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THESIS AT A GLANCE 

Paper Question Patients Methods Results Conclusion 
I Is PST feasible 

commenced 1 to 
2 days after fast-
track TKA, 
indicated by 
increasing 
training loads 
without 
exacerbation of 
knee pain and 
knee joint 
effusion? 

14 patients with 
unilateral TKA 
from a fast-
track 
orthopaedic 
arthroplasty 
unit.  

Patient received 
rehabilitation 
including PST of the 
operated leg (leg press 
and knee-extension), 
using relative loads of 
10 (RM) with 3 
training sessions per 
week for 2 weeks. At 
each training session, 
training load, knee 
pain, and knee joint 
effusion were 
recorded.  

Training load 
increased 
progressively. 
Patients 
experienced only 
moderate knee 
pain during the 
strength training 
exercises, but knee 
pain at rest and 
knee joint effusion 
were unchanged 
or decreased over 
time.  

Rehabilitation 
with PST 
commenced 
immediately after 
TKA seems 
feasible indicated 
by increased 
training loads 
without 
exacerbation of 
knee joint effusion 
or knee pain. 

II Is the 6MWT 
intra-tester 
reliable with 
acceptable 
measurement 
error to identify a 
small change of 
functional 
performance in 
patients with 
TKA?  

34 patients with 
unilateral TKA 
recruited from 
different 
rehabilitation 
sites. 

Patients performed 2 
6MWTs the same day, 
separated by a 1-hour 
seated rest. To assess 
reliability, the ICC, 
SEM95, and SRD95 
were calculated. 

Patients walked on 
average 14.1 m 
longer at the 
second (397.2 m) 
compared to the 
first (383.1 m) test 
trial. The ICC, 
SEM95, and SRD95 
were 0.97, 25.5 m, 
and 36.1 m, 
respectively. 

The 6MWT was 
reliable with an 
acceptable small 
error to identify 
changes in a group 
of patients 
(SEM95) and in an 
individual patient 
(SRD95) early 
after TKA. A 
learning effect 
was observed.  

III Is rehabilitation 
with PST 
superior to 
rehabilitation 
without PST in 
improving 
functional 
performance 
early after fast-
track TKA? 

82 patients with 
unilateral TKA 
from a fast-
track 
orthopaedic 
arthroplasty 
unit. 

Patients were 
randomized to 7 
weeks of supervised 
rehabilitation with 
(PST-group) or 
without PST (CON-
group) commenced 1 
week after TKA. The 
primary (6MWT) and 
secondary outcomes 
were assessed before 
(baseline), 4, 8 
(primary analysis) and 
26 weeks after TKA. 

No differences 
between the PST- 
and CON-group 
for the 6MWT 
were found. No 
significant or 
clinically 
meaningful 
differences 
between groups 
for any secondary 
outcomes were 
revealed. 

7 weeks of 
supervised 
rehabilitation with 
PST was not 
superior to 7 
weeks of 
supervised 
rehabilitation 
without PST in 
improving 
functional 
performance 
(6MWT) 
commenced 1 
week after fast-
track TKA. 

6MWT=6-minute walk test, ICC=Intraclass correlation coefficient, PST=Progressive strength training, 
TKA=Total knee arthroplasty, RM=Repetition maximum, SEM95=Standard error of measurement with a 
95% confidence interval, and SRD95=Smallest real difference with a 95% confidence interval. 
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ABBREVIATIONS 

6MWT 6-minute walk test 

ADL Activity of daily living 

AMI Arthrogenic muscle inhibition 

ANCOVA Analysis of covariance 

ANOVA Analysis of variance 

CI Confidence interval 

EQ-5D Euroqol questionnaire 

ICC Intraclass correlation coefficient 

ICF International classification of functioning, disability and health 

IQR Interquartile range 

KOOS Knee injury and osteoarthritis outcome score 

OKS Oxford knee score 

PRO Patient-reported outcome 

PST Progressive strength training 

RM Repetition maximum 

ROM Range of motion 

SD Standard deviation 

SEM Standard error of measurement 

SRD Smallest real difference 

TKA Total knee arthroplasty 

VAS Visual analogue scale 
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1 INTRODUCTION 

1.1 Total knee arthroplasty 

Total knee arthroplasty (TKA) is performed to alleviate knee pain and disability related to end-stage 

knee osteoarthritis. TKA is a common orthopaedic procedure1 with approximately 8,000 operations 

per year in Denmark.2 The number of TKA operations has increased in the developed countries1 

with over 687,000 operations performed in USA annually,3 and this number has been projected to 

increase to 3,48 million per year in 2030.4 This increase is based on the fact that the predominant 

risk factors for knee osteoarthritis, age and obesity, are rising.1;5 In Denmark, the surgical procedure 

is primary performed in women (58.5%), and in a population between 60 to 79 years of age.2 

The surgical procedure involves removal of damage cartilage, correction of joint deformities, and 

replacement of the worn cartilaginous bearing surfaces (on femur, tibia and patella) with an 

artificial bearing (prosthesis).6 After hospitalization, patients are discharge to a rehabilitation unit or 

to their own home. The re-admission rate has been reported to be approximately 8-9% within the 

first 3 months after TKA.7;8 Some of the most common complications after TKA are deep vein 

thrombosis, wound infection, and knee stiffness (limited knee range of motion (ROM) that affects a 

patient’s ability to perform activities of daily living (ADL)).9 The TKA is regarded as an effective 

treatment that promotes substantial self-reported quality of life gains for people with end-stage knee 

osteoarthritis.1 Still, some patients experience knee-related symptoms such as persistent pain and 

stiffness after TKA,10;11 and the percentage of patients with TKA, who are dissatisfied with their 

outcome, varies from 8% to 25%.10-12 

1.2 Fast-track methodology after total knee arthroplasty 

The fast-track methodology is a dynamic concept that focuses on enhancing recovery and reducing 

morbidity after surgery by implementing evidence-based knowledge within a variety of modalities 

(fast-track surgery).13 These include perioperative pain management, surgical and nursing care 

principles, reduction of surgical stress responses, prevention of complications in relation to surgery, 

early mobilisation and oral nutrition, and postoperative rehabilitation. This multimodal approach 

involves surgeons, anaesthesiologists, nurses, physiotherapists, and strives to optimize clinical, 

organizational and logistical features to provide the individual patient with the best available 

treatment.14 Originally, the fast-track concept was developed around patients undergoing abdominal 

surgery and hernia-repairs.14 The concept has since been successfully introduced in patients 

undergoing total hip and knee arthroplasty, and the first pilot study was carried out in the beginning 

of 1990’s at Copenhagen University Hospital, Hvidovre.15 In recent years, the fast-track surgery has 
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gradually reduced the median length of stay after TKA from 11 days16 to about 2 to 4 days, without 

increasing morbidity and readmissions.7;8;13;17  

Early postoperative mobilization and rehabilitation is considered important to achieve rapid 

functional recovery in fast-track TKA.13;18;19 To enhance functional recovery, effective pain 

management is a prerequisite for early mobilization after fast-track TKA. Pain has had a limiting 

role in the achievement of functional recovery, consequently pain relief allows an early 

rehabilitation after TKA.18 With fast-track surgery, which includes the use of spinal anaesthesia, 

intraoperative, high-volume local anaesthetic wound infiltration and optimized multi-opioid-

sparring analgesia, patients were able to transfer independently 1 to 2 days post-TKA.18;20  

1.3 Impairments and deficits after total knee arthroplasty 

The international classification of functioning, disability and health (ICF) model provides a unified 

framework for evaluating health and health-related states of populations.21;22 The ICF model is 

predominantly divided into functioning and disability, and contextual factors (Figure 1). 

Functioning and disability includes the components of body functions and structures (impairment), 

activity (activity limitation) and participation (participant limitation). Contextual factors include 

environmental and personal factors. Within this framework, attention has been focussed on several 

common impairments early after TKA, such as lower extremity muscle strength, knee joint ROM, 

knee joint effusion, and knee pain. This interest seems justified, as these impairments have been 

reported to be associated with limitations in activity (e.g walking and stair climbing)23-26 and 

participation.27 

Figure 1. ICF model22 
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1.3.1 Muscle strength 

One of the key impairments after TKA is early loss of knee-extension strength, in so far as 

decreases of 64% to 83% compared to pre-surgery levels have been reported.27;28 This loss in knee-

extension strength may be regained if rehabilitation with progressive strength training (PST) is 

provided.26;29;30 However, knee-extension strength seldom reaches the strength-levels of age-

matched healthy adults.31-33 This may pose a functional problem, as decreased knee-extension 

strength is associated with impaired functional performance in, for example walking and stair 

climbing after TKA.26-28 

 

The loss of knee extension strength after TKA is closely related to atrophy and neural inhibition of 

the quadriceps muscle.34 The neural inhibition prevents the quadriceps muscle from being fully 

activated, a process known as arthrogenic muscle inhibition (AMI).34-36 It has been suggested that 

AMI contributes almost twice as much as muscle atrophy to the observed weakness examined 1 

month after TKA.34;37 After 3 months, this pattern seems to change as muscle atrophy contributed 

more than AMI to the observed knee-extension weakness.37 

 

Finally, loss of muscle strength after TKA has been reported for other muscle groups as well. These 

include strength losses in knee flexion,38 hip abduction,39 ankle plantarflexors and ankle 

dorsiflexors40 that may limit functional performance. 

1.3.2 Knee joint effusion 

Knee joint effusion after TKA is probably caused by intraarticular bleeding and inflammation of the 

periarticular tissues,41 and has been reported to persist at least 1 month after TKA.27;28;42 More 

importantly, knee joint effusion (circumference increase) is associated with decreased knee-

extension strength early after TKA.28 These findings correspond well with observations from other 

experimental studies that have demonstrated knee-extension losses by infusing even small amount 

of fluid (10 ml) into healthy knee joints.35;43 

1.3.3 Knee joint range of motion 

Numerous studies have investigated knee joint ROM after TKA.23;26;28;33;42;44;45 Notably, knee 

flexion has been examined, as approximately 90°-100° knee flexion is required to perform daily 

living activities such as stair climbing and rising from a normal-sized chair.46;47 In the majority of 

patients, knee flexion increases with time from around 70° at 3 days to around 115° at 6 months 

postoperatively.23;26;33;42;48 Despite the increased knee flexion, several studies have found that 

patients with TKA do not often reach levels of either preoperative23;33;45 or age-matched healthy 
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adults ROM-values.33;49 Furthermore, a frustrating complication for the individual patient and the 

involved health professionals is knee stiffness primarily due to arthrofibrosis.46 Knee stiffness 

reaches 5% within the first 7 months after TKA.46 However, reports have stated knee stiffness as 

high as 10% within the first 7 months after TKA.50 

 

Knee extension ROM seems not to be as affected as knee flexion with mean values ranging from 1° 

to 3.6° (Positive knee extension scores indicate ROM limitation (inability to reach the 0-degree 

starting position)).27;51 at 6 months after TKA, approaching ROM-levels of age-matched healthy 

peers.49 However, some patients experience a ROM loss. One large retrospective study found that 

3.6% of the patients studied had a knee extension limitation greater than 6° 3 or more years after 

TKA.52  

1.3.4 Knee pain 

Postoperative knee pain is common following TKA. Despite the implementation of a enhanced peri-

operative recovery program including a multimodal analgesic regimen, patients have experienced 

mild (Visual Analog Scale (VAS) <30 mm) to moderate (30<VAS<59 mm) knee pain 1 month after 

TKA.53 These pain-levels seemed to decrease over time, as studies have reported none to mild knee 

pain at rest 3 months after TKA.30;45 Despite, the overall success of TKA in reliably reducing pain 

in most cases,54 up to 18% of patients may endure persistent postoperative knee pain (VAS>40 mm) 

6 months postoperatively.55 However, at the 5-year follow-up many of these patients had improved 

their pain scores (mean VAS=29 mm).56 

1.3.5 Functional performance 

Functional performance after TKA can be assessed by the use of an objective functional 

performance-bassed outcome measure (e.g. 6-minute walk test (6MWT), stair-climbing test and 

timed up and go test), which is defined as an activity within the ICF framework.57;58 Assessed 2 to 3 

days post-TKA, patients’ functional performance was substantially worsened evidenced by up to a 

133% increase in the time to perform the timed up and go test compared to pre-surgery.28 After 

hospital discharge, research has shown that functional performance may recover and reach the pre-

surgical level 8 weeks postoperatively.23;26;30 In concordance with the loss of knee-extensor 

strength, the majority of patients with TKA, assessed by functional performance-based tests, rarely 

reached the level of age-matched healthy adults.32;33;59 
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1.3.6 Patient-reported outcome 

Several patient-reported outcomes (PROs) such as the Oxford knee score (OKS) and the knee injury 

and osteoarthritis outcome score (KOOS) have been developed and utilized to document and 

evaluate patients’ self-perceived health condition in relation to TKA.60-63 Commonly, PROs are 

linked to the ICF framework by the components of body structure and function, activity and 

participation.64 Generally, patient-perceived disability and quality of health measured with PROs 

improves rapidly and reaches pre-surgery levels 1 to 2 months after TKA.23;27;42;54 Conflicting 

results exists as to whether patients with TKA reach the same level as their age-matched healthy 

peers. A systematic review consisting of 12 studies reported OKSs ranging from 30.5 to 40.0 one 

year after TKA (0=worst score; 48=best score).65 These scores seem far from the OKSs of 45.6 to 

47.0, found in an age-matched reference population.66 On the contrary, reference-levels of the 

KOOS ADL-subscale67 were met 2 years post-TKA in a prospective longitudinal study, while 

reference levels for the remaining subscales (symptoms, quality of life, pain, sports and recreation) 

were not.68 

1.4 Assessment of functional performance after total knee arthroplasty 

Assessment of functional performance is considered a core outcome in patients with knee 

osteoarthritis and, subsequently, TKA.69 Both PROs and functional performance-based outcome 

measures have been used to assess functional performance.27;57 Lately, PROs have become more 

popular, because they are patient-administered, cost-efficient, and attendance at a clinic or a 

rehabilitation unit is not necessary.1;27 However, growing evidence has revealed that PROs fail to 

capture an actual change in functional performance assessed by functional performance-based 

outcome measures, especially within the first 3 months after TKA.27;54;70 This discrepancy between 

what patients can do rather than what they perceive they can do may have multiple explanations. 

Firstly, patients’ perceived functional performance was influenced more by theirs pain level than 

their actual ability to perform the functions54;71;72 and, secondly, the potential occurrence of 

response shift bias (as patients tend to remember their pre-TKA condition worse than it actual 

was).73 Therefore, assessment of functional performance should not solely rely on PROs as these 

outcome scores presumable overestimate the patients actually ability to move around after TKA.70 

As a consequence, both functional performance-based outcome measures and PROs with necessary 

psychometric properties (e.g. population-specific reliability, validity, responsiveness) have been 

recommended in the overall assessment of functional performance after TKA.57 This seems 

especially important in the early stage after TKA where impairments and activity limitations are 

most pronounced.  
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1.5 Rehabilitation after total knee arthroplasty 

It has been reported to be common practice to treat impairments and functional limitations after 

TKA.74-76 Surveys, investigating physiotherapy provisions in Denmark and UK, found large 

variability in the indication for physiotherapy, and the type of physiotherapy offered after TKA.76;77 

The effectiveness of physiotherapy exercise after TKA was evaluated in a meta-analysis including 

only 6 studies (Total N=614).78 The authors found that physiotherapy exercise had limited short-

term effect on functional performance after TKA. The lack of evidence supporting rehabilitation 

may relate to limited high quality research. Another reason could be that rehabilitation programs 

after TKA did not incorporate the right exercise modality and/or intensity to enhance functional 

performance.3;79;80 Furthermore, it has been argued that rehabilitation programs may have been 

instituted too late (weeks) after TKA, when the largest muscle strength and functional performance 

losses have occurred (Figure 2).3;79 

Figure 2. Principles of fast-track physiotherapy exercise after total knee and hip arthroplasty. 
Modified after Bandholm & Kehlet79 

 

In the last decade, a number of studies have investigated a variety of rehabilitation modalities such 

as progressive strengthening/strength training,26;29;30;81 flexibility training,82-84 balance training,85;86 

functional task-orientated training,80;87 ergometer cycling,88 aquatic/water-based therapy,74;89 and 

adjuncts to a rehabilitation program such as continuous passive motion machine/device,83;90-95 

biofeedback,96 and neuromuscular electrical stimulation device.26;97-99 

 

Lately, interest has been focussed on PST as it makes sense from an exercise physiology point-of-

view, the rationale being that PST counteracts the acute loss of lower extremity muscle strength 

after TKA.3;29;100;101 The strengthening of the quadriceps muscle has been prioritized, as knee-

extension strength is required to accomplish ADL tasks such as walking, chair rise and stair 
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climbing after TKA.27;28 The idea of using PST as rehabilitation modality after orthopaedic surgery 

is not new. In 1945, Thomas Delorme showed that PST with heavy training loads increased muscle 

force production in patients with orthopaedic injury or post-surgery. The main principle of PST was 

to continually increase the stress placed on the muscle as it became stronger.102;103 As a 

consequence of the findings of Delorme, PST has been incorporated successfully in rehabilitation 

programs, which have improved muscle strength and functional performance in patients following a 

variety of orthopaedic procedures,104-106 and in old adults.107  

 

Clinicians as well as researchers have been reluctant to implement early PST in TKA rehabilitation 

programs. This reluctance may be based on the understanding that “training intensity is unlikely 

…to achieve meaningful changes in muscle strength in the first few weeks after TKA when patients 

are still experiencing the anaemia, pain and oedema”.108 Additionally, physicians have 

recommended a delay in the initiation of PST due to fear of exacerbating postoperative symptoms 

and delaying recovery of knee joint ROM.23 However, a number of studies have explored the effect 

of PST or strengthening interventions on muscle strength and functional performance after TKA 

(Table 1).26;29;30;81;109 The evidence must be considered preliminary due to study limitations. Firstly, 

none of the studies used a randomized controlled trial design with an adequate sample size for a 

pre-specified primary outcome to determine the effect of rehabilitation with PST compared to a 

control group after TKA. Secondly, it may be argued whether the effect of PST was fully explored 

to achieve the optimal training effects. That is, the suggested principles of PST, performing a small 

number of repetitions (8-12) until failure and increasing the resistance as the ability to generate 

force develops might not have been followed.106 Thirdly, the description of the content of the 

therapeutic exercise in both intervention arms is often lacking due to insufficient reporting of e.g. 

intensity, frequency, progression and duration.110;111 Rehabilitation with PST has been commenced 

as early as 1 to 2 weeks postoperative29;30 and was not reported to increase knee pain assessed 3½ 

weeks postoperatively.30  

 

In summary, encouraging preliminary evidence supported rehabilitation with PST after TKA. 

However, the feasibility of rehabilitation with PST performed immediately after TKA, without 

exacerbating pre-defined post-operative knee symptoms such as knee pain and knee joint effusion, 

needed to be investigated. If implementation of rehabilitation with PST was feasible early after 

TKA (proof of concept), further research was needed to investigate the effect of rehabilitation with 

PST commenced early after TKA in a large assessor-blinded randomized controlled trial. 
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Table 1. Description of studies investigating rehabilitation with (progressive) strength training after unilateral total knee arthroplasty. 
    Exercise group Control group   Supervised exercise group   

Study, 
year 

Study 
location 

Age, 
years 

Women, 
% 

No. of 
subjects 

Exercise 
intervention 

No. of 
subjects 

Control 
intervention 

Trial design Deliverer Type of exercise No. of 
times/wk 

No. of wk Intensity Wk 
postop. 

Primary 
outcome  

Key results 

Perhonen 
(1992) 

Finland 70 (5) 69 11: 
Training 
group 1 
(TG1) 
10: 
Training 
group 2 
(TG2) 

Home-
exercise 
program with 
strength 
training. 
TG1: Low 
volume.  
TG2: High 
volume 

9 Control group 
(CG): Home-
exercise 
program 
consisted of 
isometric 
strength knee 
ext. ex. and 
knee ROM ex. 
Not controlled 

RCT PT, 
instruction 
in strength 
training ex. 
the 1st  wk 
postop. in 
TG1 and 
TG2 

TG1=TG2: 5 
isometric strength 
ex.: flex. (2) and 
ext. (3) and 1 
dynamic ext./flex. 

3 52 TG1: 1-2 sets,  
isometric ex.: 5-6 rep., 
dynamic ex.: max. rep. 
TG2 slightly higher 
training volume than TG1 
(approx. 50% more rep.). 
Progressed rep., and sets 
every 3rd month. 
Duration: 30-50 min. 

3 Not 
defined 

1RM knee-extension 
test: TG1>CG from 
pre to 52 wk postop. 
(p<0.05).  
Max. torque: 
TG2>TG1+CT. 
Max. RTD: 
TG2>CT. Both 
between 6th and 12th 
wk postop. (p<0.05) 

Rossi 
(2005) 

USA 72 (5) 50 38 Strength 
training  

N/A N/A Observational PT, 
supervised 

PST targeting 
lower extremity 
muscles. Knee 
ROM, transfer, 
and stair climbing 

3 8  PST: 3 sets, 10 rep. 
Progressed with 10% if 
3x10 rep were performed. 
After 2 wk, isokinetic 
training in isokinetic 
testing system 

2 Not 
defined 

Knee-extensor 
strength: Pre-
TKA>post-TKA 30 
d, (p<0.002). Post-30 
d.<Post 60 d 
(p<0.002) 

Petterson 
(2009) 

USA 66 (9) 62 41 RCT: Strength 
training and 
strength 
training + 
NMES 

41 CT: Standard 
of care (23 
visits) 

Cohort 
comparison 

PT, 
supervised 

PST targeting 
lower extremity 
muscles, NMES, 
knee ROM, gait, 
pain control 
 

2-3 6 (minimum 
12 visits) 

PST: 2-3 sets, 10 rep. 
Progressed when 3x10 
rep. were performed. Ex. 
targeting lower limb 
muscles.  
NMES: 10 contractions 
of quadriceps (progressed 
to the patient’s maximum 
tolerance) 

3-4 Not 
defined in 
cohort 
comparison

Knee-extensor 
strength: RCT>CT 
(p<0.007), SCT: 
RCT>CT (p<0.001), 
TUG: RCT>CT 
(p<0.004), and 
6MWT: RCT>CT 
(p<0.003) at 12 
months postop. 

Johnson 
(2010) 

USA 68 (8) 38 11  WBW: 
Whole-Body 
Vibration 
strengthening 
performed on 
a WBV 
platform 

10  TPRE: 
Traditional 
PST (12 visit) 

Pre-test – 
post-test study 

PT, 
supervised 

WBW, stationary 
cycling, pain and 
oedema control, 
and knee ROM. 

3 4 (12 visits) WBT: 2 min. 
(4 ex., 1 rep. 30 s each) 
and progressed to 18 min. 
(6 ex., 3 rep. for 60 s). 

3-6 Not 
defined 

Knee-extensor 
strength and TUG: 
Post-test>Pre-test 
(p>0.01). No 
difference between 
groups (p=0.66-0.80) 

Bade 
(2011) 

USA 65 (12) 63 8 HI: High-
intensity 
strength 
training 

8 CT: Low-
intensity 
strength 
training (8 wk, 
16 visits) 

Cohort with a 
comparable 
control group 

PT, 
supervised 

PST of lower 
extremity muscles, 
Balance training, 
and task-orientated 
functional training 

2-3 12 (25 
visits) 

PST: 2 sets, 8-10 rep., 
Progressed if 2×8-10 rep. 
without fatigue are 
performed. 
Balance training: Single-
limb stance progression 

0 (1st 
wk at 
home) 

Stair-
climbing 
test (SCT). 
Primary 
analysis 12 
wk 

SCT: HI>CT (Mean: 
5.8 s 95% CI: 1.3-
10.4, p = 0.01) at 12 
wk 

Abbreviations: 6MWT=6-minute walk test, CI=Confidence interval, D=Days, Ex.=Exercise, Ext.=Extension, Flex.=Flexion, Min.=Minutes, N/A=Not Applicable, NMES=Neuromuscular electrical stimulation, PST=Progressive strength training, 
RCT=Randomized controlled trial, Rep.=Repetitions, ROM=Range of motion, RM=Repetition maximum, RTD=Rate of torque development, S=seconds, SCT=Stair climbing test, TUG=Timed up and go, and Wk=Weeks 
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2 OBJECTIVES AND HYPOTHESES 

The main objective of this PhD thesis was to investigate the feasibility and effect of rehabilitation 

with PST on functional performance commenced early in patients undergoing fast-track unilateral 

primary TKA. 

2.1 Paper I 

Objective 

To explore the feasibility of rehabilitation with PST commenced immediately after fast-track TKA. 

 

Hypothesis 

Rehabilitation with PST is feasible indicated by progressively increasing absolute training loads 

with no exacerbation of knee symptoms, such as knee pain and knee joint effusion, after fast-track 

TKA.  

2.2 Paper II 

Objective 

To assess the intra-tester reliability of the 6MWT in patients early after TKA. 

 

Hypothesis 

The 6MWT is reliable with acceptable measurement error to identify a small change of functional 

performance in a group of patients (research) and in an individual patient (clinical setting) early 

after TKA. 

2.3 Paper III 

Objective  

To compare 7 weeks of supervised rehabilitation with or without PST commenced early after fast-

track TKA on functional performance. 

 

Hypothesis 

Seven weeks of supervised rehabilitation with PST is superior to 7 weeks of supervised 

rehabilitation without PST in improving functional performance commenced early after fast-track 

TKA.
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3 METHODS 

In the feasibility study (paper I) and the randomized controlled trial (paper III), patients followed a 

standardized, optimized fast-track rehabilitation program for unilateral primary TKA at a 

specialized orthopaedic ward with well-defined discharge criteria at Copenhagen University 

Hospital, Hvidovre.18;112 In the reliability study (paper II), patients were recruited 4-8 weeks post-

TKA from various outpatient rehabilitation sites in the Copenhagen area and underwent surgery at 

different hospitals with unknown perioperative care. Overall inclusion criteria were: (1) age 18 to 

80 years (paper II and paper III) but no upper age limit was applied in the feasibility study (paper I), 

(2) able to understand and speak Danish, (3) resided in counties in the Copenhagen area, and (4) 

able to participate in rehabilitation with PST early after TKA without having musculoskeletal 

disorders, that required a special rehabilitation program (paper I and paper III). Exclusion criteria 

were: (1) alcohol and medicine abuse and (2) experienced knee pain at rest of more than 50 mm on 

a VAS (paper II). All patients (paper I, II and III) were provided with written information about the 

procedures of the study and informed consent was obtained in strict accordance with the 

Declaration of Helsinki. The Research Ethics Committees in the Capital Region of Denmark 

approved all studies. 

3.1 Paper I 

Fourteen patients (8 women) having a TKA with mean age of 70 (Standard deviation (SD) 10) years 

were included by convenience sampling in this explorative study examining the feasibility of early 

rehabilitation with PST (3 training sessions per week). Patients received rehabilitation with PST 

starting 1-2 days after surgery and ending 2 weeks after TKA. The principal investigator (Thomas 

Linding Jakobsen) supervised the rehabilitation and performed all outcome measurements at the 

outpatient training facility at Copenhagen University Hospital, Hvidovre. 

Each rehabilitation session lasted approximately 60 minutes and consisted of gait, active-assisted 

ROM, balance, stretching, functional task-orientated, and progressive strength exercises. The PST 

consisted of unilateral (operated leg) knee-extension with ankle weights (Figure 3) and closed chain 

leg press in training equipment. For each strength training exercise, 2 sets of 10 repetitions with a 

relative load of 10 RM (repetition maximum) were performed. The absolute training load 

(kilograms lifted) was adjusted after each set to reflect the intended relative load of 10RM 

(muscular exhaustion). 
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Figure 3. Patient performing progressive strength training with ankle weights. 

Training load, knee pain and knee joint effusion were recorded at all 6 training sessions, using 

kilograms lifted, standard mechanical VAS,113 and knee circumference,114;115 respectively. Before 

the 1st and 6th training session, isometric knee-extension strength and functional performance, were 

evaluated using a fixed hand-held dynamometer116;117 and 10-metre walking test,118 respectively. 

Additionally, knee joint ROM, PROs and the presence of an intact medial knee joint capsule were 

assessed, using goniometry,114 KOOS62 and Euroqol questionnaire (EQ-5D),119 and clinical and 

radiographic evaluation.120;121 For further details about outcome measures, see paper I. 

3.2 Paper II 

Thirty-four patients (17 women) with a mean age of 66 (SD 8) years were included by convenience 

sampling into this intra-tester, intra-day reliability study of the performance-based outcome 

measure, the 6MWT. Patients had undergone TKA surgery 6.2 (SD 1.3) weeks earlier. The 

assessments were carried out at different training facilities in the Copenhagen area, but each 

patient’s test and retest took place at the same facility. 

Patients performed the 6MWT twice the same day separated by a 1-hour seated rest period. Within 

the week prior to the actual test day, patient were asked to practice walking 6 minutes twice at home 

to prevent a possible learning effect.122;123 

The 6MWT was performed according to guidelines provided by the American Thoracic Society.124 

In a long corridor, we placed 2 cones 29 m apart with the rationale being that the patients needed 1 

metre to turn around the cone to ensure a 30-m-long course (Figure 4). Patients received 

standardized verbal instructions on how to perform the 6MWT. They were instructed to walk the 

longest possible distance in 6 minutes without running or jogging (Figure 4). Verbal 
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encouragements were called out each minute. Patients were allowed to pause during the test trial, 

but the timer was not stopped. To ensure safety, patients were permitted to use assistive walking 

aids (e.g. crutches). After 6 minutes, the patients were told to stop promptly, and a piece of tape was 

placed in front of the tip of the shoes. Subsequently, the total distance walked in 6 minutes was 

recorded to the nearest centimetre and used in the data analysis. One assessor administered the 

6MWT, while another assessor measured and calculated the distance walked during the 6 minutes 

(assessor blinding). 

Figure 4. Patient performing the 6-minute walk test. 

 

3.3 Paper III 

Eighty-two patients (52 women) scheduled for a TKA having a mean age of 64 (SD 8) years were 

included by consecutive sampling in this prospective, randomized controlled trial. Patients were 

randomly allocated to 2 different interventions: 7 weeks (2 training sessions per week) of 

supervised rehabilitation with PST (PST-group) or 7 weeks (2 training sessions per week) of 

supervised rehabilitation without PST (CON-group). Patients were assessed before surgery 

(baseline), 4, 8 (end of intervention) and 26 weeks postoperatively. The blinded principal 

investigator (Thomas Linding Jakobsen) assessed all patients at Copenhagen University Hospital, 

Hvidovre. We attempted to blind patients by not mentioning PST in the information material, and 

arranging that patients from the 2 different interventions did not meet. The interventions took place 

at 3 different rehabilitation sites in the counties close to the hospital. Prior to study start, 2 to 3 

physiotherapists at each rehabilitation site were thoroughly trained in both interventions. After 

study start, the principal and senior investigator (Thomas Bandholm) supervised the 

physiotherapists at least 2 times per year to ensure that the prescribed interventions were executed 

in the same way at the 3 rehabilitation sites. 

 

Patients were discharge to home approximately 2 days after surgery.17 They started their 

intervention as soon as possible at the rehabilitation site. Patients trained alone or with another 

patient from the same intervention group, with each training session lasting 60 minutes. The PST-

group performed warm-up, stretching and ROM exercises, PST, balance training, icing and 
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elevation of the knee, and functional exercises including gait training, stair climbing, and repeated 

sit-to-stands from a chair. As in the feasibility study (paper I), the PST exercises were unilateral 

(operated leg) leg press and knee-extension. At each training session, patients performed 2 sets of 

each exercise, using relative loads of 12 RM (week 1), 10 RM (week 2-5), and 8 RM (week 6-7). 

Training load was adjusted after each set to reflect the specific relative load (RM). The CON-group 

performed the same exercises as the PST-group, but the PST modality was replaced by warming up, 

ROM exercise, knee-extensor stretches and one-legged balance exercises. 

 

The primary outcome was the maximal distance walked in 6 minutes (6MWT), representing 

functional performance. The 6MWT was performed twice with a 30-minute pause between test 

trials. The longest distance walked in 6 minutes was used in the data analysis (see details in paper 

II).  

 

The secondary outcomes, isometric knee-extension and knee-flexion strength, leg press power, knee 

pain during walking and at rest, knee joint effusion, active and passive knee ROM, and PROs 

(KOOS,62 Oxford Knee Score,63;125 and EQ-5D),119;126 were assessed, using a stable strength chair 

(Good Strength, Metitur Ltd, Jyväskylä, Finland),127;128 a leg-extension power rig (Medical Physics 

and Clinical Engineering Department, Nottingham, United Kingdom),129 a standard mechanical 

VAS,113 knee joint circumference,114;115 and goniometry,114;130;131 respectively. 

3.4 Statistical analysis 

Continuous data were examined for normal distribution using Kolmogorov–Smirnov (paper I and 

II) or Shapiro-Wilk tests and probability plots (paper III). In all papers, normally-distributed data 

were expressed as means with single standard deviations (SD) and non normally-distributed data as 

medians with interquartile ranges (IQR).  

 

In the feasibility study (paper I), repeated measures analysis of variance (ANOVA) with an 

unstructured analysis investigated the changes of knee pain at rest, knee pain and training load 

during strength training exercises, and knee joint effusion over the 6 training sessions. The paired 

Student’s t-test investigated the changes in maximal walking speed and isometric knee-extension 

strength. The percentage increase from the 1st to the 6th training session was used to describe the 

increases in training load, maximal walking speed, isometric knee- extension strength, and knee 

ROM. 
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In the reliability study (paper II), the paired Student’s t-test investigated any significant systematic 

change in the mean of the 2 6MWTs. The intraclass correlation coefficient 2,1 formula (ICC2,1) 

assessed the relative reliability. The acceptable level of the ICC2,1 was set at 0.80.132 The absolute 

reliability (measurement error) expresses the variability for individuals of repeated measurements in 

the actual units recorded (metres). Hence, the standard error of measurement (SEM) was 

determined by taken the square root of the variance error component from the ANOVA output. The 

SEM95 represents SEM with a 95% confidence interval (CI) calculated by SEM x 1.96. The 

smallest real difference (SRD95) was calculated from the equation SEM x 1.96 x √2.133 

Additionally, Bland and Altman plotting was applied to provide a visual representation of the 

results.134 

 

In the randomized controlled trial (paper III), the estimated sample size for the primary outcome, 

6MWT, was based on the results from the reliability study (paper II), where patients walked 

approximately 400 metres 6 weeks after their TKA, with a within-subjects SD (SEM) of 13 metres. 

On average, a 15% longer walking distance (60 meters) in the PST-group compared to the CON-

group at the 8-week assessment (end of intervention) was considered the smallest effect worth 

detecting, using a dropout rate of 10%. Hence, 41 patients per intervention group were needed, 

assuming 80% power and α (type I error) of 5%. 

 

The primary statistical analysis in the randomized controlled trial (paper III) followed the per-

protocol principle. Furthermore, we conducted an intention-to-treat analysis for the primary 

outcome, using a last observation carried forward-approach.135 Our primary analysis for the primary 

outcome was the change in maximal walking distance in 6 minutes (6MWT) from baseline to the 8-

week assessment. The general linear models with analysis of variance (ANOVA) were used to 

determine between-group differences in change scores for the different time points for the primary 

and secondary outcomes. Between-group (PST, CON) differences in change scores from baseline to 

different time points were stated as means with 95% confidence intervals (95% CI). To account for 

baseline imbalances between the PST- and CON-group, we ran an analysis of covariance 

(ANCOVA) with adjustment for baseline scores (covariates).136 Thus, the between-group difference 

in change scores for both unadjusted and adjusted baseline scores were reported. An exploratory 

post-hoc analysis using ANCOVA examined group-differences of change scores from baseline to 8-

week assessment of the primary outcome adjusted for rehabilitation site as covariate, was examined. 

 

Data analyses were conducted using SPSS Version 12.0 (SPSS, Inc., Chicago, IL, USA), and 

Statistical Analysis System Version 9.1 (SAS Institute Inc., Cary, NC, USA). Data in the feasibility 
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study (paper I) and the reliability study (paper II) were entered and validated in Microsoft Excel XP 

program (Microsoft Corporation, Redmond, WA, USA). Data in the randomized controlled trial 

(paper III) were double-entered and validated in Epidata entry 3.1. (Epidata Association, Odense, 

Denmark). The level of significance was set at 0.05. 
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4 RESULTS 

Summary of the main results are presented below. For further details, please see the papers listed. 

4.1 Paper I 

Progressive strength training (10 RM) commenced immediately after fast-track total knee 

arthroplasty: Is it feasible? 

A convenience sample of 16 patients was assessed. Two patients dropped out before the first 

training session due to postoperative discomfort. As a result, 14 patients were included. The 

absolute training load for leg press (P<0.0001, Figure 5A) and knee-extension (P<0.0001, Figure 

5B) increased progressively. On average, patients experienced mild to moderate knee pain during 

the strength training exercises. Knee pain was unchanged for leg press (P<0.20, Figure 6A) but 

decreased significantly for knee extension (P<0.03, Figure 6B) during the 6 training sessions. On 

average, patients experienced none to mild knee pain at rest pre- and post each training session. 

Over the 6 training sessions, knee pain at rest was unchanged pre-training session (P<0.10, Figure 

7A), while in contrast it decreased significantly post-training session (P<0.01, Figure 7A). Knee 

joint circumference (knee joint effusion) decreased significantly over the 6 training sessions, which 

was evident from the 3rd training session (P<0.0001, Figure 7B). From the 1st to the 6th training 

session, the knee-extension strength and maximal walking speed increased significantly by 147% 

(p<0.0005) and 112% (p<0.003), respectively.  

Figure 5. Absolute training load of (A) leg press and (B) knee-extension over the 6 training 
sessions.  

 

*Systematic change over time (ANOVA main effect) for absolute training load of (A) leg press and 
(B) knee-extension. From paper I.
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Figure 6. Knee pain during (A) leg press and (B) knee-extension over the 6 training sessions. 

 

*Systematic change over time (ANOVA main effect) for knee pain during (B) knee-extension. 
VAS, Visual Analogue Scale. From paper I. 

Figure 7. Knee pain at rest (A) pre- and post-training session and (B) knee joint effusion over the 6 
training sessions. 

 

*Systematic change over time (ANOVA main effect) for knee pain at rest (A) post-training session 
and (B) knee joint effusion. VAS, Visual Analogue Scale. From paper I. 
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4.2 Paper II 

Reliability of the 6-minute walk test after total knee arthroplasty 

All patients (n=34) performed both test trials. The 6MWT demonstrated a high relative (ICC) and 

acceptable absolute reliability, indicating that the test can detect a small real improvement or 

deterioration in a group of patients (SEM95) or in an individual patient (SRD95) with TKA. On 

average, patients walked significantly longer during the second (397.2 metres) compared with the 

first (383.1 metres) test trial. This implied a learning effect (~4%) from the first to the second trial. 

Results are presented in Table 2 and Figure 8. 

Table 2.The relative (intraclass correlation coefficient) and absolute (standard error of measurement 
and smallest real difference) intra-tester reliability of the 6-minute walk test (6MWT) in patients 
with total knee arthroplasty. 

Test (m) 

[mean ± 1SD] 

Retest (m) 

[mean ± 1SD] 
Difference ± 1SD (m) ICC2.1 (LL95) SEM (m) SEM95 (m) SRD95 (m)

6MWT 383.1 ± 81.9 397.2 ± 78.6* 14.1 ± 18.4 0.97 (0.95) 13.0 25.5 36.1 

ICC = Intraclass correlation coefficient; LL95 = Lower limit with a 95% confidence interval; SEM = Standard error of measurement; SEM95 = 

Standard error of measurement with a 95% confidence interval; SRD95 = Smallest real difference with a 95% confidence interval; m = metres. 

*Significantly (p<0.0001) different from the first test trial. From paper II. 

Figure 8. Bland-Altman plot for the difference of the 2 test trials against the mean of the 2 test trials 
for each patient. The red line indicates the mean difference between the second and the first test trial 
(learning effect). 
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4.3 Paper III 

Effect of early rehabilitation with progressive strength training after fast-track total knee 

arthroplasty: A randomized controlled trial 

In this study, 337 patients with TKA were assessed for eligibility. Eighty-two patients were 

randomized to either the PST-group (n=42) or the CON-group (n=40). We included 72 patients in 

the primary per-protocol-analysis. In total, ten patients dropped out. Three patients violated the 

inclusion criteria after randomization but before the start of the intervention, and were therefore 

excluded from the intention-to-treat analysis (n=79). Patient baseline characteristics were similar in 

both groups. At the 8-week assessment, patients had attended 14 (IQR: 13-14) and 13 (IQR: 13-14) 

training sessions in the PST- and CON-group, respectively. Patients started their intervention a 

median of 7 (IQR: 6-8) days after surgery. 

In the primary per-protocol-analysis, there was no significant difference in the 6MWT (primary 

outcome) between the PST- and CON-group in the mean change score from baseline to the 8-week 

assessment with unadjusted (-12.1 metres, 95% CI: -46.7 to 22.4; ANOVA, p=0.49) or adjusted 

baseline scores (-17.2 metres, 95% CI: -49.5 to 15.0; ANCOVA, p=0.29) (Table 3, Figure 9A). 

Overall, there was no difference between the 2 groups in any of the primary or the secondary 

outcomes at any time points with unadjusted and adjusted baseline scores (Table 3, Figure 9B). 

Nevertheless, we found a few trends for a few of the secondary outcomes, but the magnitudes of the 

differences were considered small. Our intention-to-treat analysis concurred with our primary per-

protocol-analysis showing no difference between groups in the 6MWT. Additionally, no significant 

difference was found at baseline between the patients who did (n=72) and did not (n=7) receive the 

intervention. In the exploratory post-hoc analysis, no between-group differences were found for 

change scores from baseline to the 8-week assessment for the primary outcome when adjusted for 

rehabilitation site (covariate) (-12.1 metres, -46.9 to 22.8; ANCOVA, p=0.49).  

Two adverse events occurred during the interventions, and, consequently, patients withdrew from 

the study. One patient had an episode of angina pectoris during the leg press exercise in the PST-

group. One patient felt low back pain after the first training session in the CON-group.  

For further details concerning patient flow through the stages of the study (CONSORT diagram), 

baseline characteristics, and primary and secondary outcome measures for all time points, see paper 

III. 
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Figure 9. Values for each patient (solid and dashed lines) as well as mean values for the 2 groups 
(bold lines) over time for the 6-minute walk test (A) and knee-extension strength (B). Whiskers are 
95% confidence intervals. From paper III. 
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Table 3.Treatment effect. Group-differences of change scores from baseline to the 4-, 8- and 26-
week assessments with unadjusted (Un) and adjusted (Ad) baseline scores. From paper III. 

From baseline to 

Assessment 4-week p value 8-week p value 26-week p value 

6-minute walk test (metres) Un -16.2 (-58.6 to 26.1) 0.45 -12.1 (-46.7 to 22.4) 0.49 -13.0 (-44.8 to 17.9) 0.40 

6-minute walk test (metres) Ad -23.2 (-61.8 to 15.3) 0.23 -17.2 (-49.5 to 15.0) 0.29 -15 (-44 to 14) 0.31 

Knee-extension strength (Nm/kg) Un 0.08 (-0.12 to 0.28) 0.45 0.10 (-0.07 to 0.26)† 0.25 0.05 (-0.10 to 0.22) 0.52 

Knee-extension strength (Nm/kg) Ad 0.02 (-0.08 to 0.12) 0.71 0.06 (-0.03 to 0.16)† 0.20 0.03 (-0.08 to 0.14) 0.63 

Knee-flexion strength (Nm/kg) Un -0.03 (-0.13 to 0.06) 0.46 -0.00 (-0.09 to 0.09) 0.98 -0.02 (-0.10 to 0.06) 0.63 

Knee-flexion strength (Nm/kg) Ad -0.05 (-0.12 to 0.02) 0.17 -0.01 (-0.09 to 0.06) 0.69 -0.03 (-0.10 to 0.04) 0.42 

Leg-press power (Watt/kg) Un -0.07 (-0.34 to 0.21) 0.63 0.02 (-0.21 to 0.24) 0.89 -0.08 (-0.30 to 0.13) 0.44 

Leg-press power (Watt/kg) Ad -0.07 (-0.23 to 0.10) 0.41 0.02 (-0.16 to 0.19) 0.86 -0.07 (-0.26 to 0.13) 0.51 

KOOS subscales

Symptoms Un -2 (-11 to 8) 0.73 -1 (-11 to 9) 0.81 -9 (-19 to 2) 0.13 

Symptoms Ad -3 (-9 to 4) 0.40 -2 (-9 to 5) 0.55 -8 (-16 to 0) 0.05 

Pain Un 2 (-7 to 10) 0.71 1 (-9 to 10) 0.91 -5 (-14 to 4) 0.32 

Pain Ad 2 (-5 to 9) 0.65 1 (-7 to 8) 0.88 -4 (-11 to 3) 0.30 

Activity of daily living Un 1 (-6 to 9) 0.70 1 (-7 to 9) 0.73 1 (-7 to 9) 0.85 

Activity of daily living Ad -2 (-9 to 4) 0.51 -3 (-9 to 3) 0.30 3 (-10 to 3) 0.33 

Sport/recreation Un -3 (-13 to 7) 0.54 -3 (-14 to 8) 0.56 -14 (-26 to –2) 0.02 

Sport/recreation Ad -4 (-13 to 4) 0.30 -4 (-14 to 5) 0.38 -14 (-25 to –3) 0.02 

Quality of life Un 2 (-6 to 10) 0.63 3 (-6 to 13) 0.46 -4 (-14 to 6) 0.44 

Quality of life Ad -0 (-7 to 7) 0.98 1 (-7 to 9) 0.82 -5 (-15 to 4) 0.26 

Oxford knee score Un 0 (-4 to 4) 0.92 1 (-3 to 4) 0.79 -3 (-7 to 1) 0.12 

Oxford knee score Ad -1 (-4 to 3) 0.70 0 (-3 to 3) 0.93 -3 (-7 to 0) 0.06 

EQ-5D Un 0.03 (-0.07 to 0.12) 0.55 -0.01 (-0.10 to 0.08) 0.82 -0.04 (-0.13 to 0.06) 0.43 

EQ-5D Ad 0.03 (-0.05 to 0.11) 0.48 -0.01 (-0.08 to 0.06) 0.79 -0.04 (-0.11 to 0.03) 0.27 

Knee pain during walking (mm) Un 1 (-11to 13) 0.92 4 (-8 to 16) 0.52 8 (-4 to 19) 0.20 

Knee pain during walking (mm) Ad -7 (-14 to -0) 0.05 -4 (-12 to 4) 0.37 -2 (-10 to 6) 0.65 

Knee pain at rest (mm) Un 0 (-6 to 6) 0.99 2 (-2 to 6) 0.35 2 (-2 to 6) 0.25 

Knee pain at rest (mm) Ad -2 (-7 to 4) 0.58 0 (-3 to 3) 0.98 -0 (-1 to 1) 0.85 

Knee joint effusion (cm) Un -0.2 (-1.2 to 0.8) 0.71 0.1 (-0.6 to 0.7) 0.88 0.4 (-0.6 to 1.4) 0.46 

Knee joint effusion (cm) Ad 0.1 (-0.9 to 1.0) 0.91 0.2 (-0.5 to 0.8) 0.58 0.7 (-0.3 to 1.6) 0.15 

Knee AROM flexion (degrees) Un -4 (-11 to 3) 0.26 -4 (-11 to 4) 0.33 -6 (-12 to 1) 0.09 

Knee AROM flexion (degrees) Ad -5 (-11 to 1) 0.08 -5 (-11 to 1) 0.12 -7 (-13 to –2) 0.01 

Knee PROM flexion (degrees) Un -7 (-14 to 1) 0.09 -5 (-13 to 3) 0.20 -6 (-13 to 2) 0.12 

Knee PROM flexion (degrees) Ad -7 (-13 to -0) 0.04 -5 (-12 to 1) 0.11 -6 (-12 to –0) 0.04 

Knee AROM extension (degrees) Un 5 (1 to 8) 0.01 3 (-1 to 6) 0.11 4 (0 to 7) 0.04 

Knee AROM extension (degrees) Ad 3 (1 to 6) 0.02 2 (-2 to 5) 0.31 3 (-0 to 6) 0.07 

Knee PROM extension (degrees) Un 5 (2 to 8) 0.00 3 (-1 to 6) 0.12 4 (1 to 8) 0.02 

Knee PROM extension (degrees) Ad 4 (1 to 7) 0.02 1 (-2 to 4) 0.43 3 (-0 to 6) 0.08 

Values are means (95% confidence intervals). KOOS=Knee injury and osteoarthritis outcome score; EQ-5D=Euroqol questionnaire; AROM=Active 
range of motion; PROM=Passive range of motion; Nm/kg=Normalized torque. 
Positive scores (and negative knee pain scores, knee joint effusion, and ROM extension) indicate positive treatment effect in favour of the PST-group. 
Negative scores (and positive knee pain scores, knee joint effusion, and ROM extension) indicate scores positive treatment effect in favour of the 
CON-group. †=one missed recording. 
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5 DISCUSSION 

This PhD thesis investigated the feasibility (paper I) and effect of rehabilitation with PST (paper III) 

commenced early after fast-track TKA. Additionally, the reliability of the 6MWT, which was used 

as the primary outcome in the randomized controlled trial (paper III), was assessed in patients with 

early TKA (paper II). 

5.1 Key findings 

The key findings of this PhD thesis were: 

 Rehabilitation with PST commenced as early as 1 to 2 days after TKA seems feasible indicated 

by increased training loads without exacerbating early postoperative knee symptoms such as 

knee pain and knee joint effusion (paper I). These findings were later confirmed in paper III. 

 

 The 6MWT showed high relative intra-tester reliability with a small measurement error 

(acceptable absolute reliability). The 6MWT is able to detect a change of more than 25.5 metres 

in a group of patients (research) and 36.1 metres in an individual patient (clinical setting) after 

TKA. A learning effect was observed. As a consequence, we recommend that the greatest 

distance of 2 6MWTs should be used (paper II).  

 

 Seven weeks of supervised rehabilitation with PST (2 training sessions per week) was not 

superior to 7 weeks of supervised rehabilitation without PST (2 training sessions per week) in 

improving functional performance (6MWT) commenced early after fast-track TKA (paper III). 

None of the secondary outcomes (knee-extension and knee-flexion strength, leg press power, 

knee pain, knee joint effusion, knee joint ROM and PROs) showed any significant or clinically 

relevant differences between groups at any time point. Knee-extension strength did not reach the 

pre-surgery values observed at any time point. 

5.2 Feasibility 

A feasibility study is often carried out prior to a main study. This is done to assess important 

parameters that are needed to design the main study.137 These include, for example, piloting of 

recruitment rate, allocation procedure and intervention. We conducted a feasibility study to indicate 

whether PST commenced early after TKA would increase knee symptoms such as knee pain and 

knee joint effusion (paper I). This was done in an attempt to indicate proof of concept for the 

subsequent confirmatory randomized controlled trial investigating rehabilitation with PST 

commenced early after TKA (paper III).  
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The concern was that implementation of early PST after TKA would increase knee joint effusion 

and knee pain, in addition to delaying recovery of knee joint ROM.23;108 However, that seems not to 

be the case. Our results are in line with data from other studies.29;30 We found that the patients 

experienced moderate knee pain during the strength training exercises (10RM), but resting knee 

pain was none to mild before and after each training session, suggesting that such exercises and 

training loads may be tolerated. Furthermore, these findings are supported by data from the 

randomized controlled trial (paper III), where none of the secondary outcomes, knee pain at rest and 

during walking, knee joint ROM, and knee joint effusion, differed significantly or clinically 

relevant between the PST- and CON-groups at any time point. 

In the feasibility study (paper I), we found a large increase in knee-extension strength and maximal 

walking speed during the first 5 training sessions. These results are supported by preliminary 

evidence investigating PST that demonstrated an improvement in muscle strength and functional 

performance within the first 3 months after TKA.26;29;30;81;109 Similar improvements have been 

reported in studies examining PST in patients with total hip arthroplasty104;105 and in older adults.107 

The improvement in knee-extension strength and functional performance may be attributable to the 

content of the PST modality that followed the principles of PST in which patients perform small 

number of repetitions (8-12) until failure and training loads are increased on a set-by-set basis, as 

the ability to generate force increases.102;103;106 Additionally, the 2 strength training exercises, knee-

extension and leg-press, were chosen to restore quadriceps muscle strength, as a substantial loss of 

knee-extension strength is well-described,27;28;33;34 and is related to reduced functional performance 

after TKA.26-28 The seated knee-extension exercise targets the quadriceps muscle specifically,138 

and performing knee-extensions to failure increases neural activation of the quadriceps muscle 

during the set in healthy subjects.139;140 The leg press exercise involves the activation of several 

other lower leg muscles with reported strength deficits following TKA40 in addition to activating the 

quadriceps muscle,141 and relates to functional performance early after TKA.142 With the proof of 

concept supporting rehabilitation with PST initiated early after TKA (paper I), we planned a 

confirmatory randomized controlled trial (paper III).  

5.3 Reliability of the 6-minute walk test 

For the confirmatory randomized controlled study, the 6MWT was selected as the primary outcome 

to compare rehabilitation with and without PST early after TKA. The arguments were that, firstly, a 

functional performance-based test (such as the 6MWT) would be more suitable to capture an actual 

change in functional performance than PROs early after TKA.70 Secondly, the 6MWT has been 

recommended,57 commonly used,26;27;33;80 and responsive to change over time in the first 4 months 
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after TKA.143;144 As the 6MWT did not possess the necessary psychometric properties such as 

population-specific reliability, we assessed the intra-tester reliability of the test (paper II) prior to 

the initiation of the randomized controlled trial (paper III). 

We found a high relative intra-tester reliability of the 6MWT after TKA, which is in concordance 

with that reported in patients with knee osteoarthritis.145;146 More importantly, we found a small 

measurement error (SEM=13.0 metres) that is approximately half of that reported in patients with 

knee osteoarthritis (SEM=26.3 metres).146 This indicates that the 6MWT is able to identify small 

real changes at both individual (clinical setting) and group (research) levels. Even though we 

encouraged the patients to perform 2 practice trials at home, patients walked significantly longer in 

the second compared with the first test trial, indicating a learning effect (~4%). Both the presence145 

and absence146 of a learning effect for the 6MWT has been reported in patients with knee 

osteoarthritis. The absence of a learning effect may be due to a long time interval between first and 

second test trials.147 Still, it is of some concern, as most patients will improve a little, simply by 

performing the test twice. As a consequence, we recommend patients with TKA to perform 2 

6MWTs, with the longest distance walked from the 2 trials used. This approach was subsequently 

used in the randomized controlled trial (paper III). 

5.4 Progressive strength training - explanation of results 

Given that the 6MWT has been shown to be both reliable (paper II) and responsive in patients 

following TKA,143;144 one has to consider if the strength training modality provided in the PST-

group in the randomized controlled trial (paper III) was designed in a way that elicited the desired 

physiological response. This is especially an issue, as knee-extension strength was not different 

between groups, despite the specific targeting of the quadriceps muscle. With this in mind, we still 

believe that the PST-group program had a high degree of what has lately been termed therapeutic 

validity.148 That is, the content of the exercise intervention is based on the latest research and 

directed to the population of interest. As discussed earlier, the strength training exercises seem 

justifiable by the encouraging results from the feasibility study (paper I) and the rationale for the 

choice of the exercises. Furthermore, intensive rehabilitation with PST commenced early after TKA 

has been recommended,3;29;30;79 as it seems a reasonable choice when aiming to enhance functional 

recovery following TKA. Additionally, similar PST programs performed twice per week have been 

found effective in increasing muscle strength and functional performance in a population with 

TKA26 and in older adults.107;149 Pertaining to the notion above, rehabilitation with functional or 

strengthening exercises instituted 4-8 weeks following surgery should be superior in improving 

functional performance, compared to a control treatment of rehabilitation not including PST.26;80 
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However, these two studies did not use a well-described treatment control26;80 or the control 

treatment was not randomized.26 

So at present, the best explanation for the lack of effect of the PST-group program is that effective 

strengthening was prevented to some degree by arthrogenic inhibition of the quadriceps muscle 

following surgery, hereby reducing the normal physiological response to this type of exercise.35 

This possible limiting factor is termed arthrogenic muscle inhibition (AMI) and has previously been 

assessed in patients early after TKA, using the superimposition technique.23;26;36 The mechanisms 

underlying AMI following TKA are still unclear and therefore need further investigation (see 

Future perspectives). 

5.5 Methodological considerations and limitations  

In the feasibility study (paper I), there are a few precautions that should be taken when interpreting 

the results. Firstly, the sample size (n=14) was small, as the study was designed as a feasibility 

study. Secondly, the same unblinded physiotherapist supervised all training sessions and performed 

all measurements. To avoid recall bias, measurement results were written down by an assistant and 

kept inaccessible until the study was completed. Finally, consumption of oral analgesia was not 

controlled for or monitored.  

In the reliability study of the 6MWT (paper II), we did not observe or record whether the patients 

actually performed the suggested 2 practice trials at home. As we found a small learning effect, 

practice trials or familiarization sessions should be considered, before valid trials are recorded.  

In the randomized controlled trial (paper III), the involved physiotherapists were impossible to 

blind, as they were an integral part of the intervention.110 However, we made every effort to blind 

patients by (1) letting them know that we investigated 2 different rehabilitation programs only (and 

not the content of the 2 intervention programs), and (2) separating the 2 groups, as they trained at 

different times of the day. The patients trained with different physiotherapists at 3 different 

rehabilitation sites, which may have increased the risk of inequality of execution of the 

interventions150, but, on the other hand, strengthened the generalizability of the results. We tried to 

avoid this potential inequality by involving the physiotherapists in the planning of the intervention 

programs, and with regular visits by the principal and senior investigators. Additionally, we 

performed an exploratory post-hoc analysis that showed that rehabilitation site was not a 

confounder. Many results of secondary outcomes and time points are presented. We acknowledge 

that the study was powered to detect a pre-specified difference in the maximal walking distance 
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(6MWT) at the end of the intervention period only. All secondary analyses were considered 

exploratory. Finally, this study does not rule out that rehabilitation with PST provided in a different 

dose (e.g. number of training sessions per week, number of sets per session, or duration of 

intervention) may be superior to rehabilitation without PST in improving functional performance 

following TKA.  

5.6 Adverse events 

In the feasibility study (paper I), no adverse events were recorded related to the rehabilitation with 

PST. This finding was consolidated further by the indication of an intact medial capsule in all 

patients assessed by radiographic and clinical evaluation. This was taken to suggest that initiation of 

early PST did not damage the medial stabilizing soft tissues of the knee. In the reliability study 

(paper II), no adverse events were recorded. In the randomized controlled study (paper III), 2 

patients (3%) (one in each group) withdrew from their treatment due to discomfort. Five patients 

(7%) had additional knee surgery due to severe knee stiffness (3 in the PST-group and 2 in the 

CON-group), but seemed unrelated to the interventions provided.
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6 CONCLUSION 

This PhD thesis provides evidence that:  

(1) In the feasibility study (paper I), rehabilitation with PST commenced as early as 1 to 2 days 

after TKA seems feasible, indicated by an increase in training loads without exacerbating 

knee symptoms. These findings were later verified in the randomized controlled trial (paper 

III). 

(2) In the reliability study (paper II), the 6MWT showed a high relative intra-tester reliability 

with a small measurement error (acceptable absolute reliability) in patients with early TKA. 

The 6MWT is able to detect a real small change in a group of patients (research) and in an 

individual patient (clinical setting) after early TKA. 

(3) In the randomized controlled study (paper III), 7 weeks of supervised rehabilitation with 

PST was not superior to 7 weeks of supervised rehabilitation without PST in improving 

functional performance (6MWT) commenced 1 week after fast-track TKA. The secondary 

outcome, knee-extension strength did not reach the levels recorded before surgery. 
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7 FUTURE PERSPECTIVES 

Based on the findings reported in paper I and III, the reluctance of early commencement of PST 

after TKA among clinicians and researchers seems to be unjustified and based on traditional beliefs 

rather than research. We believe that PST can be implemented early after TKA. 

The loss of knee-extension strength in the PST-group (paper III) indicates that AMI to some degree 

is a barrier to effective PST early after TKA. The mechanisms behind AMI after TKA are not 

clearly understood. After TKA, a combination of knee joint effusion, inflammation, joint laxity, and 

damage to articular sensory receptors can be found. These clinical features likely alter the afferent 

discharge from the damaged joint, which affects the central nervous system by changing the 

excitability of multiple spinal and supraspinal pathways, and thereby prevents the full activation of 

the quadriceps muscle.35 These aspects call for further research into the understanding of the neural 

mechanism underlying AMI. Possible treatments (such as PST151 or preoperative 

glucocorticoids35;152) can then be evaluated.35 

We found that 7 weeks of supervised rehabilitation with PST was not superior to 7 weeks of 

supervised rehabilitation without PST in any of our outcome measures (paper III). Whether another 

“dose” or another content of the PST program would elicit a greater effect on knee-extension 

strength and functional performance after early TKA remains unanswered. Thus, dose-finding 

studies (e.g. duration of rehabilitation, number of training sessions per week, sets per exercise, 

number of exercises) are warranted to define the most effective PST program to overcome the 

surgically induced impairment of muscle strength and functional performance after TKA. 

Furthermore, the characteristics of the patients that may benefit from PST should be identified to 

help clinicians and researchers in targeting this rehabilitation modality better after TKA (stratified 

medicine). 

The 6MWT was reliable with acceptable measurement error early after TKA. This provides 

researchers and clinicians with a cost-effective and easy-to-use functional performance-based test 

that can detect small changes in functional performance over time early after TKA. Hereby, the 

6MWT should be a possible choice as a primary outcome in research investigating functional 

performance after TKA, and enables comparisons of data between studies.
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8 SUMMARY 

Progressive strength training commenced early after fast-track total knee arthroplasty: feasibility 

and effect 

Total knee arthroplasty (TKA) is a common performed orthopaedic procedure to alleviate knee pain 

and disability related to end-stage knee osteoarthritis. Early after TKA, patients experience a 

pronounced loss of muscle strength and functional performance that seldom reaches the levels of 

age-matched healthy adults. Therefore, rehabilitation with progressive strength training (PST) 

commenced early after fast-track TKA may be rational to rapidly enhance postoperative recovery.  

The main objectives of this PhD thesis were to (1) explore the feasibility of rehabilitation with PST 

commenced 1-2 days after fast-track TKA (paper I), (2) assess the intra-tester reliability of the 

functional performance-based outcome measure, 6-minute walk test (6MWT), early after TKA 

(paper II), and (3) compare 7 weeks of supervised rehabilitation with (PST-group) or without PST 

(CON-group) commenced early after fast-track TKA on functional performance (6MWT) (paper 

III). 

Fourteen patients with TKA were included by convenience sampling in this explorative study 

examining the feasibility of early rehabilitation with PST (3 training sessions per week) (paper I). 

Patients received rehabilitation with PST starting 1-2 days after surgery and ending 2 weeks after 

fast-track TKA. The principal investigator supervised the rehabilitation and performed all outcome 

measurements. Rehabilitation with PST commenced early seems feasible indicated by increased 

absolute training loads without exacerbating knee symptoms such as knee pain and knee joint 

effusion. Additionally, we found a significant increase in knee-extension strength and maximal 

walking speed by 147% and 112%, respectively. The feasibility of early commenced rehabilitation 

with PST was later confirmed by the results from the randomized controlled trial (paper III), where 

none of the secondary outcomes, knee joint effusion, knee joint range of motion (ROM), knee pain 

at rest and during walking, showed any significant or clinically relevant differences between the 

PST- and CON-groups at any time point.  

Thirty-four patients were included by convenience sampling into this intra-tester, intra-day 

reliability study of the functional performance-based outcome measure, the 6MWT, approximately 

6 weeks after TKA (paper II). Patients performed the 6MWT twice the same day separated by a 1-

hour seated rest period. The 6MWT was performed according to guidelines provided by the 

American Thoracic Society. The 6MWT showed high relative intra-tester reliability with a small 
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measurement error (acceptable absolute reliability). The 6MWT is able to detect a real improvement 

or deterioration of more than 25.5 metres in a group of patients (research) and 36.1 metres in an 

individual patient (clinical setting) early after TKA. A learning effect was observed. Therefore, we 

recommend that the greatest distance of 2 6MWTs should be used.  

Eighty-two patients were included by consecutive sampling in this prospective, single-blinded 

randomized controlled trial after fast-track TKA (paper III). Patients were randomly allocated to 7 

weeks (2 training sessions per week) of supervised rehabilitation with (PST-group) or without PST 

(CON-group) commenced early after fast-track TKA. Patients were assessed before surgery 

(baseline), 4, 8 (end of intervention) and 26 weeks postoperatively. The PST-group was not superior 

to the CON-group in improving functional performance (6MWT) commenced 1 week after fast-

track TKA. None of the secondary outcomes, knee-extension and knee-flexion strength, leg press 

power, knee pain at rest and during walking, knee joint effusion, knee joint ROM, and patient-

reported outcomes, showed any significant or clinically relevant differences between the 2 groups at 

any time point (4, 8 and 26 weeks). Knee-extension strength values did not reach the levels 

recorded before surgery. 

In conclusion, rehabilitation with PST as early as 1 to 2 days after fast-track TKA seems feasible 

indicated by increased training loads without exacerbating knee-symptoms such as knee pain and 

knee joint effusion. The 6MWT showed high intra-tester reliability with a small measurement error, 

which indicates that the test is able to detect small real changes in a group of patients and in an 

individual patient after early TKA. Seven weeks of supervised rehabilitation with PST was not 

superior to 7 weeks of supervised rehabilitation without PST commenced 1 week after fast-track 

TKA in improving functional performance (6MWT). Knee-extension strength did not reach the pre-

surgery values observed at any time point. The best explanation for the lack of effect of the PST-

group program is that effective strengthening was partly prevented by arthrogenic inhibition of the 

quadriceps early after TKA.  

.
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9 RESUME (DANISH SUMMARY) 

Tidlig progressiv styrketræning efter fast-track total knæalloplastik: Gennemførlighed og effekt 

Indsættelse af total knæalloplastik (TKA) er en almindelig ortopædkirurgisk procedure, der skal 

afhjælpe knæsmerter og forbedre funktionsniveauet hos personer med slidgigt (artrose) i knæet. 

Efter indsættelse af TKA oplever patienterne et markant tab af muskelstyrke og fysisk 

funktionsevne, der sjældent når det samme niveau som hos sammenlignelige raske voksne. Derfor 

vil genoptræning inklusiv progressiv styrketræning (PST) iværksat tidligt efter fast-track TKA være 

et logisk valg til en hurtig tilbagevenden til et højt funktionsniveau efter en TKA operation. 

Hovedformålene med denne PhD-afhandling var at (1) undersøge gennemførligheden af 

genoptræning med PST med opstart af træning 1 til 2 dage efter fast-track TKA (artikel I), (2) 

bestemme intratester (samme tester) reliabiliteten af funktionstesten, 6-minutters gangtest (6MWT), 

tidligt efter TKA (artikel II), (3) sammenligne superviseret 7 ugers genoptræning med (PST-

gruppen) eller uden PST (CON-gruppen) iværksat tidligt efter fast-track TKA målt på fysisk 

funktionsevne (6MWT) (artikel III).  

Fjorten patienter med TKA blev inkluderet tilfældigt i dette eksplorative studie, som undersøgte 

gennemførligheden af tidlig genoptræning med PST (3 gange ugentligt) (artikel I). Patienterne 

startede deres genoptræning 1 til 2 dage efter operationen og sluttede efter 2 uger. Den 

projektansvarlige superviserede genoptræningen og udførte alle målingerne. Genoptræning med 

PST ser ud til at være gennemførlig umiddelbart efter operationen, da den absolutte 

træningsbelastning steg uden, at patienter oplevede forværring af knæledssymptomer som 

knæsmerter og knæledshævelse. Derudover fandt vi en stigning af knæekstensionsstyrken og den 

maksimale ganghastighed på henholdsvis 147% og 122%. Gennemførligheden af tidligt iværksat 

genoptræning med PST blev senere bekræftet af vores resultater fra det randomiserede kontrolleret 

forsøg (artikel III), som viste ingen signifikante eller kliniske relevante forskelle i knæledshævelse 

og knæsmerter i hvile og under gang mellem PST- og CON-gruppen.  

Fireogtredive patienter med TKA blev inkluderet tilfældigt i et intratester reliabilitetsforsøg af 

funktionstesten, 6MWT, ca. 6 uger efter operationen (artikel II). Patienterne udførte testen 2 gange 

den samme dag med 1 times siddende pause imellem testforsøg. Udførelsen af 6MWT fulgte 

retningslinjerne udstukket af American Thoracic Society. 6MWT viste en høj relativ intratester 

reliabilitet med en lille målefejl (acceptabel absolut reliabilitet). Derved kan 6MWT registrere en 

reel forværring eller forbedring på mere en henholdsvis 25,5 meter i en gruppe af patienter og 36,1 
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meter hos den enkelte patient tidligt efter en TKA operation. En læringseffekt blev observeret. 

Derfor anbefaler vi, at den længste gangdistance opnået i 2 6MWTs bliver anvendt.  

Toogfirs patienter blev inkluderet fortløbende i et prospektivt enkelt-blindet randomiseret 

kontrolleret forsøg efter fast-track TKA (artikel III). Patienterne blev tilfældigt fordelt til 

henholdsvis 7 ugers (2 gange ugentligt) superviseret genoptræning med (PST-gruppen) eller uden 

PST (CON-gruppen) iværksat tidligt efter fast-track TKA. Patienterne blev undersøgt før kirurgi 

(baseline), 4, 8 (efter interventionen) og 26 uger efter TKA operationen. PST-gruppen viste sig ikke 

bedre end CON-gruppen til at forbedre den fysiske funktionsevne (6MWT) iværksat 1 uge efter 

fast-track TKA. Ingen af de sekundære effektmål, knæekstensions- og fleksionsstyrke, 

benpresstyrke, aktivitets- og hvilesmerter, knæledshævelse, knæledsbevægelighed, samt patient-

rapporteret knæfunktion og helbred, viste signifikante eller klinisk relevante forskelle mellem de 2 

grupper på noget undersøgelsestidspunkt (4, 8 eller 26 uger) efter operationen. Patienternes 

knæekstensionsstyrke opnåede ikke samme styrke som før operationen. 

Konklusivt ser det ud til, at genoptræning med PST iværksat 1 til 2 dage efter fast-track TKA kan 

gennemføres med stigende træningsbelastning uden forværring af knæledssymptomer. 6MWT viste 

høj intratester reliabilitet med en lille målefejl. Herved kan 6MWT registrere en lille reel ændring i 

en gruppe af patienter og hos den enkelte patient tidligt efter en TKA operation. Syv ugers 

superviseret træning med PST viste ikke en forbedring i den fysiske funktionsevne (6MWT) i 

forhold til 7 ugers superviseret genoptræning uden PST iværksat 1 uge efter fast-track TKA. Den 

bedste forklaring på den manglende effekt af PST er, at effektiv styrkelse af quadriceps musklen 

bliver delvist forhindret af artrogen muskel-inhibition tidligt efter TKA.
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