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Abstract
INTRODUCTION—Quadriceps weakness is one of the primary post-operative impairments that
persist long term for patients after total knee arthroplasty (TKA). We hypothesized that early gait
muscle recruitment patterns of the quadriceps and hamstrings with diminished knee performance
at 3 months after surgery would be related to long-term quadriceps strength at one year after TKA.

METHODS—Twenty-one subjects who underwent primary unilateral TKA and 14 age-matched
healthy controls were analyzed. At three months after TKA, the maximum voluntary isometric
contraction of quadriceps and a comprehensive gait analysis were performed. Quadriceps strength
was assessed again at one year after surgery.

RESULTS—Quadriceps muscle recruitment of the operated limb was greater than the non-
operated limb during the loading response of gait (p=0.03), but there were no significant
differences in hamstring recruitment or co-contraction between limbs (p>0.05). There were
significant differences in quadriceps muscle recruitment during gait between the non-operated
limb of TKA group and healthy control group (p<0.05). The TKA group showed a significant
inverse relationship between one year quadriceps strength and co-contraction (r = −0.543) and
hamstring muscle recruitment (r = −0.480) during loading response at 3 months after TKA.

CONCLUSIONS—The results revealed a reverse relationship where stronger patients tended to
demonstrate lower quadriceps recruitment at 3 months post-surgery that was not observed in the
healthy peer group. The altered neuromuscular patterns of quadriceps and hamstrings during gait
may influence chronic quadriceps strength in individuals after TKA.
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BACKGROUND
Total knee arthroplasty (TKA) is one of the most common knee orthopedic surgeries. In the
United States, TKA was performed in more than 500,000 knees in the last year.[1] TKA has
been successful in decreasing pain, increasing range of motion (ROM), correcting alignment
of the lower extremity, and improving the functional status of patients.[2–5] Nevertheless,
patients consistently demonstrate significantly lower functional ability in comparison to
their age-matched healthy peers as measured by their time to negotiate stairs, the timed up
and go, and the six-minute walk tests.[6]

One of the primary impairments that have been related to functional mobility in patients
following TKA is quadriceps weakness of the operated limb.[7, 8] Quadriceps strength of
the operated limb drastically decreases immediately after the surgery with an approximate
60% reduction observed from pre-operated strength.[9] Quadriceps muscle strength of the
operated limb gradually increases to a level that is comparable to preoperative strength
levels at 6–12 months, but is still considerably weaker than healthy age-matched peers.[8,
10] The persistent quadriceps weakness of the operated limb is related to both deficits of
voluntary muscle activation and muscle atrophy.[11, 12] Quadriceps weakness of the
operated limb was explained by deficits of voluntary activation (i.e. muscle inhibition) in the
acute phase (e.g. 1 month) after TKA [9]. Yet, quadriceps muscle strength becomes more
highly associated to muscle cross-sectional area by the one year mark after TKA as the
deficits in voluntary activation are substantially reduced by this stage of recovery.[11, 12]
Currently, there is limited evidence as to why patients who undergo TKA cannot resolve
their chronic atrophy in the affected limb.

The characteristic movements and muscle recruitment patterns documented after surgery
may be part of the reason why patients struggle to increase their quadriceps strength beyond
the preoperative level. Patients with TKA assigned only 28% of the total support moment of
the lower extremity during loading response in gait to their operated knee, which was lower
than the non-operated limb and nearly half of the knee’s distribution observed in healthy
age-matched peer groups.[8] This failed loading on the operated knee during loading
response is associated with a stiff knee movement patterns with less knee flexion and
prolonged co-contraction.[13] Generally, patients tend to utilize relatively limited
quadriceps recruitment and prolonged and/or relatively high hamstring muscle recruitment.
[13] Furthermore, asymmetry in loading between limbs during functional movements places
greater dependency on the nonoperated limb to complete daily mobility tasks.[7, 8] The
preferential reliance on the uninvolved limb could inhibit the development of more normal
patterns of muscle recruitment of the operated knee. Walking is the most common activity of
daily living [14] and it represents a substantial source of exposure to physical stress to the
musculature surround the knee. The habitual limping of patients with TKA may limit the
physical stress needed to maximize the recovery of quadriceps strength.

The purpose of this study was to investigate how the early performance of the musculature
crossing the knee during loading response in gait relates to the persistent quadriceps
weakness of the operated limb. First, we hypothesized that patients 3 months after TKA
would demonstrate diminished knee performance during loading response as defined as
limited knee flexion and external knee extensor moment, relatively small quadriceps
recruitment, relatively large hamstring muscle recruitment, and greater quadriceps/hamstring
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co-contraction as compared to the data from a healthy matched peer group. Second, we
expected that the aforementioned diminished knee performance of the operated limb at 3
months would be related to persistent quadriceps weakness in long-term follow-up. Lastly,
we hypothesized that a similar relationship between knee performance during loading
response and muscle strength would not be found in the age-matched healthy individuals.

METHODS
Subjects

Twenty-one patients who received unilateral TKA were recruited. Subjects were excluded if
they had an evidence of: 1) musculoskeletal impairment other than the TKA which led to
perceivable functional limitations during daily activity; 2) BMI more than 40; 3) blood
pressure uncontrolled by medicine; 4) diabetes mellitus; 5) neoplasms; 6) neurological
disorders; and 7) inadequate active range of motion to demonstrate normal gait patterns. The
test sessions were divided into two sessions; 3 months and 1 year after TKA; 3 months after
TKA is approximately the end of outpatient physical therapy [15], and 1 year after TKA is
when most patients can reach the plateau of functional recovery.[16] Fourteen age-matched
individuals who have asymptomatic native knees, were also recruited by the same exclusion
criteria as a healthy control group. The first test session (3 months postoperative for TKA
group) was divided into 2 days; using self-report questionnaires and active range of motion
for the operated knee as well as quadriceps strength used the first day to assess the subjects’
functional status. The second day was to measure kinetics, kinematics, and
electromyography (EMG) results from a comprehensive motion analysis system. The second
session (one year after TKA), quadriceps strength was reassessed. All subjects signed an
informed consent approved by the Human Subjects Review Board at the University of
Delaware.

Clinical Assessments
Self-report questionnaires—The SF-36 was a questionnaire used to assess the patients’
health-related quality of life.[17–20] Physical Component Summary (PCS) has been used in
patients after TKA to assess perceived physical function as an outcome of TKA.[3, 15, 21]
The Knee Outcome Survey-Activities of Daily Living Scale (KOS-ADLS) was used to
evaluate general subjects’ perceptions of knee impairments and the extent of disability
during functional daily activity.[22]

Active Range of Motion of the Knee—The subjects had their operated knee active
range of motion measured in the supine position using a plastic long arm goniometer as
previously described.[5] Extension was also measured in supine with setting a block under
the feet.[23]

Quadriceps Strength Measurement
Maximal voluntary isometric contraction (MVIC) of the quadriceps femoris muscle was
measured as described in a previous publication.[24] Subjects were seated in a dynamometer
(Kin-Com 500 H, Chattecx Corp.; Harrison, TN) with flexing the hip at 90° and the knee at
75°. The seat adjustments and the transducers settings were aligned with the subject’s knee
joint to the axis of the dynamometer and were duplicated in the second test. Subjects
performed practice sessions while contracting the muscle with 50%, 75% and 100% of their
voluntary maximum contraction, to become familiar with the testing procedure and to warm-
up the muscle. A maximum of 3 trials was recorded for each limb. In that case, the highest
volitional force was used for analysis.
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Gait Assessment
Motion Analysis—Gait Analysis was performed using a three dimensional, eight camera
motion analysis system (VICON Peak, version 5.1, Oxford Metrics; London, England) with
two force plates (Bertec Corp.; Worthington, OH) embedded flush with the floor for two
consecutive steps during gait. The video data was sampled at 120 Hz while the analog
signals from the force plates were sampled at 1080 Hz. Fourteen millimeter retro reflective
markers were placed bilaterally on the lateral malleolus, lateral femoral condyle, greater
trochanter, and iliac crest were used with joint thickness measures from calipers to identify
joint centers. Rigid thermoplastic shells with four markers oriented orthogonally were
secured bilaterally to the patients’ shanks and thighs using elastic wraps (SuperWrap TM,
Fabrifoam, Inc.; Exton, PA) in order to minimize movement artifacts. Two markers located
on the heel counter of the shoes with an additional marker on the fifth metatarsal tracked the
three dimensional movement of the foot.

A standing calibration was performed prior to walking trials in order to identify the joint
centers with respect to each segments coordinate system. Following the standing calibration,
the subjects practiced walking along a 10m walkway until a consistent self-selected velocity
was achieved, as measured by two photoelectric cells placed 286.5 cm apart. The force
plates were located in the middle of the walkway. A total of 10 walking trials were collected
whereby subjects contacted opposing force plates with each foot without targeting. Walking
velocity was maintained to within 5% of average of practice trials as measured with the
photoelectric cells. Trials outside of this range were excluded from the analysis.

Electromyography (EMG)—EMG was recorded at 1080 Hz with a 16 channel system
(Motion Lab Systems; Baton Rouge, LA) interfaced with the VICON workstation. Active
surface electrodes (input impedance of 100 mΩ, a common mode rejection ratio of 100 dB at
40 Hz, and a bandwith of 20–1000 Hz) made of surgical grade stainless steel, with parallel
detection surfaces and a center to center distance of 2.03cm (disk diameter of 1.19cm), were
used (Leukotape, Beiersdorf-Jobst Inc.; Rutherford College, NC). The tested muscles were
the vastus lateralis of the quadriceps and the long head of biceps femoris to represent the
hamstrings, and electrodes were placed at mid-muscle belly in parallel with the muscle fiber
orientation.[25] Elastic bands (SuperWrapTM, Fabrifoam, Inc., Exton, PA) were wrapped
over the electrodes to minimize movement artifacts of the electrode on the skin. The subjects
were asked to complete MVIC tests for the each muscle in order to verify electrode
placements and also to obtain the maximum signals to be used for the normalization.

Data Management—Marker trajectories were low pass filtered at 6 Hz and kinetic data
from the force plate were low pass filtered at 40 Hz. The joint angles were calculated using
rigid body analysis employing Euler angles, and the joint kinetics were calculated based on
inverse dynamics, and they were expressed as net internal moments normalized to body
weight × height (Nm) (Visual3D, Version 3.79, NIH Biomechanics Laboratory; Bethesda,
MD). Loading response was defined as from 100ms prior to heel strike when the component
of force plate data (Fz) exceeded 20N, to the first peak knee flexion during stance phase, and
it was normalized to 100%.

Visual 3D software was used to further filter the signals using a bandpass butterworth filter
at 20–350 Hz. Following a full wave rectification, a linear envelope of the signal was
created through an 8th order, phase corrected Butterworth filter with a low pass cutoff
frequency of 20 Hz. This linear envelope was normalized to the maximum signal obtained
during the MVIC trials or during walking. EMG data collected during walking was analyzed
with a custom-written software program (Labview 8, National Instruments; Austin, TX) to
identify the average rectified value of muscle activity during loading response. The average
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of co-contraction during loading response was investigated, and was calculated using the
following technique described by Rudolph et al.[26] The formula indicated an estimate of
relative recruitment of the pair of two muscles as well as the magnitude of the co-
contraction.

Paired t-tests were used to detect mean differences between limbs in the TKA group in order
to determine the inter-limb asymmetrical/abnormal gait patterns. Independent t-tests were
used to determine pathological gait patterns by comparing between the TKA group at 3
months after the surgery and the healthy group. Since there were no inter-limb differences in
the healthy controls, the averaged of both limbs were applied to compare to the TKA group.
The Pearson Product Moment Correlation Coefficient was applied to determine the strength
of relationships between knee extensor moment, MVIC and the EMG results. Alpha level
was set as 0.05 to determine significance in all statistical tests.

RESULTS
Table 1 states the results of the comparison of the clinical assessments between the TKA
group and healthy controls. There were no differences in age and anthropometry results
between groups (all: p>0.05) although there are some differences in physical measurements
(e.g. knee ROM, muscle strength) (Table 1).

Gait speed of TKA group at 3 months after surgery was significantly slower than the healthy
controls (p=0.012). There was significantly lower muscle recruitment in quadriceps of the
operated limb during loading response compared to the nonoperated limb (p=0.030) at the 3
month test after TKA (Figure 1). There were no differences in muscle recruitment patterns
in both quadriceps and hamstrings muscles, and their co-contraction when comparing the
operated limbs and the healthy limbs (all: p>0.05; Figure 1). Muscle recruitment in
quadriceps of the non-operated limb was significantly greater and the operated limb was
significantly less than the response in healthy controls (p=0.002 and p=??). There is no
significant difference in peak knee flexion angle between limbs in the TKA group or when
comparing TKA limbs to the healthy comparison group (all: p>0.05, Figure 2). Knee flexion
excursion in the operated limb was significantly lower than the non-operated limb (p<0.001)
and the healthy controls (p=0.030), but there is no significant difference in knee flexion
excursion between the non-operated limb and the healthy limbs (p=0.453; Figure 2). There
were not significantly differences in knee extensor moment between limbs (p=0.353), yet
the healthy limbs showed significantly greater than both the operated limb (p=0.004) and the
non-operated limb (p=0.036) in TKA group.

Quadriceps weakness of the operated limb 3 months after TKA was significantly related to
muscle recruitment in hamstrings (r=−0.491, p=0.024) and co-contraction during loading
response (r=−0.438, p=0.047: Table 2). Quadriceps weakness of the operated limb 1 year
after TKA continued to be related to muscle recruitment of the hamstrings (r=−0.480,
p=0.028) and co-contraction during loading response at 3 months after TKA (r=−0.543,
p=0.011), yet not to muscle recruitment of the quadriceps of the operated limb (r=−0.375,
p=0.094: Table 2). None of the gait characteristics of interest were related to quadriceps
muscle strength in the healthy cohort. (p>0.05, Table 2).
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DISCUSSION
Patients three months after TKA demonstrated an impaired loading response of the operated
knee with diminished knee flexion excursion, a small knee extensor moment, and low
quadriceps muscle recruitment. Such a pattern is a typical indication of failure of normal
knee loading during gait in individuals with a variety of knee pathologies.[26–28] Only the
muscle recruitment patterns during loading response displayed a meaningful association
with long-term quadriceps strength outcomes. While co-contraction was not substantially
different between limbs, or when comparing the TKA limbs to the healthy cohort, those
patients with TKA who utilized more muscle co-contraction in their operated limb during
loading response had less long-term quadriceps strength.

We had hypothesized that knee kinetics and kinematics would be predictive of long-term
quadriceps weakness, but it was muscle recruitment patterns that were the most telling
feature of future weakness in the gait pattern. Further, we had expected our finding of less
quadriceps recruitment on the operated limb to relate to future muscle weakness. We posited
that low muscle recruitment would limit the regional physical stress necessary to combat
disuse atrophy. Our hypothesis was not supported by our data. In fact, the relationship even
trended towards a reverse relationship where stronger patients tended to employ relatively
smaller levels of quadriceps recruitment.

The inverse relationship between muscle recruitment and strength does have intuitive logic
as a stronger muscle given a similar task demand would likely need to be recruited less to
produce equivalent joint torque. In addition, the relationship is corroborated when
examining the trend for an inverse relationship within the healthy cohort. The healthy cohort
had much stronger quadriceps, walked faster, and had greater knee extensor moment than
the TKA group, and yet their quadriceps recruitment was the lowest of the groups tested.
The healthy group demonstrated no significant relationships between their muscle
recruitment patterns and their quadriceps strength so this suggests that relationship between
quadriceps and hamstring co-contraction is a phenomenon unique to the TKA group.

Our hypothesis regarding the negative relationship between co-contraction and quadriceps
strength of the operated limb 1 year after TKA was supported. It may be difficult for patients
following TKA to increase quadriceps strength by the late post-operative phase if they
demonstrate greater co-contraction during loading response at 3 months after TKA. The
amount of co-contraction could be from a variety of reasons; possibly quadriceps weakness,
post-operated symptoms [29–31] and/or altered gait patterns that persist from the patients’
pre-operative condition.[32, 33] The unexpectedly strong inverse relationship between
hamstrings muscle recruitment levels and quadriceps strength in both 3 months and 1 year
after TKA may help to explain why co-contraction is correlated to weakness. The hamstring
muscle recruitment should be phasing out during the start of loading response and the
quadriceps recruitment should be the dominant active muscle group. Altered hamstring
activity patterns during loading response have been observed among those who demonstrate
abnormal functional performance after other knee injuries.[28, 34, 35] Patients with knee
pathology often use the hamstrings in place of the strong quadriceps recruitment in order to
both stabilizing knee with less knee flexion angle and extending the hip for forward
progression.[35, 36] This strategy is beneficial as an efficient means to allow for forward
progression of the body during stance.[37]

The reader is cautioned to remember that correlation does not imply causation. There may
be some common underpinning factor, which underlies the relationship between persistent
quadriceps weakness and quadriceps-hamstring co-contraction during gait. It should be
noted that our TKA group includes people with excellent clinical outcomes as demonstrated
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by high self-report questionnaires, excellent operative knee range of motion, and relatively
fast self-paced walking speed due to the intensive outpatient physical therapy protocols.[15]
We would suggest that the relationships between gait muscle recruitment patterns and long-
term strength outcomes might be stronger in more involved patients. Also, the methods used
in the current study revealed a significant but moderate relationship between muscle
recruitment patterns and long-term muscle strength outcomes. The addition of daily step
counts, or investigating other less common tasks like stair climbing, might be another
important factor to better appreciate the amount of physical exposure experienced by the
quadriceps muscle with walking after knee arthroplasty.

The correlation between high co-contraction of the quadriceps and hamstring muscles during
loading response of gait and quadriceps weakness could have important implications for
treatment of patients with end-stage knee OA. Adapting muscle recruitment patterns after
TKA with retraining to increase relative quadriceps recruitment and lessen the recruitment
from the hamstring muscles during gait could assist in strength restoration efforts. In fact, a
recent case report of patient who scored below norms in function with abnormal movement
mechanics prior to surgery but achieved normal knee motion and moments after post-
operative treatment that added movement retraining with biofeedback.[38] Avoiding
excessive delay in utilizing TKA in the disease process of knee OA might also influence
strength patterns via better movement patterns. Those patients who are more debilitated
prior to TKA generally do not achieve as good of outcomes.[39] Some of the failure to
progress may be due to long-standing and worsening patterns of co-contraction that develop
prior to surgery [40, 41] and persist after knee replacement. [42–44] Continued efforts to
explore the relationship between long-term muscle weakness and altered muscle recruitment
patterns during daily activities are warranted in the pursuit to improve post-operative
outcomes after TKA.
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Figure 1.
Differences in Muscle Recruitment during Loading Response (Mean ±1 Standard
Deviation).
*: p<0.05, **: p<0.01M
Sold lines represent the significant differences between groups, and the dash lines represent
the significant differences between limbs.
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Figure 2.
Knee Kinematics and Kinetics during Loading Response (Mean ±1 Standard Deviation).
*: p<0.05, **: p<0.01
Sold lines represent the significant differences between groups, and the dash lines represent
the significant differences between limbs.

Yoshida et al. Page 11

Knee. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Yoshida et al. Page 12

Ta
bl

e 
1

Su
bj

ec
t I

nf
or

m
at

io
n.

U
ni

t

T
K

A
 (N

=2
1)

H
ea

lt
hy

 C
oh

or
t 

(N
=1

4)

3 
m

on
th

s
1 

ye
ar

A
ge

ye
ar

s
63

.0
±

8.
10

64
.1

±
6.

46

H
ei

gh
t

m
1.

71
±

0.
08

1.
75

±
0.

10

B
M

I
kg

/m
2

31
.2

5±
3.

39
29

.5
4±

5.
56

SF
-3

6 
PC

S
43

.7
0±

7.
67

**
52

.2
3±

5.
71

K
O

S-
A

D
L

S
78

%
±

12
%

**
99

%
±

2%

A
R

O
M

de
gr

ee
ex

te
ns

io
n

1.
7±

2.
2*

*
−

0.
5±

2.
5

N
M

V
IC

fl
ex

io
n

11
6.

9±
9.

0*
*

13
4.

1±
7.

3

op
er

at
ed

16
.6

3±
6.

07
**

‡‡
19

.9
8±

6.
22

‡‡
29

.3
9±

6.
33

no
no

pe
ra

te
d

25
.5

5±
8.

93
*

23
.5

2±
8.

14

G
ai

t S
pe

ed
m

/s
ec

1.
34

±
0.

10
1.

44
±

0.
15

*

* (p
<

0.
05

),

**
(p

<
0.

01
) 

Si
gn

if
ic

an
t D

if
fe

re
nc

es
 b

et
w

ee
n 

G
ro

up

‡‡
(p

<
0.

01
) 

Si
gn

if
ic

an
t D

if
fe

re
nc

es
 b

et
w

ee
n 

L
im

bs

Q
ua

dr
ic

ep
s 

st
re

ng
th

 s
ig

ni
fi

ca
nt

ly
 in

cr
ea

se
d 

in
 th

e 
op

er
at

ed
 li

m
b 

(p
=

0.
00

1)

A
R

O
M

 (
ac

tiv
e 

ra
ng

e 
of

 m
ot

io
n)

 w
as

 r
ep

or
te

d 
fo

r 
on

ly
 th

e 
op

er
at

ed
 li

m
b 

in
 th

e 
T

K
A

 g
ro

up
, a

nd
 th

e 
av

er
ag

e 
of

 tw
o 

lim
bs

 in
 th

e 
he

al
th

y 
co

nt
ro

l g
ro

up
.

B
M

I:
 B

od
y 

m
as

s 
in

de
x

SF
-3

6 
PC

S:
 T

he
 s

ho
rt

 f
or

m
-3

6 
ph

ys
ic

al
 c

om
po

ne
nt

 s
co

re
 (

no
rm

 p
op

ul
at

io
n 

sc
or

e 
=

 5
0 

±
 1

0)

K
O

S-
A

D
L

S:
 K

ne
e 

ou
tc

om
e 

su
rv

ey
-a

ct
iv

ity
 o

f 
da

ily
 li

vi
ng

 s
ca

le
 (

10
0%

 =
 b

es
t)

A
R

O
M

: A
ct

iv
e 

ra
ng

e 
of

 m
ot

io
n 

(k
ne

e)

N
M

V
IC

: N
or

m
al

iz
ed

 m
ax

im
um

 v
ol

un
ta

ry
 is

om
et

ri
c 

co
nt

ra
ct

io
n 

(n
ew

to
ns

 o
f 

fo
rc

e/
B

M
I)

m
: m

et
er

s

K
g:

 k
ilo

gr
am

s

°:
 D

eg
re

e

Knee. Author manuscript; available in PMC 2014 December 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Yoshida et al. Page 13

Table 2

Quadriceps Strength and Muscle Recruitment Patterns.

TKA NMIVC_op 3mos NMVIC_op 1yr

Knee Function of the Operated Limb R p R p

Hamstrings NEMG % MVIC −0.491 0.024* −0.480 0.028*

Quadriceps NEMG % MVIC −0.071 0.759 −0.375 0.094

Co-contraction −0.438 0.047* −0.543 0.011*

Knee Extensor Moment Nm/BW*HT −0.168 0.467 −0.069 0.766

Peak Knee Angle degree 0.312 0.168 0.154 0.504

Knee Flexion Excrsion degree 0.415 0.061 0.199 0.386

Healthy Controls R p

Hamstrings Actiity % of activity during MVIC −0.012 0.967

Quadriceps Activiy % of activity during MVIC −0.398 0.158

Co-contraction −0.201 0.490

Knee Extensor Moment Nm/BW* HT −0.084 0.775

Peak Knee Angle degree 0.159 0.588

Knee Flexion Excursion degree 0.073 0.804

*
Significant Relations to the Quadriceps Strength

NEMG: Normalized electromyography to the peak during strength testing

Nm: Newton * meters

BW*HT: Body weight * Height

MVIC: Maximum voluntary isometric contraction
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