical amount of asymmetrical muscle deficit is still not clear, and therefore 
patients should be directed towards intensive rehabilitation in clinical practice.  

6.2 Effects of aquatic resistance training  

Progressive resistance training is an effective method for increasing muscle 
strength and in decreasing mobility limitation in older persons (Latham et al. 
2004). In this study the resistance training was conducted in a safe and 
comfortable but also effective training medium, water. The amount of 
resistance and thus the intensity of aquatic training are challenging to define in 
water. The intensity of training in previous studies conducted in water after 
knee replacement was either not defined (Liebs et al. 2012), described ‘as 
tolerated’ (Harmer et al. 2009) or the training was paced by a metronome 
(Rahmann et al. 2009). As well, additional resistance was not used during 
training. Our present training program is based on our previous study, in 
which we calculated movement velocities and drags during a similar training 
program conducted in healthy women (Pöyhönen et al. 2002). The progression 
of training was achieved by different sizes of resistance boots, which seemed to 
also add to the rating of perceived exertion (RPE) compared with the barefoot 
training. Based on RPE, the intensity during our resistance training was at a 
high level because the mean RPE value during training was 16, which is 
verbally located between ‘hard’ and ‘very hard’ on the RPE scale. Despite the 
high RPE levels during training, the progressive aquatic resistance training was 
a feasible mode of rehabilitation for participants with knee replacement as they 
were able to perform the training with high training compliance (98%) and a 
small drop-out rate (4%). 

After aquatic resistance training, we found large training effects in the 
knee extensor power and in knee flexor power on the operated and the non-
operated sides. As far as we know, there are no earlier RCTs investigating the 
effects of aquatic resistance training on muscle power in persons with knee 
replacement or with knee OA. Whereas, in persons with knee OA in very recent 
aquatic power training, which was conducted without additional resistance and 
did not include control group, positive results were found in stair ascension 
power  (Segal & Wallace 2012). Also, in very recent fast-speed land-based 
training in persons with knee OA, some positive preliminary results in knee 
extensor muscle power have been found (Sayers et al. 2012). In the present 
study we found that the training effect in knee extensor and flexor power on the 
non-operated side was comparable to the training effects on fast torque 
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production of earlier aquatic training interventions conducted with healthy 
adults and older persons (Pöyhönen et al. 2002, Takeshima et al. 2002). The 
asymmetrical deficits in knee extensor and flexor power also showed training 
effects in the present study. This was expected because the operated leg was 
weaker at the baseline and received 30% more training than the non-operated 
one. Parallel results have been reported earlier in persons with unilateral hip 
fracture, which showed positive training effects in asymmetrical leg extension 
power deficit after land-based strength training (Portegijs et al. 2008). In general, 
the training effect in muscle power was quite expected as our aquatic training 
was based on a fast movement velocity. In our earlier study, the peak angular 
velocities during resistance exercises in healthy women was 193 deg.s-1 during 
knee extension and 168 deg.s-1 in knee flexion (in men 210 and 174 deg.s-1, 
respectively) even with the largest resistance boot and doubled in the barefoot 
conditions (Pöyhönen et al. 2001a). Therefore, water is an excellent training 
medium to train muscle power, as it offers a possibility to perform each 
repetition with maximal effort and achieve the highest possible movement 
velocity and thus resistance.  

The present training program increased the knee extensor and flexor 
torque of the weaker operated side, and also the knee extensor torque of the 
non-operated side. Further, the asymmetrical torque deficit was affected by 
training of knee flexors but not of knee extensors. Peak torque at the angular 
velocity of 60 deg.s-1 represent maximal torque production and the training 
program was in part designed to increase muscle torque, as the participants 
trained for four weeks with the large resistance boots. Previously, in healthy 
women the drag produced by knee exercises with large resistance boots has 
been on average 145 N in extension and 137 N in flexion (Pöyhönen et al. 2001a), 
which increased muscle torque even in healthy women (Pöyhönen et al. 2002). 
The respective values for men were 209 N and 176 N (Pöyhönen et al. 2001a). 
As far as we know, there is only one earlier study, which has investigated the 
effects of aquatic training on maximal muscle strength after knee replacement. 
After training they found increases in isometric hip abduction and knee 
extension muscle strength compared with the ward physiotherapy (Rahmann et 
al. 2009). In dry-land conditions the strength-training effects have not been 
studied after knee replacement in RCTs. It is also noticeable that the effects of 
resistance training on knee flexor muscle power or torque deficits have not been 
studied earlier in persons with knee OA or knee replacement, although knee 
flexors are known to provide stability for the knee joint during movements, 
especially when the knee joint is unstable and painful  (Schipplein & Andriacchi 
1991).  

Muscle hypertrophy is one of the mechanisms underlying increasing 
muscle strength during training. However, the increase in muscle mass induced 
by resistance training is usually much less than the increase in muscle strength 
(Sipilä et al. 1996, Sipilä et al. 1997, Petrella et al. 2007). Accordingly, in this 
study, the training effect in muscle power and torque was larger than in muscle 
CSA, which indicates that also the neural factors improved by training. 
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However, the water produced enough resistance to increase the thigh muscle 
CSA of both legs compared to controls. A similar training program has earlier 
showed training effects in muscle CSA even in healthy women (Pöyhönen et al. 
2002). As far as we know, there is a lack of earlier studies on aquatic training 
effects on muscle CSA in persons with lower limb problems. However, focusing 
the training on increasing muscle CSA is important as the muscle mass also has 
advantages other than increased force production. Muscle tissue acts as a 
metabolic store, as a vital source of heat, and protects the skeleton against falls 
(Parry-Billings et al. 1992). 

Our aquatic resistance training had favorable effects on habitual walking 
speed and stair ascension time. However, maximal walking speed was not 
affected by training, which may be due to the relatively fast walking speed (1.9 
m.s-1) of the participants at baseline. In studies with healthy older women 
(Tsourlou et al. 2006) and in persons with OA (Foley et al. 2003, Hinman et al. 
2007), aquatic training with or without additional resistance has also shown 
favorable mobility effects. However, only two earlier studies have reported the 
effects of two to six weeks of aquatic exercise intervention compared with land-
based rehabilitation (Harmer et al. 2009) or with ward physiotherapy (Rahmann 
et al. 2009) on mobility among people recovering from knee replacement 
surgery. In the recovery phase (<8 weeks postsurgery), mobility increased 
equally in the study groups with no between-group differences (Harmer et al. 
2009, Rahmann et al. 2009). In addition to the positive changes in power, torque 
and CSA of the knee extensor and flexor muscles, our encouraging results in 
terms of mobility may be the result of the properties of water, which enable 
open kinetic chain exercises with natural rotations of the joints. Additionally, 
our training program included functional exercises such as walking, step-squat 
and exercises for the hip moving muscles, which in part may have increased 
mobility. Balance was not included in this study, however, water might offer a 
suitable medium for balance training as it helps to support the body in the 
upright position during the different balance challenging exercises (Elbar et al. 
2013, Hale et al. 2012). 

A few studies have been conducted on the effects of training on perceived 
mobility difficulty after knee replacement. Moffet et al. (2004) reported that an 
8-week intensive functional land-based rehabilitation program after knee 
replacement decreased perceived physical functional difficulty (Moffet et al. 
2004). No group differences in the physical functional difficulty were found 
after a 6-week water-based and land-based rehabilitation program commencing 
two weeks after knee replacement (Harmer et al. 2009). In this study, we found 
no effect on the self-reported physical functional difficulty compared with 
controls. This might be a result of the relatively long postoperative time and 
good health of the study population, who did not appear to have problems with 
simple daily tasks, such as lying in bed and sitting, even at baseline. In addition, 
training also had no effect on pain, which was quite expected because of the 
relatively small pain scores at baseline and this was also found after knee 
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replacement in other studies (Moffet et al. 2004, Escobar et al. 2007a, Escobar et 
al. 2007b, Bourne et al. 2010). 

As a summary, these observations suggest that aquatic resistance training 
induces versatile training effects in muscle function impairments and mobility 
limitation on average 10 months after knee replacement.  

6.3 Maintenance of training-induced benefits 

Aquatic resistance training decreased mobility limitation and muscle function 
impairments. However, it is even more important to know whether the 
training-induced benefits can be maintained after cessation of training. Notice 
must be taken for realizing that during a 12-month follow-up period, many 
confounding factors can affect on the results, which was also seen in our study. 
Three participants had their non-operated knee diagnosed with end-stage OA 
and replaced during the follow-up period, which is quite common after knee 
replacement surgery  (Ritter et al. 1994, McMahon & Block 2003). Also at our 
follow-up, three participants had acute health problems and were not able to 
participate in the physical performance measurements. None of the participants 
continued aquatic resistance training after intervention. Additionally, the 
physical activity of the participants was maintained at the same level during 
follow-up. 

In the present study the training effects in knee extensor and flexor power 
of the operated side, and in knee extensor power of the non-operated side were 
maintained at the post-training level for 12 months after cessation of training. 
The pain-free aquatic training environment might have encouraged patients to 
move with high movement velocity in everyday life and thus maintain their 
training-induced benefits in muscle power. However, the training effect in 
asymmetrical muscle power deficit had disappeared at follow-up. Previously, 
long-term effects of training on muscle strength in persons with knee 
replacement have been examined in some studies only. In the present study the 
training-induced benefits in muscle torque and asymmetrical torque deficit had 
disappeared at follow-up. As support for our results, six months after cessation 
of training the aquatic training effect on muscle strength had disappeared 
compared to the ward physiotherapy group (Rahmann et al. 2009). On the 
contrary, Petterson et al. (2009) found that their progressive land-based muscle 
strength training cohort with knee replacements was stronger than their non-
training cohort 12 months after cessation of training. In this study, thigh muscle 
CSA in the training group was maintained at the post-training level, but the 
between-group difference disappeared. To our knowledge, no earlier studies in 
persons with knee replacement have reported on the maintenance of muscle 
CSA after resistance training. In healthy older adults, after land-based training, 
muscle CSA has been maintained (Ivey et al. 2000) or decreased (Taaffe et al. 
2009) during a 6-month detraining period. However, it seems that the habitual 
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physical activity of the participants, which did not include strength training, 
was not enough to maintain the present changes in maximal muscle torque and 
muscle CSA. 

The training effect on mobility disappeared during the 12-month follow-
up. A study in persons with fibromyalgia found parallel results after aquatic 
training, in which the positive changes in mobility were not maintained after 
the detraining period (Tomas-Carus et al. 2007). On the contrary, previous 
studies in persons with knee replacement have found further improvements in 
mobility from 3 to 12 months after cessation of training (Harmer et al. 2009, 
Petterson et al. 2009). However, the interventions were conducted in the 
recovery phase after surgery (Harmer et al. 2009) and a non-training control 
group was not included in these studies (Harmer et al. 2009, Petterson et al. 
2009) and the training was conducted on dry land (Petterson et al. 2009). Our 
results may indicate that the mobility demands of daily living or the 
participants’ habitual physical activity were not enough to maintain the 
training-induced changes in mobility.  

6.4 Methodological considerations 

The data of this study are based on two research projects conducted with 
participants that had unilateral end-stage knee OA and in participants with 
unilateral knee replacement. Both samples were population-based and 
therefore all of the patients awaiting knee replacement and the patients who 
had undergone knee replacement were invited to the study. To assure safe 
participation to the measurements and resistance training, the inclusion and 
exclusion criteria were quite tight, which somewhat weakens the generalization 
of the results. In cross-sectional analyses the results and 95% confidence 
intervals were clear and therefore the sample size is considered sufficient to 
study asymmetrical muscle deficit as an explanatory factor for mobility 
limitation. However, in the RCT the statistical power calculations assured that 
the sample size of the study was sufficient. Also, our participation percentage of 
25% of the number needed to screen is greater than in the earlier studies 
investigating clinical populations in RCT studies, especially if frequent 
travelling is required (Chang et al. 2004, Frobell et al. 2007). 

The calculations of asymmetrical muscle deficit were based on previous 
studies conducted on healthy older persons (Portegijs et al. 2005) and persons 
with hip fracture (Portegijs et al. 2008). We used the side-to-side difference 
divided by the value of the contralateral/non-operated side (Formulas 1 and 2) 
in cross-sectional analyses, because this approach is closer to that of earlier 
studies, which have calculated the difference from the group mean values. Then 
the comparison of the results is somewhat possible. In the RCT the 
asymmetrical muscle deficit was calculated as the value of the operated leg 
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divided by the sum of both legs (Formula 3), which made the longitudinal 
comparisons of the results possible. 

This study has the comprehensive measurements of asymmetrical deficits 
in knee extensor and flexor muscle power and torque, thigh muscle CSA, and 
mobility. The RCT study design allowed the effects of aquatic resistance 
training and the maintenance of training-induced benefits to be studied. 
Randomization was successful as the baseline characteristics of the training and 
control groups were comparable. Compared to the earlier aquatic training 
interventions targeted to patients with knee replacement, our intervention and 
follow-up were considerably longer. The participation rate for the intervention 
was high because the drop-out rate during the 3-month training period was 
only 8% and 16% during the entire 15-month follow-up. This strengthens the 
conclusions derived from the study. 

The aquatic resistance training program was based on our earlier studies 
in healthy women (Pöyhönen et al. 2001a, Pöyhönen et al. 2002), which have 
used a similar training program and have also calculated the movement 
velocities and resistances produced during the exercises. We verbally 
encouraged the participants to exercise with maximal effort in each exercise. 
However, we do not know whether the subjects exercised to fatigue, even 
though they reported high RPE values during training. Progressive resistance 
training was well tolerated as the training group performed the training 
protocol with a high compliance and did not report any pain during training. 
 
Study limitations 
In the study population of the KNEE-OA study consisted of participants with 
mobility limitation induced by unilateral knee pain. The KNEE-
REPLACEMENT study population consisted of relatively healthy and mobile 
participants with successful unilateral knee replacement. It is impossible to 
know whether during the recruitment processes people with larger mobility 
problems refused to participate, which might have reduced the variance in 
asymmetrical muscle deficits and in mobility problems. However, based on the 
inclusion criteria the results of this study can be generalized to relatively 
healthy older participants with painful unilateral end-stage knee OA and with 
successful unilateral knee replacement.  

Participants of the RCT were not blinded to the study group, which is 
obvious in exercise studies. In addition, the assessors were not completely 
blinded to the study group in Studies II-IV, due to the infrastructure of the 
hospital. Unfortunately, we did not know the preoperative impairment or level 
of mobility limitation of the participants with knee replacement or the 
rehabilitation before the baseline measurements. However, the randomization, 
reduced this potential bias at least in part. In the RCT, it is possible that 
attending to the measurements motivated part of the control group to be 
physically more active, which may have caused some underestimation of the 
training effects. Unfortunately, we had only one follow-up measurement, which 
was conducted 12 months after cessation of training. In future studies, follow-
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up measurements after three and six months would offer interesting data about 
the maintenance of training effects upon mobility, muscle torque and muscle 
CSA. 

The intensity of training was challenging to define. Even though the 
training program was based on previous study and the participants were 
encouraged to exercise with maximal effort, we do not know whether they did 
so. In addition, the training program was not started right after the surgery, 
which is the usual course in rehabilitation practice. Maximal torque and power 
was measured with an isokinetic dynamometer, and the participants did not 
report pain during the measurements. However, persons with OA may have 
pain or the fear of pain, which may alter the measured maximal physical 
performance. Thus, it is impossible to know whether the maximal torque and 
power results were underestimated in persons with knee OA.  

The present study has well-defined datasets, including a randomized 
controlled trial and long follow-up study. In addition, this study has the 
comprehensive measurements of asymmetrical muscle deficit in lower limbs, 
and mobility. Therefore, this study adds new information to the earlier 
literature on asymmetrical muscle deficit associated with mobility limitation, 
and rehabilitation of people, who have had their knee replaced, with aquatic 
resistance training. 

6.5 Implications and future directions 

The present study suggests that asymmetrical muscle deficits in persons with 
knee OA and knee replacement are substantial, and these influence mobility 
limitation. Therefore, it is clear that rehabilitation before and after knee 
replacement is needed to prevent mobility limitation. Many previous studies 
have found positive effects of aquatic training in persons with knee OA in 
decreasing mobility limitation and increasing muscle strength compared with 
controls (Foley et al. 2003, Wang et al. 2011). Additionally, aquatic training is 
reported to be less painful than training on dry-land (Wyatt et al. 2001, Bartels 
et al. 2007, Lund et al. 2008, Silva et al. 2008, Gill et al. 2009, Wang et al. 2011), 
because the viscous resistance stops the movement immediately after cessation 
of force. Therefore, aquatic training might be optimal for resistance training in 
people with lower limb pain. However, previous studies have found more 
positive effects after land-based training than after aquatic training (Foley et al. 
2003, Lund et al. 2008), but most of the studies have not used additional 
resistance during aquatic training. Therefore, it is not clear whether the high-
intensity resistance training in water with additional resistance would be 
optimal in increasing muscle strength and mobility or could even be tolerated 
in severe lower limb OA. Also, it has been proposed that water immersion 
stimulates the vagus nerve (Perini et al. 1998), and thus may decrease the 
production of cytokines (Tracey 2007). Therefore, in addition to the increases in 



69 
 
muscle power and torque, the training in water might also cause decreases in 
the inflammatory reaction and pain in knee OA. However, this hypothesis 
merits further investigation.  

Also, targeting the training to the early phase of knee OA could prevent 
the progression of OA by maintaining muscle power and torque, and thus 
decrease the disease-induced pain through increased stability of the knee joint. 
Hence, the knee replacement surgery could even be postponed with intensive 
training. In addition, the preoperative aquatic resistance training in improving 
recovery after surgery merits further investigation. Regardless of the timing of 
training, water seems to be an effective but still comfortable training medium in 
which muscle power and mobility can be increased for people with painful joint 
problems.  

Rehabilitation is needed after knee replacement surgery as well. The 
observations of the present study suggest that aquatic resistance training 
induces versatile training effects in muscle function impairments and mobility 
limitation on average 10 months after knee replacement. However, as suggested 
by previous studies (Harmer et al. 2009, Rahmann et al. 2009, Liebs et al. 2012) it 
would be optimal that the rehabilitation after knee replacement would be 
commenced earlier. Future studies are needed to find out whether progressive 
aquatic resistance training can be tolerated in the acute phase after knee 
replacement. In general, aquatic resistance training requires special 
infrastructure and equipment, and thus is not available for everybody. 
Therefore, it should be used as intensive training periods to rehabilitate persons 
with lower limb problems. However, further research needs to be done to find 
out the pre-eminent timing of aquatic resistance training after knee replacement 
in order to gain the best possible recovery of mobility. In addition, as the 
training-induced benefits in muscle torque, CSA and mobility had disappeared 
at the 12-month follow-up point, they should in future studies be followed at 
three and six months to find out the optimal interval for periodical training. 
Also, the cost-effectiveness of aquatic resistance training after knee replacement 
should be investigated. 



 
 

7 MAIN FINDINGS AND CONCLUSIONS 

The main findings of the present study are as follows: 
 
1. Substantial asymmetrical deficits in knee extensor and flexor muscle 

power, torque and CSA were found in persons with end-stage knee 
OA and in persons with knee replacement. 

2. In persons with knee OA and in persons with knee replacement the 
asymmetrical knee extensor power deficit was associated with stair 
ascension time, but not with walking speed. 

3. A progressive 3-month aquatic resistance training program designed 
to increase muscle power and torque, and thus mobility, was feasible 
and effective for persons with knee replacement. Muscle power, torque 
and CSA increased by training, especially on the operated side. In 
addition, the training decreased asymmetrical muscle deficit and 
mobility limitation. 

4. The aquatic training-induced benefits in the knee extensor and flexor 
power in persons with knee replacement were maintained but the 
benefits in mobility, muscle torque, asymmetrical muscle deficit and 
muscle CSA had disappeared by 12-months after cessation of training. 

 
In conclusion, the results of the study indicate that considerable asymmetrical 
muscle deficits in the lower limbs are present in persons with knee OA and 
knee replacement, and they have effects on mobility limitation. Aquatic 
resistance training offers an effective means to decrease mobility limitation by 
increasing muscle power, torque and CSA and by decreasing asymmetrical 
muscle deficit in the lower limbs. The training-induced benefits in muscle 
power may be maintained with regular physical activity alone, but this was not 
shown for mobility, muscle torque, asymmetrical muscle deficit and muscle 
CSA. The observations of the present study can be used in planning efficient 
interventions to prevent and rehabilitate mobility limitation related to knee OA 
and knee replacement. 
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YHTEENVETO (FINNISH SUMMARY) 

Alaraajojen lihasten puoliero, liikkumiskyvyn rajoitus ja vesivastusharjoitte-
lu polven nivelrikkoisilla henkilöillä  

 
Polven nivelrikko on etenevä nivelsairaus, joka aiheuttaa vaikea-asteista kipua 
polvinivelessä. Tämä johtaa kivuliaan raajan käyttämättömyyteen ja edelleen 
liikkumiskyvyn rajoittumiseen. Polven tekonivelleikkaus on yleinen toimen-
pide, joka onnistuneesti vähentää kipua ja tästä seuraten parantaa vajaakuntoi-
suutta. Onnistuneen tekonivelleikkauksen jälkeen liikkumiskyky paranee, mut-
ta kuitenkin vain harvoin se saavuttaa saman ikäisten terveiden ihmisten tason. 

Liikkumiskyvyn rajoitusta polven nivelrikosta kärsivillä ja tekonivelleika-
tuilla voidaan selittää alaraajojen lihasten tehon ja vääntömomentin laskulla, 
jonka on todettu olevan suurempaa nivelrikosta kärsivässä raajassa. Lisäksi on 
huomionarvoista, että alaraajojen lihasten raajojen välinen puoliero saattaa osal-
taan selittää liikkumiskyvyn rajoitusta. Tämä yhteys on aiemmin löydetty ter-
veillä ikääntyneillä sekä lonkkamurtuman jälkeen, mutta polven nivelrikosta 
kärsivillä tai tekonivelleikatuilla yhteyttä ei ole tutkittu. 

Koska polven nivelrikon seurauksena ja tekonivelleikkauksen jälkeen liik-
kumiskyvyn rajoitus ja lihasheikkous ovat huomattavan suuria, on kehitettävä 
tehokkaita harjoitusohjelmia ongelmien ennaltaehkäisyyn ja kuntouttamiseen. 
Vesi on tehokas ja kivuton harjoitusympäristö ihmisille, joiden harjoittelu saat-
taa olla hankalaa kuivalla maalla. Aiemmat satunnaistetut kontrolloidut kokeet 
ovat osoittaneet, että vesiharjoittelulla on positiivisia vaikutuksia terveiden 
ikääntyneiden ja kliinisten ryhmien toiminnan rajoituksiin. Akuuttivaiheessa 
tekonivelleikkauksen jälkeen ilman lisävastusta tapahtuvalla vesiharjoittelulla 
on löydetty positiivisia vaikutuksia liikkumiskykyyn. Ei kuitenkaan tiedetä, 
onko lisävastuksen kanssa toteutettu vesivastusharjoittelu tehokasta vähentä-
mään liikkumiskyvyn rajoitusta tekonivelleikkauksen jälkeen. Lisäksi ei tiedetä 
säilyykö harjoitusvaikutus harjoittelun lopettamisen jälkeen.  

Tässä tutkimuksessa selvitettiin polven nivelrikosta kärsivien ja polven te-
konivelleikattujen henkilöiden alaraajojen lihasten puolieroa sekä sen yhteyttä 
liikkumiskykyyn. Lisäksi tutkittiin kolmen kuukauden mittaisen vesivas-
tusharjoittelun vaikutusta liikkumiskykyyn, alaraajojen lihasten tehoon, vään-
tömomenttiin ja lihasten poikkipinta-alaan sekä puolieroon. Harjoitusvai-
kutusten pysyvyyttä tarkasteltiin 12 kuukautta harjoittelun päättymisen jäl-
keen. 

Tutkimuksessa käytettiin kahta tutkimusaineistoa. KNEE-OA tutkimuk-
seen osallistui 43 polven nivelrikosta kärsivää 50-75-vuotiasta naista ja miestä, 
jotka olivat Kymenlaakson keskussairaalan leikkausjonossa polven tekonivel-
leikkaukseen. KNEE-REPLACEMENT tutkimusprojektiin osallistui 50 Kymen-
laakson keskussairaalassa polven tekonivelleikattua 55-75-vuotiasta naista ja 
miestä. Tutkittavien liikkumiskyky sekä alaraajojen lihasten teho, vääntö-
momentti ja poikkipinta-ala mitattiin. Lisäksi lihasten puoliero laskettiin ja it-
searvioitu toimintakyvyn vaikeus arvioitiin kyselylomakkeen avulla. Polven 
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tekonivelleikatut tutkittavat satunnaistettiin koe- (n=26) ja kontrolliryhmiin 
(n=24). Koeryhmä osallistui kolmen kuukauden mittaiseen progressiiviseen 
vastuskenkien avulla toteutettuun vesivastusharjoitteluun, jonka tarkoituksena 
oli lisätä alaraajojen lihasten tehoa ja vääntömomenttia sekä vähentää puolieroa 
ja sitä kautta parantaa liikkumiskykyä. Harjoitusvaikutusten pysyvyyttä tutkit-
tiin 12 kuukautta harjoittelun päättymisen jälkeen. 

Tutkimuksen tulokset osoittivat, että polven nivelrikosta kärsivien ja pol-
ven tekonivelleikattujen polven ojentaja- ja koukistajalihasten alaraajojen väli-
nen puoliero oli suuri. Lisäksi polven ojennustehon puoliero oli yhteydessä por-
taiden nousuun käytettyyn aikaan. Kokeellinen tutkimus osoitti, että pienryh-
mäharjoitteluna toteutetulla progressiivisella vesivastusharjoittelulla voidaan 
parantaa polven tekonivelleikattujen liikkumiskykyä. Lisäksi vesiharjoittelu 
lisäsi merkitsevästi alaraajojen lihasten tehoa, vääntömomenttia ja poikkipinta-
alaa sekä vähensi puolieroa. Saavutetut tulokset lihastehossa säilyivät 12 kuu-
kautta harjoittelun päättymisen jälkeen. Tutkittavien tavanomainen fyysinen 
aktiivisuus ei kuitenkaan ollut riittävä, jotta harjoitusvaikutus liikkumiskyvys-
sä, vääntömomentissa, lihasten poikkipinta-alassa ja puolierossa olisi säilynyt 
seuranta-ajan.  

Yhteenvetona voidaan todeta, että alaraajojen lihasten puoliero polven ni-
velrikkoisilla ja tekonivelleikatuilla on huomattavan suurta ja tulisi ottaa huo-
mioon liikkumiskyvyn ongelmien kuntoutuksessa. Vesivastusharjoittelun avul-
la voidaan parantaa polven tekonivelleikattujen liikkumiskykyä, lihastehoa, 
vääntömomenttia ja lihasmassaa sekä vähentää puolieroa. Näistä tavanomaisen 
fyysisen aktiivisuuden avulla harjoitusvaikutus voidaan säilyttää ainoastaan 
lihastehossa. Tämän tutkimuksen tuloksia voidaan hyödyntää polven nivelri-
kosta kärsivien ja tekonivelleikattujen liikkumisvaikeuksia ennaltaehkäisevien 
ja kuntouttavien interventioiden suunnittelussa. Lisätutkimuksia kuitenkin tar-
vitaan selvittämään, mikä on optimaalinen ajoitus progressiivisen vesivastus-
kuntoutuksen toteuttamiselle polven tekonivelleikkauksen jälkeen. 
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Muscle Deficits Persist After Unilateral
Knee Replacement and Have
Implications for Rehabilitation
Anu Valtonen, Tapani Pöyhönen, Ari Heinonen, Sarianna Sipilä

Background. Knee joint arthritis causes pain, decreased range of motion, and
mobility limitation. Knee replacement reduces pain effectively. However, people
with knee replacement have decreases in muscle strength (“force-generating capac-
ity”) of the involved leg and difficulties with walking and other physical activities.

Objective and Design. The aim of this cross-sectional study was to determine
the extent of deficits in knee extensor and flexor muscle torque and power (ability
to perform work over time) and in the extensor muscle cross-sectional area (CSA)
after knee joint replacement. In addition, the association of lower-leg muscle deficits
with mobility limitations was investigated.

Methods. Participants were 29 women and 19 men who were 55 to 75 years old
and had undergone unilateral knee replacement surgery an average of 10 months
earlier. The maximal torque and power of the knee extensor and flexor muscles were
measured with an isokinetic dynamometer. The knee extensor muscle CSA was
measured with computed tomography. The symmetry deficit between the knee that
underwent replacement surgery (“operated knee”) and the knee that did not undergo
replacement surgery (“nonoperated knee”) was calculated. Maximal walking speed
and stair-ascending and stair-descending times were assessed.

Results. The mean deficits in knee extensor and flexor muscle torque and power
were between 13% and 27%, and the mean deficit in the extensor muscle CSA was
14%. A larger deficit in knee extension power predicted slower stair-ascending and
stair-descending times. This relationship remained unchanged when the power of the
nonoperated side and the potential confounding factors were taken into account.

Limitations. The study sample consisted of people who were relatively healthy
and mobile. Some participants had osteoarthritis in the nonoperated knee.

Conclusions. Deficits in muscle torque and power and in the extensor muscle
CSA were present 10 months after knee replacement, potentially causing limitations
in negotiating stairs. To prevent mobility limitations and disability, deficits in lower-
limb power should be considered during rehabilitation after knee replacement.
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With an aging population, the
prevalence of degenerative
joint diseases, such as knee

joint arthritis, increases and thus
adds to the burden of health care
systems in Western societies. Knee
joint arthritis causes pain, decreased
range of motion, and mobility limita-
tions. Knee joint replacement is a
common surgical procedure that ef-
fectively reduces pain.1–4 However,
several studies2,5–12 have shown that
people with knee replacement sur-
gery have difficulties with walking
and other physical activities. Mobil-
ity undergoes an expected decline
during the first month after knee re-
placement.7 Mizner et al7 reported
that performance in stair-climbing
and “stand-up-and-go” tests returned
to the preoperative level at 2 months
after surgery. Therefore, although
functional ability may improve to the
preoperative level, which already is
severely impaired because of pain
and long-term disuse, it rarely
reaches the level in age-matched
control subjects.5,12,13 For example,
Walsh et al5 and Yoshida et al12 re-
ported that people with knee replace-
ment had a lower maximal walking
speed5,12 and negotiated stairs more
slowly5 than control subjects even
beyond 1 year after surgery.

Mobility limitations are known to be
associated with decreases in muscle
strength (force-generating capacity)
and power (ability to perform work
over time). These impairments con-
tinue to persist for several months
after surgery.5,7,8,10,14–16 Several in-
vestigators7,11,14,17–19 have reported
declines of 21% to 42% in knee ex-
tensor torque and power for the
knee that underwent replacement
surgery (“operated knee”) compared
with the knee that did not undergo
replacement surgery (“nonoperated
knee”) at 3 to 6 months after surgery.
Furthermore, even at 1 to 2 years
after knee replacement surgery, a dif-
ference of 12% to 29% between the
knee extensor muscles has been re-

ported.5,9,17 Similar deficits have
been reported for knee flexor mus-
cle strength.5,14 Knee extensor mus-
cle strength has been reported to
remain 19% to 35% lower in people
with knee replacement than in age-
matched people, even at 13 years
after surgery.5,11,20–22

Previous studies11,18,23,24 indicated
that there is a decline in the knee
extensor muscle cross-sectional area
(CSA) of the operated leg during the
early recovery phase—1 to 3 months
after surgery—compared with the
preoperative CSA. To our knowl-
edge, no studies comparing muscle
CSA between the legs or reporting
spontaneous long-term recovery of
muscle CSA after knee replacement
surgery have been done.

Mobility limitations may be related to
lower-limb muscle deficits, that is,
side-to-side differences between the
operated leg and the nonoperated
leg. Previous studies showed that in
people who are healthy25,26 and in
some clinical populations,27–29

lower-limb power deficits have det-
rimental effects on mobility. Porte-
gijs et al25 reported that in people
who were healthy, knee extensor
power asymmetry was associated
with a lower walking speed. Addi-
tionally, they found that in women
recovering from hip fractures, a
larger power deficit was associated
with limitations in stair-climbing
ability.29

To date, little is known about muscle
deficits and their persistent effects
on mobility limitations in people
with knee replacement. Therefore,
the purpose of this study was to de-
termine the extent of muscle deficits
in knee extensor and flexor muscle
torque and power and in the exten-
sor muscle CSA and composition in a
group of people who had undergone
unilateral knee replacement an aver-
age of 10 months earlier. In addition,
the association of lower-limb muscle

deficits with mobility limitations was
investigated.

Methods
Setting and Participants
A total of 201 people who, according
to the physical therapy records of
Kymenlaakso Central Hospital, had
undergone unilateral knee replace-
ment 4 to 18 months before the
study were informed about the
study. Eighty-six people contacted
the research personnel. People with
bilateral knee arthroplasty, revision
arthroplasty, hemiarthroplasty, se-
vere cardiovascular diseases, demen-
tia, rheumatoid arthritis, or major
surgery on either of the knees were
excluded from the study. Thus, 48
eligible volunteers (29 women and
19 men; age range�55–75 years)
participated in the study.

The physical characteristics of the
participants are shown in Table 1. All
of the participants had undergone
knee replacement surgery with ce-
ment fixation. Eight of the 48 partic-
ipants had osteoarthritis diagnosed
in the nonoperated knee.

The data used in this cross-sectional
study were collected in 2 phases. Be-
cause of the small number of eligible
subjects in spring 2005, the data col-
lection was repeated in autumn 2005
with the same recruitment protocol,
infrastructure, and staff. Before the
laboratory examinations, the partici-
pants were informed about the study
and gave written informed consent.
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Measurements
The clinical history of the partici-
pants, including their medications
and diseases, were confirmed by a
physician before the laboratory ex-
aminations. Body height and body
weight were measured by use of
standard procedures. The day-to-day
intrarater reproducibility of the mea-
surements (muscle torque, power,
walking speed, stair ascending, and
stair descending) was measured in
our laboratory with a pilot sample.
The measurements were performed
twice by use of identical procedures,
with an interval of 1 week between
the measurement occasions.

In a pilot study (unpublished), 17
volunteers (12 women and 5 men;
mean age�77 years, range�55–75)
with unilateral knee replacement an
average of 8 months (range�4–12)
after surgery participated in the mea-
surements. The intraclass correlation
coefficient (ICC) was calculated by
use of a 1-way random model. The
participants in the pilot sample were
not included in the sample in the
current study. The reliability (ICC) of
each measurement is presented in
context with the measurement.

Muscle torque and power. The
maximal isokinetic torque (N�m) of
the knee extensor and flexor mus-
cles was measured by use of an iso-

kinetic dynamometer* with a sam-
pling frequency of 100 Hz and a
measurement error of 1% through
the entire range of motion. The dy-
namometer was calibrated before
each measurement session accord-
ing to the standard procedure rec-
ommended by the manufacturer. Be-
fore the measurement session, the
participants were carefully familiar-
ized with the testing procedure.

For each leg, the axis of rotation of
the dynamometer was aligned with
the condylus lateralis femoris. The
lever arm of the dynamometer was
attached around the ankle 2.5 cm
above the midpoint of the malleolus
lateralis. The hip and thigh were sta-
bilized with straps. The full knee
range of motion was measured. The
nonoperated leg was measured first.
After a few submaximal flexion-
extension movements, 3 maximal
continuous flexion-extension trials
were performed at an angular veloc-
ity of 60°/s, and 5 trials were per-
formed at a velocity of 180°/s, with 2
to 3 minutes of rest between trials.
The participants were verbally en-
couraged to make a maximal effort
throughout the whole range of mo-
tion. The highest peak torque (N�m)
at an angular velocity of 60°/s was
analyzed. Peak power was analyzed

in extension and flexion at an angu-
lar velocity of 180°/s. The ICC of the
isokinetic parameters for the operated
knee in the people with knee replace-
ment varied between .90 and .97.

Muscle CSA and attenuation.
Computed tomography (CT) scans
were obtained from both midthighs
by use of a Siemens Somatom DR
Scanner† with the subject in a supine
position. The midthigh was defined
as the midpoint between the greater
trochanter and the lower edge of the
patella. The scans were analyzed by
use of software developed for cross-
sectional CT image analysis (Geanie
2.1‡), which separates fat and lean
tissues on the basis of radiological
density (measured as attenuation in
Hounsfield units) limits. The quadri-
ceps femoris muscle was determined
manually by drawing a line along the
fascial plane. A lower mean attenua-
tion value reflects greater fat infiltra-
tion within the muscle. The Figure
shows an example of the CT analysis.
The CT measurements and analyses
were conducted in a masked fashion.
In our previous study,30 the coeffi-
cients of variation between 2 consec-
utive repeated measurements were
calculated and shown to be less than
1% for lean tissue Hounsfield units
and 1% to 2% for the CSA.

* Biodex Medical Systems Inc, 20 Ramsey Rd,
Shirley, NY 11967-4704.

† Siemens AG, Erlangen, Germany.
‡ Commit Ltd, Espoo, Finland.

Table 1.
Physical Characteristics of Participants

Characteristic

Women (n�29) Men (n�19)

X SD Range X SD Range

Age (y) 67.7 5.5 57–75 65.2 6.2 55–75

Body weight (kg) 79.4 13.6 56.0–115.2 89.1 15.9 70.1–122.0

Body height (cm) 163.3 5.4 152–172 175.4 7.2 161–189

Body mass index 29.7 4.6 21.9–42.2 28.8 3.7 23.2–34.5

Time after surgery (mo) 9.2 4.5 5–18 9.8 4.2 4–18

Walking speed (m/s) 1.7 0.3 0.9–2.3 2.1 0.6 0.9–3.8

Stair-ascending time (s) 5.9 2.5 3.6–13.2 3.9 1.8 2.3–10.3

Stair-descending time (s) 6.7 4.2 3.1–21.8 4.1 2.2 2.3–11.2
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Mobility Assessment
Walking speed. Maximal walking
speed over 10 m was measured in
the hospital corridor. Walking time
was recorded by use of photocells.§

Participants were instructed to walk
as fast as possible without compro-
mising their safety. All participants
wore thin aquatic shoes and were
allowed 3 m for acceleration. Each
participant performed 2 trials, sepa-
rated by a 1-minute rest period, and
the fastest time was accepted as the
best result. The ICC for maximal
walking speed in people with knee
replacement was .86.

Negotiating stairs. Times to as-
cend and descend a 10-step staircase
were measured in the hospital corri-
dor. The stair height was 17 cm, and
the depth was 29.5 cm. The partici-
pants were instructed to step alter-
nately on each stair and walk as fast
as possible without compromising
their safety. The use of a handrail or
taking a step on each stair with both
feet was allowed only when neces-
sary. Three participants stepped on
each stair with both feet in the stair-
ascending task, and 7 did so in the
stair-descending task. Ascending and
descending times were recorded by
use of photocells.§ Each participant
performed 2 ascending trials, fol-
lowed by a 1-minute rest period, and
then performed 2 descending trials.
The fastest times were accepted as
the best results. The ICCs were .90
for stair ascending and .73 for stair
descending in the participants with
knee replacement.

Data Analysis
The differences in muscle character-
istics (torque, power, CSA, and atten-
uation) between the operated leg
and the nonoperated leg were ana-
lyzed with a paired 2-tailed Student t
test. The muscle symmetry deficit
(relative difference) was calculated
according to the following equation:

symmetry deficit (%) � [(value for
nonoperated leg � value for oper-
ated leg)/value for nonoperated leg]
� 100. Stepwise multiple linear re-
gression models were used to exam-
ine the most relevant muscle deficit
(muscle torque, power, CSA, and at-
tenuation) and muscle power vari-
able associated with mobility limita-
tions. Variables with nonsignificant
independent associations with mo-
bility were removed from the final
model. Thus, the final model con-
tained only the explanatory variables
that had significant independent as-
sociations with mobility limitations
and that had the highest possible
proportion of the variance explained
by coefficients of determination (ad-
justed R2). The models were further
adjusted for age, sex, and time after
surgery. For the regression analysis,
the results obtained for men and
women were pooled because there
were no sex differences in age, time
after surgery, or any of the muscle
deficit variables. Significance was set

at P�.05. Statistical analyses were run
with SPSS (version 13.0) software.�

Results
Knee Extensor Muscles
For the entire group, the mean knee
extensor torque, power, CSA, and
attenuation values for the operated
side were significantly (P�.001)
lower than those for the nonoper-
ated side. For the knee extensor mus-
cles, more than 97% of the partici-
pants had lower or equal values in
the operated leg than in the nonop-
erated leg. The mean knee extension
torque deficit was 27% (95% confi-
dence interval [CI]�22%–32%), and
the mean knee extension power def-
icit was 23% (95% CI�17%–29%).
The mean knee extensor muscle CSA
deficit was 14% (95% CI�11%–18%),
and the mean knee extensor attenu-
ation deficit was 9% (95% CI�6%–
11%). The results for the knee exten-
sor muscles are shown in Table 2.

§ Newtest Oy, Koulukatu 31 B 11, FIN-90100,
Oulu, Finland.

� SPSS Inc, 233 S Wacker Dr, Chicago, IL
60606.

Figure.
Cross-sectional computed tomography scans obtained from the midthighs of a 70-
year-old woman who had undergone total unilateral knee replacement 9 months
earlier. (A) Thigh on side opposite surgery; total muscle cross-sectional area was 79 cm2,
mean attenuation of the muscle tissue was 39.1 Hounsfield units, and total fat cross-
sectional area was 60.8 cm2. (B) Thigh on side of surgery; total muscle cross-sectional
area was 68 cm2, mean attenuation of the muscle tissue was 35.8 Hounsfield units, and
total fat cross-sectional area was 68.1 cm2. Muscles: Add�adductor, H�hamstring,
RF�rectus femoris, VL�vastus lateralis, VM�vastus medialis.
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Knee Flexor Muscles
For the entire group, the mean knee
flexor torque and power values for
the operated side were significantly
(P�.001) lower than those for the
nonoperated side. For the knee
flexor muscles, over 87% of the par-
ticipants had lower or equal values in
the operated leg than in the nonop-
erated leg. The mean knee flexion
torque deficit was 13% (95% CI�7%–
19%), and the mean knee flexion
power deficit was 19% (95%

CI�11%–27%). The results for the
knee flexor muscles are shown in
Table 3.

Mobility
For the entire group, the mean (SD)
maximal 10-m walking speed, stair-
ascending time, and stair-descending
time were 1.9 (0.5) m/s, 5.1 (2.4)
seconds, and 5.6 (3.7) seconds, re-
spectively. The results for mobility
are shown separately for women and
men in Table 1.

Multivariate regression analysis was
performed to examine the associa-
tion among muscle deficit, muscle
power production, and negotiating
stairs (Tabs. 4 and 5). A larger knee
extension power deficit, together
with low knee flexion power on the
nonoperated side, predicted slower
stair-ascending time (Tab. 4). Adjust-
ments for age, sex, and time after
surgery did not materially change the
association. In addition, a larger knee
extension power deficit, together

Table 2.
Knee Extensor Torque, Power, Cross-Sectional Area, and Attenuation in Operated and Nonoperated Kneesa

Group Measure

Operated
Knee

Nonoperated
Knee

P b
Symmetry Deficit, %c

(95% CI)X SD X SD

Women Torque, N�m 64.7 17.2 89.9 20.5 �.001 26 (18–34)

Power, W 95.4 35.1 127.9 31.8 �.001 26 (18–34)

CSA, cm2 36.6 8.5 42.4 8.2 �.001 14 (8–19)

Attenuation, HU 36.8 5.0 40.3 3.8 �.001 9 (5–13)

Men Torque, N�m 100.0 27.0 141.5 35.5 �.001 29 (22–36)

Power, W 148.5 44.9 190.1 60.9 .001 19 (9–28)

CSA, cm2 52.7 12.0 62.5 10.9 �.001 16 (11–21)

Attenuation, HU 39.2 6.4 42.8 5.2 �.001 9 (5–13)

All Torque, N�m 79.6 27.9 111.7 37.7 �.001 27 (22–32)

Power, W 117.3 47.1 153.6 55.0 �.001 23 (17–29)

CSA, cm2 42.9 12.7 50.3 13.6 �.001 14 (11–18)

Attenuation, HU 37.7 5.6 41.3 4.5 �.001 9 (6–11)

a CI�confidence interval, CSA�cross-sectional area, HU�Hounsfield units.
b Determined with the equality of means test for the operated knee versus the nonoperated knee.
c Symmetry deficit (%)�[(value for nonoperated leg � value for operated leg)/value for nonoperated leg] � 100.

Table 3.
Knee Flexor Torque and Power in Operated and Nonoperated Kneesa

Group Measure

Operated
Knee

Nonoperated
Knee

P b
Symmetry Deficit, %c

(95% CI)X SD X SD

Women Torque, N�m 40.9 12.1 48.9 11.2 .001 16 (7–24)

Power, W 85.1 32.5 109.8 31.3 �.001 22 (13–32)

Men Torque, N�m 71.4 17.9 80.4 21.2 .016 10 (1–18)

Power, W 133.4 43.5 168.1 54.3 .012 14 (0–28)

All Torque, N�m 53.8 21.2 62.2 22.4 �.001 13 (7–19)

Power, W 105.0 44.1 133.9 50.9 �.001 19 (11–27)

a CI�confidence interval.
b Determined with the equality of means test for the operated knee versus the nonoperated knee.
c Symmetry deficit (%)�[(value for nonoperated leg � value for operated leg)/value for nonoperated leg] � 100.
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with low knee flexion power on the
nonoperated side, predicted slower
stair-descending time (Tab. 5). Ad-
justments for potential confounding
factors did not materially change the
association.

Discussion
The results of this study showed that
at an average of 10 months after knee
replacement surgery, the operated
leg was significantly weaker than
the nonoperated leg, and the exten-
sor muscle CSA in the operated leg
was smaller than that in the non-
operated leg. A larger knee exten-
sion power deficit predicted slower
stair-ascending and stair-descending
times. This relationship remained un-
changed when the power of the non-
operated side and potential con-
founding factors were taken into
account. Lower-limb muscle power,
especially the difference between
the legs, seemed to be critical for

mobility limitations; therefore, it
should be considered during evalua-
tions of mobility in both people who
are healthy and people who have
disabilities.

In the majority of the participants,
the operated leg was weaker than
the nonoperated leg, and the muscle
CSA of the operated leg was smaller
than that of the nonoperated leg.
The results of the present study are
in line with those of previous studies
that investigated muscle force 6 to
12 months after unilateral knee re-
placement.5,7,14,17 A comparison of
the results of the present study and
those previously reported is difficult
because we calculated the muscle
strength deficit for each participant
individually, whereas in earlier stud-
ies, side-to-side differences were es-
timated from group mean values.
Overall, the deficit in the knee exten-
sor muscles after knee replacement

surgery is considerable and can also
be prolonged; the leg with the knee
replacement has been shown to be
significantly weaker than the legs of
healthy control subjects for as long
as 13 years after the surgery.5,20–22

Previous studies7,14,17 showed a dif-
ference of 15% to 29% in knee exten-
sion torque between the operated
leg and the nonoperated leg, which
is in line with the 27% difference
found in the present study. Rossi and
Hasson,16 however, reported a
marked, 38% difference in the find-
ings for a single leg press between
the operated leg and the nonoper-
ated leg at 16 months after knee re-
placement. This large side-to-side dif-
ference may have been attributable
to the multiple muscle groups in-
volved in the leg press.

We also found a marked knee flexor
torque deficit (ie, 13%) after an aver-
age of 10 months from knee replace-

Table 4.
Factors Explaining Variability in Stair-Ascending Time in People With Unilateral Knee Replacement

Factor

Crudea Adjustedb

B (SEE) � P B (SEE) � P

Extension power deficit 0.042 (0.013) .404 .002 0.039 (0.014) .379 .006

Flexion power of the nonoperated knee, W �0.020 (0.005) �.481 �.001 �0.017 (0.007) �.423 .021

Age, y 0.007 (0.052) .021 .888

Sex �0.333 (0.663) �.080 .618

Time after surgery, mo �0.021 (0.060) �.044 .732

a R2�.372 for the crude model. B�unstandardized regression coefficient, SEE�standard error of the estimate.
b R2�.378 for the adjusted model.

Table 5.
Factors Explaining Variability in Stair-Descending Time in People With Unilateral Knee Replacement

Factor

Crudea Adjustedb

B (SEE) � P B (SEE) � P

Extension power deficit 0.060 (0.018) .421 .001 0.061 (0.019) .425 .003

Flexion power of the nonoperated knee, W �0.026 (0.007) �.455 .001 �0.021 (0.010) �.369 .043

Age, y 0.063 (0.071) .129 .383

Sex �0.218 (0.917) �.038 .813

Time after surgery, mo 0.021 (0.083) .032 .800

a R2�.362 for the crude model. B�unstandardized regression coefficient, SEE�standard error of the estimate.
b R2�.376 for the adjusted model.
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ment. This finding supports the re-
sults of 2 earlier studies reporting a
side-to-side difference of 16% to 23%
in knee flexor muscles at 6 to 12
months after surgery.5,14 Therefore,
this muscle group should receive at-
tention during assessment and reha-
bilitation of degenerative knee joint
problems.

We also found 19% to 23% deficits in
knee extensor and flexor muscle
power; these values were somewhat
higher than the value reported by
Lamb and Frost,6 who found a differ-
ence of 18% in leg extension power
at 6 months after knee replacement.
This substantial deficit should be
taken into consideration in rehabili-
tation programs because in daily ac-
tivities it is important to have the
muscle power needed to produce ef-
fective force quickly to generate de-
sirable or prevent undesirable move-
ments. In particular, the ability to
recover from a stumble is highly de-
pendent on the power and coordina-
tion of the leg muscles.31–33 In addi-
tion, Portegijs et al26 found that,
even in people who were healthy, a
knee extension power deficit was as-
sociated with falls. Although we did
not evaluate falls after knee replace-
ment in the present study, we would
argue in accordance with the litera-
ture26,28 that a power deficit should
be taken seriously as a risk factor
for falls and therefore should be
considered in knee replacement
rehabilitation.

The extensor muscle CSA deficit was
marked (14%) in the present study.
To our knowledge, a long-term mus-
cle CSA deficit has not been studied.
Previous studies11,18,23,24 showed de-
clines of 5% to 20% (relative to pre-
operative values) in knee extensor
muscle CSA in the operated leg at 1
to 3 months after knee replacement.
In the present study, the most likely
reason for the large side-to-side dif-
ference, in addition to long-term
pain and disuse because of osteoar-

thritis, was the surgery itself, which
resulted in a long wound, consider-
able surgical trauma, and a long re-
covery time. In people with hip os-
teoarthritis after prolonged unilateral
disuse, the preoperative side-to-side
difference in quadriceps muscle CSA
between the affected leg and the
nonaffected leg has been reported
to be smaller (8%–10%).34 Loss of
muscle CSA (atrophy) is an impor-
tant mechanism underlying muscle
weakness, although the amount of
muscle CSA lost is often smaller
than the amount of muscle force
lost.35 A muscle CSA deficit of 14%
may present a challenge for rehabil-
itation because even in older sub-
jects who were healthy, a progres-
sive strength training regimen lasting
3 to 4 months was shown to have an
effect of less than 10% on muscle
CSA.30,36

Decreased lower-limb muscle power
is one of the factors underlying mo-
bility limitations in older adults.37–39

Mizner et al7 and Mizner and Snyder-
Mackler8 reported that weakness of
the knee extensor muscles in people
with a total knee replacement was
closely associated with mobility lim-
itations, especially in stair-climbing
tasks and the Timed “Up & Go” Test.
According to Lamb and Frost,6 leg
extension power is an important de-
terminant of walking speed and stair-
ascending time after knee replace-
ment. Portegijs et al25 reported that
extension power asymmetry was
also associated with a lower walking
speed in older women who were
healthy. In the present study, large
power and torque deficits were asso-
ciated with slow stair-ascending and
stair-descending times but not with
maximal walking speed. This result
is in line with the results of Portegijs
et al,29 who found that in women
recovering from hip fracture, a large
power deficit was associated with
limitations in stair climbing but not
with walking speed. It would appear
that because walking is a common

functional task, the nonoperated leg
may be able to compensate for prob-
lems with the operated leg. How-
ever, to perform more-demanding
functional tasks, such as stair ascend-
ing and stair descending, a person
needs more power and force produc-
tion in the knee extensor muscles.7,8

The present study had some limita-
tions. The study was a cross-
sectional analysis without follow-up;
therefore, we cannot speculate on
the causal relationships or the asso-
ciations over time. The study popu-
lation consisted of people who were
relatively healthy and mobile and
had undergone successful unilateral
knee replacement procedures. It is
impossible to know whether people
with more-extensive mobility prob-
lems might have dropped out; such a
situation might have reduced the
variance in muscle deficits and in
mobility problems. In addition, some
of the participants had osteoarthritis
in the nonoperated knee, and this
condition may have influenced the
muscle deficits in the lower legs. The
clear strength of the present study is
the large number of measurements
of deficits in muscle torque, power,
and CSA. The results of this cross-
sectional study need to be confirmed
in future prospective and experi-
mental studies.

Conclusion
Deficits in muscle power or torque
are clinically important during eval-
uations of mobility limitations up to
nearly 1 year after surgery. Because
the major goals in the rehabilita-
tion of musculoskeletal problems are
to restore a person’s mobility and
functional capacity and to prevent
mobility disability, increasing muscle
power, especially in the operated
leg, may be one of the central issues
to address during the rehabilitation
process. The findings of this study
are potentially useful for planning
preventive and rehabilitative strate-
gies; however, further work is needed.
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ORIGINAL ARTICLE

Effects of Aquatic Resistance Training on Mobility Limitation
and Lower-Limb Impairments After Knee Replacement
Anu Valtonen, MSc, Tapani Pöyhönen, PhD, Sarianna Sipilä, PhD, Ari Heinonen, PhD

ABSTRACT. Valtonen A, Pöyhönen T, Sipilä S, Heinonen
A. Effects of aquatic resistance training on mobility limitation
and lower-limb impairments after knee replacement. Arch Phys
Med Rehabil 2010;91:833-9.

Objective: To study the effects of aquatic resistance training
on mobility, muscle power, and cross-sectional area.

Design: Randomized controlled trial.
Setting: Research laboratory and hospital rehabilitation pool.
Participants: Population-based sample (N�50) of eligible

women and men 55 to 75 years old 4 to 18 months after
unilateral knee replacement with no contraindications who
were willing to participate in the trial.

Interventions: Twelve-week progressive aquatic resistance
training (n�26) or no intervention (n�24).

Main Outcome Measures: Mobility limitation assessed by
walking speed and stair ascending time, and self-reported phys-
ical functional difficulty, pain, and stiffness assessed by West-
ern Ontario and McMaster University Osteoarthritis Index
(WOMAC) questionnaire. Knee extensor power and knee
flexor power assessed isokinetically, and thigh muscle cross-
sectional area (CSA) by computed tomography.

Results: Compared with the change in the control group,
habitual walking speed increased by 9% (P�.005) and stair as-
cending time decreased by 15% (P�.006) in the aquatic training
group. There was no significant difference between the groups in
the WOMAC scores. The training increased knee extensor power
by 32% (P�.001) in the operated and 10% (P�.001) in the
nonoperated leg, and knee flexor power by 48% (P�.003) in the
operated and 8% (P�.002) in the nonoperated leg compared with
controls. The mean increase in thigh muscle CSA of the operated
leg was 3% (P�.018) and that of the nonoperated leg 2%
(P�.019) after training compared with controls.

Conclusions: Progressive aquatic resistance training had
favorable effects on mobility limitation by increasing walking
speed and decreasing stair ascending time. In addition, training
increased lower limb muscle power and muscle CSA. Resis-
tance training in water is a feasible mode of rehabilitation that

has wide-ranging positive effects on patients after knee re-
placement surgery.

Key Words: Osteoarthritis; Rehabilitation; Water.
© 2010 by the American Congress of Rehabilitation

Medicine

KNEE REPLACEMENT effectively reduces pain1-3 and
decreases perceived disability.4,5 Nevertheless, persons

with knee replacement report more disabilities than do healthy
controls matched for age and sex.6,7 One reason for the greater
prevalence of disability of persons with knee replacement is
difficulty in mobility-related tasks requiring muscle power such
as walking, negotiating stairs, and other physical abilities.8-14

Mobility limitations are associated with decreased lower limb
muscle strength and power.10,11,14 Earlier studies have shown
that knee extensor and flexor muscle weakness continues to
persist for several months, even years, postoperatively com-
pared with the nonoperated side8,12,14-19 or with healthy con-
trols.8,17,18,20,21 Our previous study showed that in persons
with knee replacement, the mean asymmetric power deficit
was 19% to 23% in the knee flexor and extensor muscles and
14% in knee extensor muscle mass on average 10 months
postsurgery.19 Factors leading to muscle weakness include
the loss of muscle tissue because of long-term disuse of the
affected leg prior to the operation,22 procedures related to
the operation,18 and lack of postoperative strength–increas-
ing rehabilitation.23

Aquatic training has been well studied in healthy people and
people with knee or hip osteoarthritis with mostly positive
results on mobility,24-26 muscle strength,24-28 or muscle mass.27

The effects of aquatic training after knee replacement surgery
have been less investigated. Two recent studies found no
aquatic rehabilitation effect on mobility when the rehabilitation
programs started less than 2 weeks29,30 after knee replacement
surgery. However, it has been reported29 that 2 weeks of
aquatic rehabilitation commencing 4 days after knee replace-
ment increased hip abduction and knee extension strength
compared with the ward physiotherapy. However, the training
programs lasted only 2 weeks29 or comprised traditional
aquatic exercise without additional resistance.30

Persons with knee replacement have long-term muscle weakness
and mobility limitation. It is unclear, however, whether these potential
risk factors for disability can be affected by progressive aquatic
resistance training. Therefore, the purpose of this randomized
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controlled study was to investigate the effects of progressive aquatic
resistance training on mobility, muscle power, and muscle CSA in
women and men 55 to 75 years old after knee replacement surgery.
Our hypothesis was that aquatic resistance training increases muscle
power of the operated and nonoperated side and reduces mobility
limitation among older persons with knee replacement.

METHODS

Setting and Participants
In 2005, all 201 patients who according to the physical

therapy records of Kymenlaakso Central Hospital had under-
gone unilateral knee replacement 4 to 18 months prior to the
study were informed about the study. Eighty-six patients re-
sponded and were contacted by the research personnel and
interviewed over the telephone. Patients with bilateral knee
arthroplasty, revision arthroplasty, severe cardiovascular dis-
eases, dementia, rheumatoid arthritis, or any major surgery in
either of the knees were excluded from the study. Thus, 50
eligible volunteers (age range, 55–75y), 30 women and 20
men, were randomly assigned after the baseline measurements
into an aquatic resistance training group (16 women, 10 men)
and a control group (14 women, 10 men). The random alloca-
tion was concealed in sealed envelopes in blocks of sex, age,
and type of knee replacement. The intervention profile is dis-
played in figure 1.

The reason for the knee replacement surgery for all the
participants was knee joint osteoarthritis. Details of the knee
replacement operation were collected from the hospital medical
records. In all cases, the knee replacement surgery had been
performed with cement fixation (48 with tricompartmental total
knee arthroplasty, 2 with unicompartmental hemiarthroplasty).
The participants with hemiarthroplasty did not differ from
those with total knee replacement in any of the variables.

Before the laboratory examinations, the participants were
informed about the study, and they gave their written informed

consent. The study was conducted according to the Declaration
of Helsinki and approved by the ethical committee of Kymen-
laakso Central Hospital.

Measurements
Quantitative CT measurements and analyses were conducted

blind to the study group. The other measurements were con-
ducted unblind.

Health Status
The general health, clinical history, medication, and diseases

of the participants were assessed by a physician before the
laboratory examinations to evaluate potential contraindications
for safe participation in the measurements and training. Body
height and weight were measured in the laboratory using stan-
dard procedures. The presence of self-reported chronic condi-
tions was recorded by a questionnaire. Habitual physical ac-
tivity was recorded during the intervention using a training
diary.

Mobility Limitation as a Primary Outcome
Mobility limitation was assessed by maximal and habitual

walking speed and stair ascending time.
Maximal and habitual walking speed. Maximal31 and ha-

bitual32 walking speed over 10m were measured in the hospital
corridor, and the time taken was recorded using photocells.a

First, the participants were instructed to walk at their habitual
walking speed. Second, they were instructed to walk as fast as
possible without compromising their safety. All the partici-
pants wore thin aquatic shoes and were allowed 3m for accel-
eration. Each participant performed 2 trials at maximal and 2 at
habitual walking speed separated by a 1-minute rest, and the
faster performances were accepted as the results. In our labo-
ratory, the ICC for persons with knee replacement has been .86
for maximal and .44 for habitual walking speed.19

Ascending stairs. Maximal time taken to ascend 10 stairs
was measured in the hospital corridor,33 and the time taken was
recorded using photocells.a The stair height was 17cm and
depth 29.5cm. The participants were instructed to step alter-
nately on each stair and ascend as fast as possible without
compromising their safety. Using a handrail or taking a step
with both feet on the same step (bipedal ascent) was allowed
only if necessary. Each participant performed 2 ascents sepa-
rated by a 1-minute rest. The time of the faster performance
was accepted as the result. The ICC for ascending stairs for
persons with knee replacement has been .73.19

Self-Reports
The WOMAC questionnaire,34 a self-rated measure of pain

and stiffness and the physical functional difficulty of the par-
ticipants, is widely used after joint replacement surgery re-
search.29,35 The version based on the visual analog scale
(range, 0–100mm, with 100 indicating the worst possible sit-
uation) was used. In the physical functional difficulty score,
80% of the participants did not answer the subscale “getting in
and out of the bath” because they did not have a bath. There-
fore, this subscale was not included in the analysis.

Lower-Extremity Impairments of the Operated and
Nonoperated Side

Muscle power. Maximal muscle power of the knee exten-
sors and flexors was measured with an isokinetic dynamom-
eterb with a sampling frequency of 100Hz and measurement
error of 1% throughout the entire range of motion.27 The
dynamometer was calibrated before each measurement sessionFig 1. Intervention profile.
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according to the procedure recommended by the manufacturer.
Before the measurement session, the participants were care-
fully familiarized with the testing procedure. For each leg, the
axis of rotation of the dynamometer was aligned with the
condylus femoris lateralis. The lever arm of the dynamometer
was attached around the ankle 2.5cm above the midpoint of the
malleolus lateralis. Hip and thigh were stabilized with straps.
The measurement was performed on as large a range of motion
of the knee as possible. The nonoperated leg was measured
first. After 2 to 3 submaximal flexion-extension movements, 5
maximal continuous flexion-extension trials were performed at
an angular velocity of 180°/s. The participants were verbally
encouraged to make a maximal effort throughout the whole
range of motion. Peak knee extensor and flexor power (W)
values were analyzed from the best extension and flexion
efforts. The ICC of the isokinetic parameters for persons with
knee replacement was between .90 and .96 for the operated
knee.19

Muscle CSA. Quantitative CT scans were obtained from
both midthighs using a Siemens Somatom DR Scannerc with
the patient in a supine position.36 Midthigh was defined as the
midpoint between the level of the greatest lateral protuberance
of the greater trochanter and lower edge of the patella. The
scans were analyzed to measure thigh muscle CSA (cm2)36

using software developed for the purpose at the University of
Jyväskylä.d The software separates fat and lean tissue on the
basis of radiologic tissue density (measured as attenuation in
Hounsfield units) limits. In our previous study, the coefficient
of variation was calculated between 2 consecutive repeated
measurements and was 1% to 2% for muscle CSA.36

Intervention
Exercise sessions were conducted twice a week in small

classes containing 4 to 5 persons. All the classes were super-
vised by an experienced physiotherapist. Table 1 summarizes
the training program, including the weekly sets, duration of
work, rest, and the training load produced by the resistance
boots as well as the mean RPE value for each week.

Each session started with an 8-minute warm-up including
walking (forward, backward, and sideways), aqua jogging, and
lower-leg muscle stretching. This was followed by 30 to 40
minutes of resistance training and a 5-minute cooling down
period. The exercises were selected on the basis of our previous

study.27 Each training session consisted of 5 exercises for both
legs: (1) knee extension-flexion movement in a sitting position,
(2) hip abduction-adduction with extended knee in a standing
position, (3) hip extension-flexion with extended knee in a
standing position, (4) knee extension-flexion in a standing
position, and (5) step-squat backward from the aqua aerobic
step board. The subjects were verbally encouraged to perform
each repetition with maximal effort in order to achieve the
highest possible movement velocity and resistance. In each
exercise, the operated leg was trained first and then the non-
operated leg. The operated leg was trained to 30% more sets
compared with the nonoperated one. The participants were
asked to describe their perceived exertion after each exercise
with the RPE scale (range, 6–20).37 The participants were
asked to report whether they had any pain or discomfort during
the training sessions.

The progression of the exercise program was ensured by
using resistance boots of different sizes and by varying the
amount and duration of sets. The first 2 weeks of training were
conducted without resistance boots in order to adapt to the
exercises. The actual training was conducted using small Aqua
Runner Zero Impact Footweare (2 weeks) and with medium (4
weeks) and large resistance bootsf (4 weeks). In weeks 7 and
12, one training session was conducted without resistance
boots in order to avoid overtraining. The frontal area of the
medium size resistance boots was 0.045m2 and that of the large
resistance boots, 0.075m2. The small footwear was attached
around the foot and the medium and large boots around the
lower leg and foot during the exercises. In our previous study,27

the drag during the exercises in healthy women was double
with the medium boots and triple with the large boots com-
pared with the barefoot condition.

Intensity of training was estimated for 3 women and 3 men in
the training group (mean age � SD, 62.2�4.3y; mean height �
SD, 169.8�8.2cm; mean weight � SD, 86.3�9.2kg) by the
RPE scale and with heart rate monitoring. The average heart
rates were recorded with the Polar RS400 heart rate monitorg

during the 5 exercises, excluding the warm-up and cool-down.
Age-related maximal heart rates were calculated according to
the following equation: 220–age (y). Among the 6 persons
tested for training intensity, the mean RPE value � SD during
the exercises was 17�1 (range, 14–18). The mean heart rate �
SD was 116�18 beats/s (range, 93–148), which was 73% of

Table 1: Summary of the Aquatic Training Protocol

Week

Sets

Repetitions/Set Work/Set (s) Rest/Set (s) Resistance Mean RPEOperated Nonoperated

1 2 2 25–30 45 30 No boots 14
2 2 2 25–30 45 30 No boots 15
3 2 2 20–25 35 30 Small 16
4 3 2 20–25 35 30 Small 16
5 2 2 14–20 30 30 Medium 16
6 2 2 14–20 30 30 Medium 17
7 3 2 25–30 40 30 No boots 16

3 2 14–20 30 30 Medium 16
8 3 2 14–20 30 30 Medium 17
9 2 2 12–15 30 30 Large 17

10 3 2 12–15 30 40 Large 16
11 4 2 12–15 30 40 Large 17
12 3 2 12–15 30 40 Large 17

3 2 25–30 30 40 No boots 16

NOTE. Training was conducted 2 times a week. Weeks 7 and 12 were conducted with 2 different training sessions: one with resistance boots
and one without extra resistance. During weeks 1 to 6 and weeks 8 to 11, the 2 training sessions were similar.
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the age-related maximal heart rate. In the hydroboot conditions,
the movement velocities were slower and the number of rep-
etitions a set lower but the resistance higher compared with the
barefoot condition.27,38

Control Group
The control group did not receive any intervention. Participants

were encouraged to continue their lives as usual and maintain their
habitual level of physical activity during the trial.

Statistical Analysis
Means and SDs were calculated. The data obtained from

men and women were pooled to obtain a larger sample size
because there were no differences between the sexes in age,
postoperation time, or training response. All the analyses were
based on an intention-to-treat analysis. Participants with miss-
ing variables in the muscle power tests (1 because of pain in the
knee, 2 because of technical problems) or in the CT measure-
ment (3 because of technical problems) were omitted only from
the analysis in question.

All the variables were normally distributed; therefore, the
analysis of covariance was used to assess the training effects
between the training and control groups. Age, sex, postopera-
tive time, and training compliance were tested separately and
together as covariates. Because they did not have an influence
on the results, only the baseline measurement was used as
covariate.

Training compliance in the training sessions was calculated
for each participant according to the following equation:

(attended/offered)�100%

The relative change in mobility, WOMAC scores, muscle
power, and muscle CSA measures between the pretrial and
posttrial measurements was calculated as

(post–pre) ⁄ pre�100%

The differences (effects) between the mean relative changes in
the study groups and the 95% CIs of the difference were also
calculated. Ninety percent CI of the minimal detectable change for
the absolute differences between the groups was calculated as

SEM�z��2

to assess clinically significant differences.
All the eligible patients with knee replacement were in-

cluded in the study and thus, with the present dropout rate, the
sample size of the study provided 80% statistical power to
detect a difference of about 10% between the groups in habitual
walking speed at a significance level of P less than .05.

RESULTS

Baseline Characteristics
Table 2 shows the baseline physical characteristics of the

training and control groups. No between-group differences
were observed at baseline.

Program Feasibility
The dropout rate was 6%. In the training group, 1 participant

(knee replacement operation on the other knee), and in the
control group, 3 participants (1 for personal reasons and 2 for
a knee replacement operation on the other knee) were lost to
follow-up (see fig 1). Training compliance in the aquatic train-
ing sessions was excellent, averaging 98% (590 sessions at-
tended/600 offered). In the training group, the participants did

not report any pain during the training program. However, 1
participant visited the study physician because of elevated
blood pressure without taking further actions or a pause in the
training regimen. The mean RPE value for training was 16
(range, 14–17).

Mobility Limitation
At baseline, there were no differences between the aquatic

training and the control group in maximal walking speed
(P�.214), habitual walking speed (P�.684), or stair ascending
time (P�.884). In the baseline measurements, 3 participants in
the training and 1 in the control group were unable to perform
alternate stepping and thus used bipedal ascent.

Compared with controls, the training group showed a mean
increase in their habitual walking speed of 9% (95% CI,
3%–15%) at the end of the intervention. Maximal walking
speed was not affected by training (1%; 95% CI, �6% to 8%).
Stair ascending time decreased significantly among the trainees
compared with controls (�15%; 95% CI, �24% to �6%). After
the intervention, 1 participant in each group used bipedal ascent.

Self-Reports
At baseline, there were no differences between the aquatic

training and control group in the WOMAC physical functional
difficulty (P�.109), pain (P�.866), or stiffness (P�.254)
scores. The scores for physical functional difficulty (analysis of
covariance, P�.197), pain (P�.352), and stiffness (P�.097) in
the operated knee were not affected by training.

Lower-Extremity Impairments
At baseline, there were no differences between the aquatic

training and the control group in knee extension power
(P�.440) or knee flexion power (P�.430) on the operated side,
or in knee extension power (P�.974) or knee flexion power
(P�.734) on the nonoperated side. In addition, thigh muscle
CSA did not differ between the groups at baseline in the
operated (P�.657) or nonoperated leg (P�.693).

The mean gain in knee extension power was significantly
greater in both the operated (effect 32%; 95% CI, 18%–47%)
and nonoperated leg (10%; 95% CI, 5%–16%) in the training
group compared with controls. Compared with controls, a
significant increase was also observed in knee flexion power in
the operated (48%; 95% CI, 8%–89%) and in the nonoperated
leg (8%; 95% CI, 2%–14%) in the training group. A small but

Table 2: Baseline Physical Characteristics of the Participants in
the Aquatic Training and Control Group

Characteristics

Aquatic

Training Group Control Group
n�26 n�24

Age (y) 66.2�6.3 65.7�6.0
Weight (kg) 83.2�15.2 83.9�15.0
Height (cm) 167.3�9.3 169.7�8.2
Time since operation (mo) 9.9�4.7 9.2�4.2
Comorbidities,* n (%)

Cardiovascular 15 (58) 9 (38)
Endocrine 2 (8) 2 (8)
Musculoskeletal 13 (50) 8 (33)
Respiratory 2 (8) 1 (4)

Diagnosed knee osteoarthritis of the
nonoperated knee, n (%) 4 (15) 4 (17)

NOTE. Values are mean � SD unless indicated otherwise.
*Self-reported number of comorbidities.
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significant increase in thigh muscle CSA in the operated (3%;
95% CI, 0%–5%) and in the nonoperated leg (2%; 95% CI,
0%–3%) was observed in the training group compared with the
control group (table 3).

DISCUSSION
The results of this study support our hypothesis and show

that 12 weeks of progressive aquatic resistance training de-
creased mobility limitation in women and men 55 to 75 years
old after unilateral knee replacement. In addition, knee exten-
sor and flexor power and thigh muscle CSA increased with
training, especially in the operated leg.

Our results showed training effects in the operated knee of
32% and 48% for knee extensor and flexor power, respectively.
The corresponding values for the nonoperated side were 8%
and 10%. The greater improvement in the operated leg was
expected because the operated leg received 30% more training
than the nonoperated one. The operated leg was also weaker at
the baseline measurements. The training effect for the nonop-
erated knee was in line with the values from 6% to 13%
reported in earlier studies on aquatic resistance training in
healthy adults and older persons.25,27,28 Earlier studies in sub-
jects with hip or knee osteoarthritis have reported mixed results
of the effects of aquatic exercise on the muscle strength of the
lower limbs.24,26,39,40 In persons with osteoarthritis, pain in the
impaired joint can affect training intensity. In addition, in
earlier studies the training programs lasted for only 6 weeks24

or did not include extra resistance.26,39 However, after knee
replacement, when the joint is pain-free, a training effect seems
to be evident, as found in our study. This was also found in the
earlier study,29 which reported that 2 weeks of aquatic reha-
bilitation commencing 4 days after knee replacement increased
hip abduction and knee extension strength compared with the
ward physiotherapy.

The muscle CSA results of this study are in line with those
of our previous study,27 which showed an increase of 4% to 5%

in extensor and flexor muscle CSA in healthy women after
aquatic training. Muscle hypertrophy is one of the mechanisms
underlying increasing muscle strength during training. How-
ever, as has been suggested by earlier studies in healthy older
persons, the increase in muscle mass induced by resistance
training is much less than the increase in muscle strength,41-43

as was also seen in this study. An increase in muscle mass also
has important advantages other than increased force produc-
tion. Muscle tissue acts as a dynamic metabolic store, as a vital
source of heat, and as protective padding for the skeleton
against falls.44

Our 12-week aquatic resistance training program was spe-
cifically targeted at improving lower extremity muscle power
and mass, and thus mobility. Aquatic resistance training in-
creased habitual walking speed and stair ascending time com-
pared with controls. However, maximal walking speed was not
affected by the training, which may be a result of the relatively
fast walking speed (1.9m/s) of the participants at the baseline.
In earlier studies, aquatic training with or without additional
resistance has shown favorable effects in the mobility in
healthy older women25 and in persons with osteoarthritis.24,26

In addition, 2 earlier studies have been reported on the effects
of 2 to 6 weeks of aquatic exercise intervention compared with
dry-land rehabilitation30 or with ward control29 on mobility
among people recovering from knee replacement surgery. In
the recovery phase (�2wk postsurgery), mobility increased
equally in all study groups with no between-group differences.
However, the operated side would appear to remain weaker for
years compared with the nonoperated side or with healthy
controls, suggesting increased risk for mobility limitation after
knee replacement. Our encouraging results in habitual walking
speed and stair ascending may be a result of the progressive
extra resistance produced by the resistance boots during the
training. In addition, the result may partly be a result of the low
base level of functional ability and muscle power of the older
people with knee replacement surgery, which is impaired, at

Table 3: Effects of Aquatic Training (Mean � SD, Mean Difference, and 95% CI)

Variable

Aquatic Training Group Control Group

Mean Difference†

(95% CI)
ANCOVA

P ‡

Baseline Posttrial Baseline Posttrial

n Mean � SD n Mean � SD n Mean � SD n Mean � SD

KEP operated (W) 23 112.6�51.4 23 145.6�64.0 20 129.7�47.3 20 129.3�44.8 33.5* (17.7 to 49.3) �.001
KEP nonoperated (W) 23 153.6�50.9 23 172.3�60.0 20 158.4�57.2 20 160.4�56.9 16.9* (7.2 to 26.6) .001
KFP operated (W) 23 99.8�49.4 23 135.9�60.0 20 116.0�42.9 20 117.8�41.3 32.3* (11.6 to 53.0) .003
KFP nonoperated (W) 24 130.2�44.1 24 144.2�53.6 20 141.0�50.9 20 143.4�51.8 12.6* (5.0 to 20.2) .002
CSA operated (cm2) 24 105.2�30.0 24 110.1�30.7 19 101.5�21.1 19 103.5�20.2 3.0* (0.5 to 5.4) .018
CSA nonoperated (cm2) 24 114.5�29.1 24 117.6�39.3 19 111.1�25.4 19 112.0�24.6 2.2* (0.4 to 4.1) .019
Maximal walking speed (m/s) 25 1.90�0.30 25 1.96�0.31 21 1.84�0.53 21 1.87�0.52 0.04 (�0.08 to 0.16) .532
Habitual walking speed (m/s) 25 1.31�0.17 25 1.41�0.24 21 1.30�0.24 21 1.29�0.26 0.12* (0.04 to 0.20) .005
Stair ascending (s) 25 4.96�2.10 25 4.27�1.67 21 4.68�1.81 21 4.71�1.74 �0.66* (�1.12 to �0.20) .006
WOMAC total score§ (mm) 25 22.4�10.6 25 17.9�8.5 21 18.1�11.6 21 18.3�16.0 �4.1 (�9.1 to 1.0) .110
Pain score� (mm) 25 16.8�10.6 25 13.0�8.7 21 17.0�14.6 21 15.5�12.4 �2.4 (�7.4 to 2.7) .352
Stiffness score� (mm) 25 32.7�24.0 25 25.9�20.6 21 26.1�19.3 21 30.3�25.5 �8.9 (�19.5 to 1.7) .097
Physical functional difficulty

score� (mm) 25 22.6�11.7 25 18.5�9.4 21 17.0�11.5 21 17.3�17.2 �3.6 (�9.3 to 2.1) .212

Abbreviations: ANCOVA, analysis of covariance; CSA, cross-sectional area; KEP, knee extension power; KFP, knee flexion power; VAS, visual
analog scale.
*Clinically significant difference between the groups. Assessed by minimal detectable change at the 90% confidence level, calculated for the
absolute mean difference (effect) between the groups as SEM�z��2.
†Mean difference (effect) calculated as the absolute mean difference (95% CI) between the study groups.
‡Derived from ANCOVA, baseline as covariate.
§Total score of WOMAC questionnaire based on VAS.
�Assessed with WOMAC questionnaire, subscales of pain, stiffness and physical functional difficulty based on VAS.
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least partly, by pain and long-term disuse before the operation
and for up to months afterward.

In an earlier study, an 8-week intensive functional dry-land
rehabilitation program after knee replacement decreased self-
reported physical functional difficulty.35 No group differences
in the WOMAC physical functional difficulty were found after
a 6-week water-based and dry-land rehabilitation program
commencing 2 weeks after knee replacement.30 In the present
study, the training had no effect on the self-reported physical
functional difficulty compared with controls. This might be a
result of the relative good health of the study population, who
did not appear to have problems with the simpler tasks, such as
lying in bed and sitting. Training also had no effect on pain,
which was expected because of the relatively small pain scores
at baseline, as also found after knee replacement in other
studies.35,45,46

Our 12-week aquatic resistance training program induced
marked improvements in lower-extremity muscle power and
mass, and thus mobility, in persons with a knee replacement
operation 4 to 18 months earlier. The training program was not
started right after the operation, which is the usual course in
rehabilitation practice. The results indicate that it would be
important to offer rehabilitative exercise strategies for the
patients with joint replacement in the long run and not only for
the very acute phase.

All in all, the marked improvements in muscle power and
mobility in our study might be a result of the use of an effective
and safe training medium, water. Water minimizes the effects
of gravity, which reduces compressive and shear forces on
joints and thus offers a comfortable training medium for pa-
tients with musculoskeletal problems. In addition, water offers
variable, easily individually adjustable resistance to move-
ments. The resistance offered by water to movements increases
with speed: the drag produced by water quadruples when
velocity doubles.27 Thus, progressive resistance-type aquatic
training seems to lead to both functional and structural adap-
tations in the neuromuscular system. Therefore, progressive
aquatic training with resistance boots can be recommended in
rehabilitation for patients with knee replacement.

Study Limitations
This study has some limitations. We have made multiple

comparisons in these data, and it is possible that there is a
study-wide type I error. However, in randomized controlled
trials with selected and preplanned main outcome, correction of
multiple comparisons is unnecessary. We were not able to
conduct complete blinding, which thus limits the strength of
the conclusions. Unfortunately, we did not know the preoper-
ative impairment or level of mobility limitation of the partici-
pants or the rehabilitation before the baseline measurements.
However, the randomization, at least in part, reduced this
potential bias. In addition, the intensity of training was chal-
lenging to define. Even though the subjects were encouraged to
exercise with maximal effort, we do not know whether they
exercised to fatigue. This study has several strengths. First, it
was a randomized controlled trial with both training and con-
trol groups, and with only a very few dropouts. Second, the
trainees performed the training protocol with a high compli-
ance (98%) and did not report any pain during training. Third,
the recruitment of the participants was population-based, and
the study groups were homogeneous. In the future, the inten-
sive training program with mixed aquatic and dry-land training
program should be considered.

CONCLUSIONS
The results of this randomized controlled trial showed that

12 weeks of progressive aquatic training reduced mobility
limitation in persons with knee replacement. Knee extensor and
flexor power and thigh muscle CSA increased with training,
especially in the operated leg. The aquatic training was well
tolerated, and thus water would appear to offer an effective
environment for training muscle power and mobility after knee
replacement.
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ORIGINAL ARTICLE

Maintenance of Aquatic Training-Induced Benefits on Mobility
and Lower-Extremity Muscles Among Persons With Unilateral
Knee Replacement
Anu Valtonen, MSc, Tapani Pöyhönen, PhD, Sarianna Sipilä, PhD, Ari Heinonen, PhD

ABSTRACT. Valtonen A, Pöyhönen T, Sipilä S, Heinonen
A. Maintenance of aquatic training-induced benefits on mobil-
ity and lower-extremity muscles among persons with unilateral
knee replacement. Arch Phys Med Rehabil 2011;92:1944-50.

Objective: To evaluate the maintenance of observed aquatic
training-induced benefits at 12-month follow-up.

Design: Twelve-month follow-up of a randomized controlled
study.

Setting: Research laboratory and hospital rehabilitation pool.
Participants: Population-based sample of 55 to 75-year-old

women and men 4 to 18 months (on average 10mo) after
unilateral knee replacement. Fifty people were willing to par-
ticipate in the exercise trial and 42 people in the follow-up
study.

Intervention: Twelve-month follow-up of 12-week progres-
sive aquatic resistance training, or no intervention.

Main Outcome Measures: Isokinetic knee extensor and flexor
power, thigh muscle cross-sectional area (CSA), habitual walk-
ing speed, stair ascending time, and sit-to-stand test.

Results: After a 12-month follow-up, a 32% (95% confidence
interval [CI], 10–53) training effect in knee extensor power
(P�.008) and 50% (95% CI, 9–90) in knee flexor power
(P�.005) of the operated knee remained. In muscle CSA, the
training-induced benefit had disappeared at the follow-up. All
the significant 12-week improvements in habitual walking
speed, stair ascending time, and sit-to-stand in the training
group compared with controls were lost at follow-up.

Conclusions: After the 12-month follow-up, the 12-week
aquatic training-induced benefits in knee extensor and flexor
power were maintained, whereas the mobility benefits had
disappeared. Aquatic resistance training should be continued at
least on some level to maintain the training-induced benefits in
mobility.

Key Words: Follow-up studies; Rehabilitation; Walking;
Water.

© 2011 by the American Congress of Rehabilitation
Medicine

KNEE JOINT OSTEOARTHRITIS and related knee re-
placement surgery cause muscle strength and functional

decline,1-3 which have been reported to remain lower than in
age-matched people beyond 1 year and even at 13 years after
surgery.1,4-8 In our previous 12-week randomized controlled
trial,9 we showed that progressive aquatic resistance training
initiated on average 10 months after knee replacement had
positive effects on muscle power, muscle mass, and mobility in
the lower limbs, that is, decreased functional decline in persons
with knee replacement.

To date, very little is known about the maintenance of
training/therapeutic exercise-induced benefits in persons with
knee replacement. As far as we know, only 1 earlier study has
reported maintenance of dry-land strength training in persons
with knee replacement. These results showed that improve-
ments in muscle strength and mobility observed after 6-week
progressive strengthening intervention were maintained after
12-months follow-up.10 After progressive aquatic resistance
training in persons with knee replacement, the long-term ef-
fects of training are unclear. So far, the maintenance of aquatic
exercise effects after knee replacement surgery has been inves-
tigated only with 2- to 6-week-long rehabilitation pro-
grams.11,12 However, it remains somewhat unclear whether the
training-induced benefits of the progressive and intensive train-
ing program with additional resistance in persons with knee
replacement can be maintained after cessation of training.

The purpose of this study was to evaluate whether the
observed aquatic training-induced benefits in lower-leg muscle
power, cross-sectional area (CSA), and mobility,9 assessed by
habitual walking speed, stair ascending time, and the sit-to-
stand test, were maintained after follow-up for 12-months in
persons with knee replacement. Our hypothesis was that
aquatic training-induced benefits would be maintained during
the follow-up.

METHODS

Design
This study was a 12-month follow-up of a 12-week ran-

domized, controlled aquatic resistance training intervention
(register no. ISRCTN50731915). The intervention refers to a
12-week randomized controlled trial9 and the follow-up to the
12-month period after the end of the intervention. The mea-
surements were conducted at baseline, after the 12-week inter-
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vention, and at 12-month follow-up by the same research
personnel. Quantitative computed tomography (CT) measure-
ments and analyses were conducted blinded to the study group.
The other measurements were conducted unblinded. This fol-
low-up study assesses the physical performance traits that
showed a treatment effect during the intervention. In addition,
using the Western Ontario and McMaster University Osteoar-
thritis Index (WOMAC) questionnaire self-reported physical
functional difficulty, pain, and stiffness are used to describe the
status of the knee on the operated side during the follow-up.

Participants
In 2005, all the 201 patients who, according to the physical

therapy records of Kymenlaakso Central Hospital, had under-
gone unilateral knee replacement 4 to 18 months prior to the
study were informed about the study. Eighty-six patients were
contacted by the research personnel and interviewed over the
telephone. Exclusion criteria were: bilateral knee arthroplasty,
revision arthroplasty, severe cardiovascular diseases, dementia,
rheumatoid arthritis, and any major operation in either of the
knees. Thus, 50 eligible volunteers (age range, 55–75y; 30
women and 20 men) were randomized after the baseline mea-
surements into an aquatic resistance training group (16 women,
10 men) and a control group (14 women, 10 men). The random
allocation was concealed in sealed envelopes, in blocks of sex,
age, and type of knee replacement (table 1). Forty-six partici-
pants (92%) completed the training intervention.9 During the
12-month follow-up, 4 participants in the control group
dropped out. Thus, 42 volunteers completed the 12-month
postintervention follow-up study (fig 1).

The reason for the participants’ knee replacement surgery
was knee joint osteoarthritis. Characteristics of the knee re-
placement operation were collected from the hospital medical
records. All the participants had undergone knee replacement
surgery with cement fixation (41 with tricompartmental total
knee arthroplasty, 1 with unicompartmental hemiarthroplasty).
Independent samples t test was used to verify that the person
with hemiarthroplasty did not differ from the participants with
total knee replacement in the baseline measurements in any of
the variables.

Before the laboratory examinations, the participants were
informed about the study and they gave their written informed
consent. The study was conducted according to the Declaration

Table 1: Baseline Physical Characteristics of the Participants at
Follow-Up*

Characteristics

Aquatic
Training Group Control Group

(n�25) (n�17)

Age (y) 65.8�6.2 66.4�5.7
Body weight (kg) 84.1�14.8 82.3�14.8
Body height (cm) 167.9�9.0 169.5�7.3
Time since operation (mo) 10.1�4.7 8.5�3.9
Comorbidities*, n (%)

Cardiovascular 15 (60) 7 (41)
Endocrine 1 (4) 2 (12)
Musculoskeletal 12 (48) 4 (24)
Respiratory 1 (4) 1 (6)

Diagnosed knee osteoarthritis
of the nonoperated knee,
n (%) 3 (12) 2 (12)

NOTE. Values are the mean � SD unless indicated otherwise. No
between-group differences at baseline.
*Self-reported number of comorbidities.

Fig 1. Trial profile.
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of Helsinki and approved by the ethical committee of Kymen-
laakso Central Hospital.

Intervention
The training program has been reported in the original in-

tervention paper.9 Briefly, the 12-week aquatic exercise was
specifically targeted at improving lower-extremity muscle
strength and power. Exercise sessions were conducted twice a
week in small classes containing 4 to 5 persons. All the classes
were supervised by an experienced physiotherapist.

Each training session consisted of 5 exercises for both legs:
(1) 1-leg knee extension-flexion movement in a sitting position,
(2) hip abduction-adduction with extended knee in a standing
position, (3) hip extension-flexion with extended knee in a
standing position, (4) 1-leg knee extension-flexion in a stand-
ing position, and (5) step-squat backwards from the aqua
aerobic step board. The subjects were instructed to perform
each repetition with maximal effort in order to achieve the
highest possible movement velocity and resistance. The pro-
gression of the exercise program was ensured by using resis-
tance boots of different sizes (small, medium, large) and by
varying the amount and duration of sets. In the hydro-boot
conditions, the movement velocities were slower and the num-
ber of repetitions per set was lower but the resistance higher
compared with the barefoot condition.13,14 The control group
did not receive any intervention. Participants were encouraged
to continue their lives as usual and maintain their habitual level
of physical activity during the trial.

Health Status
Body height and weight were measured using standard pro-

cedures. General health, clinical history, medication, and dis-
eases of the participants were assessed by a physician before
the laboratory examinations to evaluate potential contraindica-
tions for safe participation in the measurements and training.
The presence of self-reported chronic conditions was recorded
with a questionnaire. In addition, the participants reported their
general health and habitual physical activity at baseline, after
the intervention, and at follow-up.

Knee Extensor and Flexor Power
Maximal muscle power (W) of the knee extensors and flex-

ors in the operated leg was measured with an isokinetic
dynamometer.14 a After a few submaximal flexion-extension
movements, 5 maximal continuous flexion-extension trials
were performed at an angular velocity of 180°/s. The partici-
pants were verbally encouraged to maximal effort throughout
the whole range of motion. Peak power (P) values were anal-
ysed from the best extension and flexion efforts. The intraclass
correlation coefficient (ICC) of the isokinetic parameters for
persons with knee replacement varied between .90 and .96 for
the operated knee.3

Muscle CSA
CT scans were obtained from mid-thigh using a Siemens

Somatom DR Scannerb with the patient in a supine position.15

The scans were analyzed to measure thigh muscle CSA (cm2)
using software developed for that purpose at the University of
Jyväskylä (Geanie 2.1c). In our previous study, the coefficient
of variation was calculated between 2 consecutive repeated
measurements, and was 1% to 2% for muscle CSA.15

Mobility
Mobility was assessed by habitual walking speed, stair as-

cending time, and the sit-to-stand test. In all the mobility

variables, each participant performed 2 trials separated by a 1-
minute rest, and the faster performance was accepted as the
result.

Habitual walking speed. Habitual walking speed over 10m
was measured in the hospital corridor and the time taken was
recorded using photocells.16 d All the participants were allowed
3m for acceleration.

Stair ascending. Maximal time taken to ascend 10 stairs
was measured in the hospital corridor17 and the time taken was
recorded using photocells. The participants were instructed to
step alternately on each stair as fast as possible without com-
promising their safety. A handrail or taking a step with both
feet on the same step was allowed only if necessary. The ICC
for ascending stairs for persons with knee replacement has
been .73.3

Sit-to-stand. Maximal time taken to stand up and sit down
10 times on a standard chair was measured,17 and the time
taken was recorded using a stopwatch. The chair height was
43cm and the depth was 37cm. The participants were instructed
to stand up and sit down as fast as possible without using their
hands. The ICC for sit-to-stand was measured in our laboratory
in a pilot study for 17 participants (12 women, 5 men; mean
age, 77y) with unilateral knee replacement an average of 8
months after surgery. The ICC for sit-to-stand was .83 in
persons with knee replacement.

Pain, Stiffness, and Physical Functional Difficulty
The WOMAC questionnaire, a self-rated measure of pain

and stiffness and physical functional difficulty, is widely used
after joint replacement surgery research.12,18 The version based
on the visual analog scale (range, 0–100mm, with 100 indicat-
ing the worst possible situation) was used. In the physical
functional difficulty score, 80% of the participants did not
answer the subscale “getting in and out of the bath” because
they did not have a bath. Therefore, this subscale was not
included in the analysis.

Statistical Analysis
Means and SDs were used as descriptive statistics. The data

obtained from men and women were pooled to obtain a larger
sample size as there were no differences between the sexes in
age, time since operation, or training response. All the avail-
able participants were measured and analyzed as randomized
regardless of training compliance. The outcomes for the par-
ticipants who dropped out during the follow-up were not used
because of our long follow-up time. Independent samples t test
was used to verify that the dropouts did not differ from the
other participants in any characteristics or outcome variables.
Participants with missing values in the physical performance
tests (2 because of acute knee surgery, 3 because of other
health problem) or in the CT measurement (2 because of
unwillingness to participate) were omitted only from the anal-
ysis in question.

SPSS 17.0e was used for statistical analysis. All the variables
were normally distributed. The analysis of covariance was used
to assess the training effect at posttrial and follow-up training
measurements between the training and control groups. Age,
sex, time since operation, and training compliance were tested
separately and together as covariates. Because they had no
influence on the results, only the baseline measurement was
used as covariate.

The relative change in muscle power, muscle CSA, and
mobility between the pre- and posttrial measurements as well
as pretrial and follow-up measurements was calculated as
(post – pre)/pre � 100% or (followup – pre)/pre � 100%. The
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differences (effect) in the mean relative changes between the
study groups and the 95% confidence intervals (CIs) of the
difference were also calculated.

RESULTS

Participation in the Follow-Up
Forty-two participants (84%) were measured in the fol-

low-up assessment. All the participants from the training group
participated in the follow-up assessment session, whereas 4
subjects in the control group withdrew from the study during
the follow-up period (see fig 1). During the 12-month follow-
up, 2 participants in the training and 1 in the control group also
had their nonoperated knee replaced. One participant in each
group had revision arthroplasty during the follow-up. At the
follow-up measurements, 2 participants in the training group
(asthma, sprain in the ankle) and 1 in the control group (sprain
in the knee) had acute health problems, and consequently they
attended only to the CT measurements and completed the
questionnaires. At follow-up, 3 participants in the training and
1 in the control group had increased their habitual physical
activity, and 2 participants in the training and 3 in the control
group had decreased their habitual physical activity. None of
the participants continued aquatic resistance training after the
intervention.

Muscle Power and CSA
The absolute values at baseline, at the end of the interven-

tion, and at the 12-month follow-up are presented in table 2.
After the 12-week intervention, significant (P�.037) training
effects of 3% to 49% were observed in knee extensor and flexor
power and in thigh muscle CSA in the training group compared
with controls (tables 2 and 3). At 12-month follow-up, a 32%
(95% CI, 10–53) effect in knee extensor power and 50% (95%
CI, 9–90) effect in knee flexor power of the operated knee
remained in the training group compared with the control group
(fig 2). In thigh muscle CSA, the training-induced benefit had
disappeared at follow-up.

Mobility
After the intervention, significant (P�.025) training effects

of 7% to 12% were observed in habitual walking speed, stair
ascending time, and sit-to-stand in the training group compared
with controls (see tables 2 and 3). However, at follow-up, no
between-group differences were seen in any of the mobility
variables (fig 3).

Pain, Stiffness, and Physical Functional Difficulty
The scores for physical functional difficulty, pain, and stiff-

ness in the operated knee were not affected by training
(P�.310). At follow-up, no between-group differences

Table 2: Mean � SD Values at Baseline, at the End of the Intervention, and at Follow-Up in the Aquatic Training and Control Groups

Variable

Aquatic Training Group Control Group

n Baseline* Posttrial Follow-Up n Baseline* Posttrial Follow-Up

KEP (W) 21 112.6�51.4 145.6�64.0 144.6�60.5 16 133.2�45.4 130.8�41.4 134.7�53.7
KFP (W) 21 99.8�49.4 135.9�60.0 137.1�63.2 16 118.3�43.6 119.4�40.0 122.5�52.7
Thigh muscle CSA (cm2) 25 105.2�30.0 110.1�30.7 109.3�28.4 15 101.2�20.7 103.3�19.6 105.6�22.1
Habitual walking speed (m/s) 21 1.31�0.18 1.41�0.24 1.39�0.15 16 1.33�0.23 1.34�0.23 1.35�0.24
Stair ascending (s) 21 4.96�2.10 4.27�1.67 4.39�1.54 16 4.86�1.96 4.77�1.82 4.77�1.90
Sit-to-stand 10 repetitions (s) 21 21.4�3.42 17.8�1.94 19.0�3.18 16 21.8�4.01 20.4�3.46 19.4�4.6
WOMAC total score† (mm) 25 22.4�10.6 17.9�8.5 17.4�10.3 17 16.7�12.5 17.7�17.8 14.6�10.1
Pain score‡ (mm) 25 16.8�10.6 13.0�8.7 13.3�8.9 17 15.7�15.1 15.3�13.2 9.5�6.8
Stiffness score‡ (mm) 25 32.7�24.0 25.9�20.6 21.7�14.8 17 23.3�17.9 27.0�24.8 22.1�20.7
Physical functional difficulty

score‡ (mm) 25 22.6�11.7 18.5�9.4 18.1�11.0 17 15.9�12.5 16.9�19.1 14.8�11.0

Abbreviations: KEP, knee extensor power; KFP, knee flexor power; Thigh muscle CSA, thigh lean tissue cross-sectional area.
*No between-group differences in any of the variables at baseline.
†Total score of WOMAC questionnaire based on the visual analog scale.
‡Assessed with WOMAC questionnaire, subscales of pain, stiffness, and physical functional difficulty based on the visual analog scale.

Table 3: 12-Week Training Effect (95% CI) and 12-Month Follow-Up Mean Difference (95% CI)

Variable
Training Effect %*

(95% CI) ANCOVA P†
Mean Difference %

at Follow-Up* (95% CI) ANCOVA P†

KEP (W) 33 (17 to 50) �.001 32 (10 to 53) .008
KFP (W) 49 (3 to 94) .008 50 (9 to 90) .005
Thigh muscle CSA (cm2) 3 (0 to 5) .037 �1 (�5 to 3) .486
Habitual walking speed (m/s) 7 (1 to 14) .025 2 (�6 to 11) .414
Stair ascending (s) �12 (�21 to �4) .015 �8 (�19 to 4) .229
Sit-to-stand 10 repetitions (s) �10 (�16 to �4) �.001 0 (�11 to 12) .995

Abbreviations: ANCOVA, analysis of covariance; KEP, knee extensor power; KFP, knee flexor power; Thigh muscle CSA, thigh lean tissue
cross-sectional area.
*12-week training effect percent and 12-month follow-up mean difference calculated as the relative mean difference (95% CI) between the
study groups.
†Derived from the ANCOVA using the absolute values at the end of the intervention and at follow-up; baseline as the covariate.
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(P�.896) were observed in the physical functional difficulty
score, pain, or stiffness (see table 2).

DISCUSSION
In this 12-month follow-up of a 12-week randomized con-

trolled aquatic training intervention after knee replacement
surgery, training-induced benefits in the knee extensor and
flexor power remained q year after cessation of training. How-
ever, the training effects in mobility and muscle CSA had
disappeared. The present results support our hypothesis, show-
ing that in the training group in persons with knee replace-
ments, knee extensor and flexor power was maintained at the
posttraining level 12 months after cessation of training. Previ-
ously, from 8 to 12 weeks of aquatic training in different
clinical populations have shown maintained19 or decreased20

lower-limb strength levels 3 months after cessation of training.
In addition, Petterson et al10 found that 2 different dry-land
training groups with knee replacements were stronger than a
nontraining cohort 12 months after cessation of training. How-
ever, these earlier inconsistent results cannot directly be com-
pared with our results because of differences in the clinical
populations,19,20 training programs, environments and resis-
tances used in the training protocols,10,19,20 or our longer fol-
low-up period.10,19,20

In contrast, the training effect on muscle CSA had disap-
peared at the follow-up. To our knowledge, no earlier studies in
persons with knee replacement have reported on the mainte-
nance of muscle CSA after strength training. In healthy older
adults, muscle CSA was maintained21 or decreased22 during a

6-month detraining period. In the present study, thigh muscle
CSA in the training group was maintained at the posttraining
level, but the between-group difference disappeared because of
the slight increase in muscle CSA in the controls. It seems that
12 months without physical training was too long a period to
maintain training effects on muscle CSA. Nevertheless, the
habitual physical activity of the participants was sufficient to
enable them to maintain the training-induced muscle power.

In this study, the training effect on mobility in our study
disappeared after the 12-month follow-up period. This is con-
trary to our hypothesis and to previous studies which have
found further improvements in mobility from 3 to 12 months
after cessation of training in persons with knee replace-
ment,10,11 However, previous studies and our study are not
fully comparable, as the interventions in the former studies

Fig 2. Muscle power variables for the aquatic training and control
groups: knee extensor power, knee flexor power. Percentage
change (95% CIs) for the training and control groups after the
intervention (3mo) and at 12-month follow-up (15mo�12mo after
cessation of training). Abbreviations: AT, aquatic training group;
CON, control group.

Fig 3. Mobility variables for the aquatic training and control groups:
habitual walking speed, stair ascending, sit-to-stand. Percentage
change (95% CIs) for the training and control groups after the
intervention (3mo) and at 12-month follow-up (15mo�12mo after
cessation of training). Abbreviations: AT, aquatic training group;
CON, control group.
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commenced in the acute recovery phase (�4wk) after surgery
which was not the case in our study. In addition, a control
group was not included in 1 study11 or the training was con-
ducted on dry land.10 On the other hand, our findings are in line
with the studies in persons with fibromyalgia, where the muscle
strength was maintained after the detraining period but mobil-
ity was not.19,23 We believe that these results may indicate that
the mobility demands of daily living or the participants’ habit-
ual physical activity were not enough to maintain the training-
induced changes in mobility. Indirectly, these results highlight
that knee replacement patients should start rehabilitation im-
mediately after surgery and as a regular part of the rehabilita-
tion process to be encouraged to be physically active, because
a sedentary life style increases the risk for health problems,
which in turn reduces a person’s functional ability. During our
follow-up period, 3 persons had acute health problems and
were not able to participate in the physical performance mea-
surements. In addition, 3 participants had their nonoperated
knee diagnosed and replaced during the follow-up period,
which is common after knee replacement surgery.24,25 This
might also have influenced the maintenance of benefits in
mobility.

Because it is challenging to persist in intensive supervised
training endlessly to prevent mobility problems, periodical
intensive training, as suggested by Karinkanta et al,26 or phys-
ical activity counseling27 would perhaps help people to main-
tain a good level of habitual physical activity. Aquatic training
offers a suitable training environment for periods of intensive
training. Water is a safe and effective environment. It reduces
the compressive forces on joints while at the same time offers
resistance to movements. Therefore, in water, it is possible to
perform each repetition with maximal effort in a pain-free
mode and achieve the highest possible movement velocity and
thus resistance. In addition, a pain-free aquatic training envi-
ronment may also encourage patients to move with high move-
ment velocity in everyday life and thus maintain the training-
induced benefits in muscle power.

Study Limitations
Our study had some limitations. Not all the participants

attended the follow-up measurements, although compliance
(84%) was nevertheless quite high. Unfortunately, we had only
1 follow-up measurement, which was conducted 12 months
after cessation of training. For example, a follow-up measure-
ment after 3 months would also have offered interesting data
about maintenance of mobility. We performed multiple com-
parisons on this data, and it is possible that a study-wide type
I error exists. We were not able to conduct complete blinding,
which limits the strength of the conclusions. Finally, we were
not able to do any subanalysis, whereby participants with
confounding factors would be excluded, because of the small
number of participants in this study.

This study has several strengths. First, this follow-up study
evaluated the maintenance of the treatment effects of a ran-
domized controlled trial after knee replacement surgery with
only a few dropouts during the follow-up period. Second, the
recruitment of the participants was population-based and the
study group was homogeneous. Third, the maintenance of
aquatic resistance training-induced benefits in persons with
knee replacement was compared with that of a control group.

CONCLUSIONS
Aquatic resistance training-induced benefits in knee extensor

and flexor power were maintained at 12-month follow-up in
persons with knee replacement. However, 12 months seemed to

be too long a period for the gains achieved in mobility to be
maintained by regular physical activity alone.
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