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Objective To investigate the effects of early combined eccentric-concentric (ECC-CON) or concentric (CON)
resistance training following total knee arthroplasty (TKA).
Methods Patients who underwent a primary TKA were randomly assigned to an ECC-CON group (n=16) or a
CON group (n=18). All patients received early, progressive resistance training with five sessions per week for 2
weeks starting 2 weeks after TKA. Isometric knee flexor and extensor strength of the surgical and non-surgical
knees, instrumental gait analysis for spatiotemporal parameters, 6-Minute Walk Test (6MWT), Timed Up and Go
Test (TUG), Timed Stair Climbing Test (SCT) were used to evaluate performance-based physical function. The
Western Ontario McMaster Universities Osteoarthritis Index (WOMAC) and EuroQOL five dimensions (EQ-5D)
questionnaire were used to evaluate self-reported physical function and self-reported quality of life. All patients
underwent these evaluations before and 1 month after TKA.
Results The ECC-CON group showed clinically meaningful improvements in extensor peak torque (PT) of the
non-surgical knee, gait speed, and 6MWT from preoperative values. The CON group had an increase in H/
Q ratio of the surgical knee and improvement in SCT-ascent postoperatively. Both groups showed significant
improvements in WOMAC-Pain, function, and EQ-5D scores. Although extensor PT of the surgical knee did not
reach the preoperative level in either group, the postoperative change was significantly less in the ECC-CON group
than the CON group.
Conclusion Early combined ECC-CON resistance training minimizes the loss in quadriceps strength of the
surgical knee and improves endurance and gait speed after TKA.
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Effects of Early Combined Eccentric-Concentric Resistance Training After TKA

INTRODUCTION
Knee osteoarthritis (OA) is the most common degenerative disease in elderly people, and can lead to pain,
stiffness, swelling, restriction of daily living activities and
a reduced quality of life [1]. Knee OA is an especially large
burden in Korea because elderly people over the age of 65
years are expected to represent 37.4% of the population
by 2050 [2].
Total knee arthroplasty (TKA) is the most effective surgical procedure, as well as the treatment of choice for
end-stage knee OA. Over 686,000 TKAs are performed
annually for end-stage knee OA in the United States, and
the number of TKAs is expected to increase markedly and
reach 3.48 million by 2030 [3]. In Korea, the Health Insurance Review & Assessment Services (HIRA) reported that
more than 45,000 TKAs are performed each year from
2011 to 2015 [4]. Although TKA recipients experience
pain relief and improvement in self-reported physical
function, the decrement of performance-based physical
function, including quadriceps strength, still exists, and
causes disability [5].
Physiatrists are concerned about the postoperative deficit in quadriceps strength because quadriceps strength is
strongly related to functional, physical activities, such as
walking and stair climbing [6], and impairment of quadriceps may result in long-term functional deficits that
decrease quality of life [7].
Moreover, muscle wasting and weakness often put elderly individuals at high risk for serious life-threatening
falls that may cause injury-related death. Thus, the recent postoperative rehabilitation approaches have been
focused on intensive resistance training of quadriceps
strengthening and recovery of functional ability. Most
recent studies mainly focused on the effect of concentric
exercise. Petterson et al. [8] demonstrated that progressive strength training after TKA yielded significantly better 12-month outcomes in terms of quadriceps strength,
Timed Up and Go Test (TUG), Timed Stair-Climbing Test
(SCT), and 6-Minute Walk Test (6MWT) than did the
standard rehabilitation focused on progressive volitional
strength training. Additionally, Moffet et al. [9] found
significantly greater improvements in 6MWT and total
WOMAC (Western Ontario McMaster Universities Osteoarthritis Index) scores with a new intensive functional
rehabilitation program including progressive resistance

training than with a control intervention.
However, few studies of rehabilitative strategies have
focused on eccentric training following TKA surgery. In
a frail elderly population, muscle strength and mobility
function improved more with eccentric lower-extremity
resistance exercise than with concentric training [10]. In
addition, individuals with type 2 diabetes mellitus and
Parkinson disease who performed eccentric exercise using a recumbent ergometer demonstrated significant improvements in performance-based physical function and
quality of life [11,12]. However, only two pilot studies of
postoperative rehabilitation programs used an eccentrically-biased intervention following TKA, and neither had
sufficient power or a control group for adequate analysis
[13,14].
Therefore, the objective of this study was to compare
the effects of early combined eccentric-concentric (ECCCON) training and concentric (CON) training on performance-based and self-reported physical function, as well
as quality of life following TKA.

MATERIALS AND METHODS
Participants
For this study, 34 (4 males and 30 females; mean age,
71.0±6.1 years) older adults diagnosed with end-stage
primary OA of the knee who underwent a primary TKA
from the Department of Orthopedic Surgery in Jeju National University Hospital between June 2014 and May
2015 were recruited. Two weeks after TKA, all patients
were transferred to the Rehabilitation Department at the
same hospital. All patients could walk independently
with or without an ambulatory aid. Patients were excluded if they had previous neurological or orthopedic
disease causing ambulatory deficits, such as previous
fracture or reconstructive surgery, or unstable cardiorespiratory disease. Each patient received information
about the study and provided written informed consent.
The study protocol was approved by the Institutional
Review Board at Jeju National University Hospital (No.
2014-05-003).
Intervention protocol
Patients were randomly assigned to the combined ECCCON group (n=16) or the CON group (n=18).
Both groups performed concentric knee extension and
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flexion exercises using air resistance machines (HUR
Co., Kokkola, Finland) at 30% of their one-repetition
maximum (1RM) for three sets of 15 repetitions (Fig. 1).
The 1RM measurement test was performed with HUR
air resistance weight-training machines on both legs
and measured on the leg extension and leg curl. Patients
performed 8–10 repetitions at a weight equivalent to
40%–60% of the individual’s estimated 1RM. Then, patients carried out 3-5 repetitions at a weight equivalent
to 60%–80% of the individual’s estimated 1RM. After 3
minutes rest, patients completed a 1RM attempt. If this
weight was lifted easily, 2–5 kg was added and patients
attempted another repetition after a 3-minute rest. This
process was repeated until the patient was no longer able
to successfully lift the weight through a complete range
of motion. The last weight lifted successfully was used as
the 1RM. The 1RM was reassessed every week, and the
training prescription was determined and progressed to a
new resistance level until patients performed 60% of 1RM
for three sets of 10 repetitions.
The ECC-CON group performed a resistance eccentric
exercise using a recumbent ergometer (Eccentron; BTE
Technologies Inc., Hanover, MD, USA) on surgical and
non-surgical lower extremities. Patients were seated on
the recumbent ergometer, and physical therapists controlled the patient’s position and the foot pedal. The knee
remained at 30o of flexion during maximum knee extension to minimize the risk for knee hyperextension injury
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and help the patients set the exercise duration, rate and
target strength through pre-training dosing tests. All
patients adapted to the knee and hip movement by practicing on an eccentric ergometer before the actual training program. Patients received real-time feedback from
monitors through displays of exercise state and target
workload. The intensity of training was based on the participant’s perception of exertion using the Borg Rating of
Perceived Exertion Scale.
The exercise was initially performed for 5 minutes at a
‘very very light’ intensity for the first 2 days. If a patient
had a tolerable response to exercise (i.e., absence of increased knee pain, swelling, or excessive fatigue) after 3–5
days, the training was increased to a ‘moderate’ exertion
level for 10 minutes. During week 2 (6–10 days after starting the program), therapists increased the exercise intensity gradually to a ‘somewhat hard’ intensity and duration
for 30 minutes (Table 1). The monitor was used as feed-

Table 1. Training intensity and duration of the 2-week recumbent eccentric and concentric ergometer rehabilitation protocol
Training day
1–2
3–5
6–10

Training
duration (min)
5
10
20

B

Rating of perceived
exertion
7 (very very light)
12 (moderate)
13 (somewhat hard)

Fig. 1. The concentric knee extension (A) and flexion (B) exercise
using air resistance machines.
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back to inform the patients of the total work (measured
in kJ), average power, and contribution of the operative
leg during each session. During the exercise period, none
of the participants had clinical joint effusion, severe knee
pain, or swelling. The ECC-CON group performed eccentric exercise using a recumbent ergometer for 30 minutes
per session. The CON group performed concentric exercise using a cycle ergometer for the same duration. And
exercise intensity of cycle ergometer was based on Borg
Rating of Perceived Exertion Scale, as protocol in the
ECC-CON group (Fig. 2).
Both groups performed concentric exercise using air
resistance machines for 30 minutes per session. All rehabilitation programs were performed five times per week
for a 2-week period under the supervision of physical
therapists.
Outcome measurements
All patients completed the following assessments before
surgery and 1 month after surgery. Performance-based
physical function included measurement of the isometric knee extensor and flexor strength of the surgical and
nonsurgical knees, instrumental gait analysis for spatiotemporal variables, 6MWT, TUG, and SCT. Self-reported
physical function was evaluated using WOMAC, and selfreported quality of life was evaluated using the EuroQOL
five dimensions (EQ-5D) questionnaire.
Performance-based physical function
(1) Measurement of the isometric strength of the knee
extensors and flexors: The maximal isometric strength
of the bilateral knee extensors and flexors was measured
using an isokinetic dynamometer (HUMAC NORM;

A

CSMi, Stoughton, MA, USA). All patients relaxed their
muscles with light stretching before the test. Participants were seated on a specially designed chair with hip
angles of approximately 85o [15]. The distal shin pad of
the dynamometer was attached 2–3 cm proximal to the
lateral malleolus using a strap. Additional straps were applied across the chest, pelvis, and mid-thigh to minimize
inappropriate trunk movements during thigh muscle
contractions. The alignment between the dynamometer
rotational axis and the knee joint rotation axis (lateral
femoral epicondyle) was adjusted at the beginning of
each trial. Gravity effect torque was recorded for each
subject and used to correct torque measurements during
all tests. Patients were asked to grasp the sidebars during
the testing procedure. The length of the movement arm
measured from the lateral femoral epicondyle to the center of the force transducer at the shin was kept constant.
Data were obtained from digitized signals. After a structured warm-up, with the knee joint fixed at 60o of flexion
for maximal isometric force generation [16], patients
were asked to perform maximal voluntary contractions
until the torque did not increase further by more than 5%
during the three successive attempts. Knee flexion and
extension were performed as discrete movements in a
single direction (i.e., non-reciprocal). Each contraction
lasted 4–5 seconds, and the contractions were separated
by 2 minutes of rest. During each attempt, the physical
therapist loudly encouraged the patients to achieve their
maximal performance. After a 5-minute rest, the same
procedure was performed with the alternate lower limb.
The variables analyzed included extensor and flexor peak
torque (PT) of the surgical and nonsurgical knees, the
ratio of hamstrings to quadriceps strength (H/Q ratio) of

B

Fig. 2. The eccentric exercise using recumbent eccentric (A) and
concentric (B) ergometer.
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the surgical and non-surgical knees, and the difference in
strength of the extensors and flexors between the surgical
and non-surgical knees expressed as percentage of nonsurgical knee performance. The H/Q ratio, the ratio of
knee flexor strength to knee extensor strength, has been
used to examine the knee function and muscle balance,
with a higher isometric H/Q ratio corresponding to relatively lower quadricep strength [17].
(2) Gait analysis: Spatiotemporal variables of gait were
measured using a validated, 24 wireless, inertial sensing device (GSensor1; BTS Bioengineering S.p.A., Italy).
The semi-elastic back belt device is worn on the patient’s
waist and measures the acceleration values for the three
anatomical axes (anteroposterior, mediolateral, and vertical). Patients were instructed to walk 8 m at a comfortable speed as naturally as possible. The gait data were
collected and transmitted via Bluetooth to a personal
computer. The BTS G-Walk system is a dedicated processing software that measures gait variables, such as gait
speed, cadence, stride length, and duration of gait cycle,
stance phase, swing phase, and double support [18].
(3) Six-minute walk test: The 6MWT is a performancebased measure of exercise tolerance and functional
walking capacity in adult populations. Patients were
instructed to walk as far as possible for 6 minutes, while
walking through a 50-m hallway marked with lines. They
could use walking aids during the test if they were unable
to walk independently. The 6MWT has high reliability in
patients who have undergone primary TKA [19].
(4) Timed up-and-go test: The TUG test is an evaluation
of dynamic balance performance. Each patient sat with
their back against a chair (seat height, 44 cm; depth, 45
cm; width, 49 cm; arm rest height, 64 cm) placed at the
end of a marked 3-m distance. On the word “go” patients
were instructed to stand up, walk at a comfortable speed
past the 3-m mark, turn around, walk back, and sit down
in the chair without physical assistance. Time was measured in seconds. The TUG tool is considered an acceptable method for measuring dynamic balance [20].
(5) Stair-climbing and -descending test: The SCT was
measured as the time required to ascend and descend
a flight of stairs (12 steps, each was 17 cm high and 25
cm wide). Patients were asked to ascend or descend the
stairs as fast as possible on the word “go”. Each trial was
performed with a 5-minute rest interval and the best
score was recorded [21].
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Self-reported physical function and quality of life
(1) Western Ontario McMaster Universities Osteoarthritis Index: WOMAC is a multidimensional questionnaire that assesses pain, stiffness, physical function, and
previously, self-reported disability in patients with knee
OA. The questionnaire includes five pain variables, two
stiffness variables, and 17 physical function variables.
Each of these variables is scored using the Likert scale (0,
none; 1, slight; 2, moderate; 3, very; and 4, extremely), as
recommended by the Outcome Measures in Rheumatology Clinical Trials. The Likert scale is used to determine
the degree of pain, stiffness, and difficulty experienced
in performing each of 17 activities in the preceding 48
hours. Higher scores indicate greater levels of pain, stiffness, and difficulty [22]. The scores of pain, stiffness, and
physical function variables are added to yield the WOMAC-Pain (range, 0–20), WOMAC-Stiffness (range, 0–8),
and WOMAC-Function (range, 0–68) subscores.
(2) EuroQOL five dimensions questionnaire: The EQ5D questionnaire is used to evaluate self-reported quality
of life, and the EQ-5D Index is widely used to measure
general health status. The instrument comprises a questionnaire with five dimensions: mobility, self-care, usual
activities, pain/discomfort, and anxiety/depression. Each
dimension is represented by one question with three severity levels (no problems, some or moderate problems,
and extreme problems). Scores were transformed using
utility weights derived from the general Korean population and ranged from -1 to 1. Higher scores indicated better overall health status. The formula for the EQ-5D Index
has been presented by Kim et al. [23].
Statistical analysis
Statistical analysis was performed using SPSS ver. 20.0
for Windows (IBM, Armonk, NY, USA). Baseline demographic and clinical characteristics were compared between the ECC-CON and CON groups using independent
sample t-tests for continuous data and chi-square tests
for categorical data. The change in a variable from pre- to
post-training was evaluated in each group using the Wilcoxon signed-rank test. Changes from pre- to post-training were compared between the groups using the MannWhitney test. A p-value <0.05 was considered significant.
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RESULTS
Demographic and clinical characteristics
In total, 37 patients were enrolled, but two patients
refused to consent and one patient dropped out for personal reasons. Finally, 34 patients were included in the
study. Baseline demographics and clinical characteristics
of the patients are summarized in Table 2. Demographic
characteristics including age, gender, height, weight, and
body mass index were not significantly different between
the ECC-CON group and the CON group, and the results
from baseline performance-based physical function,

Table 2. Demographic and disease-related characteristics
of the subjects (n=34)
Variables
Age (yr)
Sex
Male
Female
Height (cm)
Weight (kg)
BMI (kg/m2)
K-L grades
Grade 3
Grade 4
Lesion side
Right
Left
Both
Operation site
Unilateral TKA
Bilateral TKA
Comorbidities
Cardiovascular disease
Diabetes mellitus
Hypertension
Spine disease
Osteoporosis

ECC-CON
group
(n=16)
71.7±6.1

CON
group p-value
(n=18)
70.4±6.3
0.54

3 (18.8)
1 (5.6)
13 (81.3)
17 (94.4)
154.8±6.0 153.3±3.9
63.4±10.2 64.1±9.7
26.4±2.8
27.2±3.4
3 (18.8)
13 (81.3)

2 (11.1)
16 (88.9)

7 (43.8)
3 (18.8)
6 (37.5)

8 (44.4)
6 (33.3)
4 (22.2)

10 (62.5)
6 (37.5)

14 (77.8)
4 (22.2)

3 (15.8)
6 (37.5)
12 (75.0)
2 (12.5)
7 (43.8)

1 (5.6)
2 (11.1)
11 (61.1)
5 (27.8)
6 (33.3)

0.39
0.85
0.47
0.53

0.50

0.33

0.33
0.07
0.38
0.27
0.53

Values represent mean±standard deviation or number
(%) of cases.
BMI, body mass index; K-L, Kellgren-Lawrence; TKA, total knee arthroplasty.

self-reported physical function and quality of life did not
show any significant differences between the two groups.
None of the patients experienced a serious adverse event
during the study period.
Comparison of performance-based physical function,
self-reported physical function and quality of life
within each group
Relative to their preoperative values, the ECC-CON
group showed significant improvements in postoperative
extensor PT of the non-surgical knee (from 70.7±24.9 to
90.3±32.6 Nm/kg BW; p=0.01), gait speed (from 0.8±0.1
to 1.0±0.1 m/s; p=0.001), and 6MWT (from 281.3±66.3 to
322.9±42.0 m; p=0.02). The CON group showed significant improvements in postoperative H/Q ratio of the surgical knee (from 83.6%±22.0% to 102.5%±37.9%; p=0.03)
and SCT-ascent (from 11.9±5.1 to 16.5±6.6 seconds;
p=0.003), whereas the ECC-CON group did not show significant changes in these parameters.
Both groups showed a significant decrease in extensor
PT of the surgical knee from preoperative to postoperative values (ECC-CON group: from 63.6±15.8 to 56.4±15.7
Nm/kg BW; p=0.02 vs. CON group: from 63.3±20.2 to
46.9±14.5 Nm/kg BW; p<0.001). In addition, both groups
had significant improvements in WOMAC-Pain, function,
and EQ-5D scores (Table 3).
Changes in performance-based physical function, selfreported physical function, and quality of life between
two groups
Although extensor PT of the surgical knee did not reach
the preoperative level in either group, the change in extensor PT was significantly less in the ECC-CON group
than in the CON group. No other performance-based
physical function tests or self-reported measurements
were different between the groups (Table 4).

DISCUSSION
The main finding of the present study was that early,
combined ECC-CON resistance exercise after TKA resulted in a smaller decrease in quadriceps strength. Withingroup analysis of this study revealed that the significant
improvements in indicators of physical performance
such as gait speed and endurance were shown in the
ECC-CON group. This was the first study demonstrating
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Table 3. Comparison of performance-based physical function, self-reported physical function and quality of life before and after TKA within each group
Variable
Isometric strength test
PT extensor of surgical knee (Nm/kg BW)
PT flexor of surgical knee (Nm/kg BW)
PT extensor of non-surgical knee (Nm/kg BW)
PT flexor of non-surgical knee (Nm/kg BW)
Deficit of extensor (%)
Deficit of flexor (%)
H/Q ratio of surgical knee (%)
H/Q ratio of non-surgical knee (%)
Physical performance test
6MWT (m)
TUG (s)
SCT-ascent (s)
SCT-descent (s)
Gait analysis
Gait speed (m/s)
Stride length (cm)
Stance phase duration (% of gait cycle)
Swing phase duration (% of gait cycle)
Double support duration (% of gait cycle)
Self-reported physical function and quality of life
WOMAC-Pain
WOMAC-Stiffness
WOMAC-Function
EQ-5D

ECC-CON group
Before
After
p-value
63.6±15.8
50.3±11.8
70.7±24.9
50.6±14.6
19.3±5.2
9.8±4.5
83.7±26.5
76.9±22.9

CON group
Before
After

p-value

56.4±15.7*
52.6±15.3
90.3±32.6*
55.4±11.8
27.6±5.7
3.8±4.3
96.3±30.7
66.5±13.5

0.02
0.54
0.01
0.07
0.29
0.41
0.08
0.20

281.3±66.3 322.9±42.0*
13.0±8.5
10.3±1.7
14.9±9.5
15.4±5.6
16.9±7.2
17.7±7.3

0.02
0.10
0.27
0.78

323.3±66.7 326.7±63.3
11.4±4.0
10.8±2.4
11.9±5.1
16.5±6.6**
14.6±5.3
16.7±5.6

0.76
0.91
0.003
0.08

0.8±0.1
1.0±0.1**
99.6±11.6 102.5±14.6
65.8±2.9
65.1±3.0
34.3±2.9
35.0±3.0
31.3±5.4
30.5±5.7

0.001
0.45
0.54
0.54
0.59

0.9±0.1
1.0±0.2
97.4±11.2 102.6±11.5
65.8±2.2
64.5±2.0
34.2±2.2
35.5±2.1
31.5±4.5
29.0±3.5

0.07
0.17
0.05
0.05
0.05

9.0±3.8
3.2±1.9
26.6±11.4
0.6±0.1

0.001
0.45
0.001
0.003

7.5±3.8
3.5±2.1
25.1±10.7
0.6±0.2

3.9±1.5**
2.8 ±1.4
15.1±7.3**
0.8±0.1**

63.3±20.2 46.9±14.5** <0.001
50.3±13.5 44.3±11.6
0.07
69.9±17.0 76.8±37.5
0.56
55.1±13.7 55.1±19.5
0.94
19.7±3.6
29.6±6.6
0.12
10.3±3.5
15.8±5.5
0.29
83.6±22.0 102.5±37.9* 0.03
80.1±17.8 79.5±28.0
0.88

3.5±2.2**
3.5±1.3
15.6±7.2**
0.8±0.1**

0.001
0.77
0.001
<0.001

Values are presented as mean±standard deviation.
TKA, total knee arthroplasty; ECC-CON, eccentric-concentric; CON, concentric; PT, peak torque; BW, body weight;
H/Q, hamstring/quadriceps; 6MWT, 6-Minute Walk Test; TUG, Timed Up and Go Test; SCT, Timed Stair Climbing
Test; WOMAC, Western Ontario McMaster Universities Osteoarthritis Index; EQ-5D, EuroQOL five dimensions.
*p<0.05, **p<0.01.
the effects of an early eccentrically biased rehabilitation
program via recumbent eccentric ergometer after TKA.
Sarcopenia, the progressive loss of muscle mass with
aging, has been a major focus of attention and contributes to disability in elderly people. Failure to activate the
quadriceps muscle may contribute to muscle atrophy
in patients with knee OA [24]. In addition, decreases in
quadriceps strength and physical performance are unavoidable in patients who have recently undergone TKA.
Previous studies show a 60% decrease in quadriceps muscle strength and 17% decrease in voluntary muscle acti-
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vation from preoperative levels 1 month after TKA [25,26],
that persists for years [27]. Furthermore, these conditions
may lead to functional deficit. Mizner et al. [25] reported
decreases of 20%–25% in functional performance from
presurgical values in the first month after TKA. In addition, several studies have reported that 75% of patients
have difficulty with walking and climbing stairs after TKA
relative to age-matched healthy controls [5,28]. Recovery
of functional and muscle strength occurs during the first
6 to 12 months following TKA, however residual deficits
persist for years thereafter. Thus, to minimize deficits in

Effects of Early Combined Eccentric-Concentric Resistance Training After TKA
Table 4. Comparison of changes in performance-based physical function, self-reported physical function and quality
of life before and after TKA between the ECC-CON and CON groups
Variable
ECC-CON group
CON group
p-value
-4.1±1.9*
-10.7±2.1*
0.03
DPT extensor of surgical knee (Nm/kg BW)
1.3±1.8
-3.6±1.9
0.07
DPT flexor of surgical knee (Nm/kg BW)
4.1±4.7
1.7±2.8
0.22
DPT extensor of non-surgical knee (Nm/kg BW)
flexor
of
non-surgical
knee
(Nm/kg
BW)
-0.7±2.6
-0.6±1.7
0.36
DPT
7.0±5.8
7.8±4.6
0.85
DDeficit of extensor (%)
-5.1±4.6
4.3±4.5
0.23
DDeficit of flexor (%)
12.6±5.9
19.0±8.3
0.71
DH/Q ratio of surgical knee (%)
-9.4±5.2
-0.4±3.4
0.45
DH/Q ratio of non-surgical knee (%)
35.1±14.7
2.6±10.4
0.17
D6MWT (m)
-2.2±1.7
-0.5±0.7
0.24
DTUG (s)
(s)
-1.4±2.7
3.6±1.1
0.30
DSCT-ascent
-0.8±2.5
1.6±0.9
0.40
DSCT-descent (s)
0.1±0.2
0.1±0.1
0.12
DGait speed (m/s)
2.5±3.2
4.0±2.5
0.91
DStride length (cm)
-0.6±0.8
-1.0±0.5
0.41
DStance phase duration (% of gait cycle)
0.6±0.8
1.0±0.5
0.42
DSwing phase duration (% of gait cycle)
-0.6±1.5
-1.9±0.9
0.32
DDouble support duration (% of gait cycle)
-4.3±3.9
-3.3±3.4
0.39
DWOMAC-Pain
-0.4±0.4
-0.04±0.4
0.64
DWOMAC-Stiffness
-9.7±3.3
-8.1±2.0
0.98
DWOMAC-Function
0.2±0.2
0.2±0.1
0.66
DEQ-5D
Values are presented as mean±standard deviation.
TKA, total knee arthroplasty; ECC-CON, eccentric-concentric; CON, concentric; PT, peak torque; BW, body weight;
H/Q, hamstring/quadriceps; 6MWT, 6-Minute Walk Test; TUG, Timed Up and Go Test; SCT, Timed Stair Climbing
Test; WOMAC, Western Ontario McMaster Universities Osteoarthritis Index; EQ-5D, EuroQOL five dimensions.
*p<0.05.
physical function following TKA, rehabilitation strategies
should focus on achieving quadriceps muscle strength
equal to that of age-matched healthy individuals.
Training methods for quadriceps strengthening consist of two types (concentric contraction and eccentric
contraction) under the tension of an external force.
Concentric exercise consists of the shortening of muscle
fibers, whereas eccentric exercise consists of the active
lengthening of muscle fibers. A previous study reported
a 30%–40% greater improvement in muscular strength
with resistance exercise performed using eccentric
muscle contractions than with exercise using concentric
contractions [29]. In addition, the effectiveness of eccentric exercise improves muscle strength and muscle
hypertrophy more than concentric exercise at the same
metabolic workload [30]. Furthermore, the cardiopul-

monary oxygen demand is 20% lower during eccentric
exercise, and muscular strength, along with metabolic efficiency, improves rapidly [31,32]. The systematic review
reported by Roig et al. [33] shows that resistance exercise
performed with eccentric muscle contraction is more effective for increasing strength than concentric exercise in
healthy individuals. Since eccentric training maximizes
muscle strengthening using minimum energy consumption, it may suitable for elderly patients who have low
exercise tolerance [10]. In addition, training programs
using concentric-eccentric training have a greater effect on the functional capacity of patients with knee OA
than programs using concentric isokinetic training [29].
LaStayo et al. [14] reported that 12 weeks of eccentric
exercise improve mobility levels as well as muscle size
and strength in patients 1 to 4 years after TKA, and a pilot
www.e-arm.org
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study reported by Marcus et al. [13] demonstrated that
an eccentrically-biased intervention after TKA improved
physical function and quadriceps strength.
The first key observation of the present study was that
the change in extensor PT of the surgical knee was significantly less in the ECC-CON group than in the CON group,
although extensor PT of the surgical knee following TKA
did not reach the preoperative level in either group. In
within-group analysis of the present study, the quadriceps muscle strength decreased by 11.3% and 25.9%
from preoperative levels in the ECC-CON group and CON
groups, respectively. Considering that previous studies showed a 60% decrease in quadriceps strength from
preoperative levels, our findings suggest that eccentric
exercise was effective for improving quadriceps muscle
strength in patients early after TKA. In addition, the CON
group showed a significant increase in H/Q ratio, while
the changes in the ECC-CON group were negligible.
These results show that combined ECC-CON training
may be more effective than concentric exercise for improving quadriceps strength. In addition, the decrease in
quadriceps muscle strength may be minimized because
eccentric exercise was performed intensively at a relatively early stage (starting 14 days after TKA). However,
the CON group also showed a relatively small reduction
in quadriceps strength (25.9%) after surgery, suggesting
that early, intensive, resistance training has a significant
effect on muscle strength. The association between improvements in quadriceps strength and functional ability
after TKA, along with quadriceps eccentric exercise, has
clinically important implications for TKA rehabilitative
strategies as it demonstrates the value of eccentric exercise for enhancing functional performance by improving
quadriceps strength of the surgical knee.
In within-group analysis, the improvement in quadriceps strength of the non-surgical knee was also significantly greater postoperatively relative to preoperative
values in the ECC-CON group. Patients tend to rely on the
non-surgical knee while walking during the early postoperative period. Thus, improvement in the quadriceps
muscle strength of the non-surgical knee may improve
walking stability and daily activities after TKA. Moreover,
this study revealed that the ECC-CON group showed
significant improvements in gait speed postoperatively,
relative to preoperative values. Quadriceps weakness has
been associated with decreased gait speed in the elderly
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population [34]. Decreased comfortable walking speed in
elderly individuals with knee OA may lead to comorbidities [35] or even death [36]. Therefore, the results of this
study suggest that concentric-eccentric exercise may improve quadriceps muscle strength and therefore walking
speed.
The 6MWT measures the maximal distance a subject
can walk in 6 minutes, and is a simple, clinically relevant
measure of exercise tolerance. Several studies have found
a modest relationship between measured ambulation
and self-reported function in many different patient
groups [7,8]. Moreover, the 6MWT is a moderately valid
indicator of submaximal [37] and maximal aerobic capacity in patients with knee OA [38]. It was discovered in
this study that the ECC-CON group showed significant
improvements in postoperative 6MWT, which suggests
that concentric-eccentric exercise that improves quadriceps muscle strength may enhance exercise tolerance
and eventually improve postoperative functional status
after TKA.
In a previous study, impaired stair-climbing ability was
associated with quadriceps weakness in elderly populations [39]. The average stair climbing speed of individuals who have undergone TKA was two times slower than
that of the age-matched non-arthritic healthy population
[28]. However, the present study showed that the postoperative stair climbing ability was not significantly lower
than the preoperative level in the ECC-CON group, while
the CON group showed a significant increase in SCTascent. In conclusion, concentric-eccentric exercise may
improve quadriceps muscle strength and minimize the
decrease in stair-climbing ability early after TKA.
Finally, both groups showed significant improvements
in WOMAC-Pain, function, and EQ-5D scores. Similarly,
previous studies have shown that self-reported physical
function is significantly better after TKA than preoperatively [40].
There are several limitations to the present study. First,
the sample size in this investigation was relatively small.
Although some significant differences were noted, they
were insufficient for monitoring the overall effects of an
eccentrically biased intervention. Second, an intervention period of 2 weeks may be too short to demonstrate
the additional effect of progressive eccentric exercise
via recumbent ergometer relative to the control exercise
program. Finally, the focus was on knee muscle strength
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rather than hip and ankle muscle strength because it was
hypothesized that quadriceps strength would be strongly
associated with physical performance in patients who
have undergone TKA. Accordingly, further larger-scale
studies that perform long-term follow-ups, as well as
investigate various muscle factors, are warranted to demonstrate the effects of eccentrically biased rehabilitation
after TKA.
In conclusion, this study demonstrated that early combined ECC-CON resistance training was more effective at
minimizing the loss of quadriceps strength in the surgical
knee than concentric-only resistance training. Furthermore, within-group analysis indicated that ECC-CON
training improved endurance and gait speed after TKA
to a greater extent than concentric training alone. This
study suggests that progressive, resistance exercise via an
eccentric, recumbent ergometer could be an early, rehabilitative strategy after TKA.
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