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Abstract Quadriceps muscle strength is an important
predictor of functional abilities in patients having TKA.
However, because several daily activities are characterized
by a limited time to generate force, it has been suggested
that rate of force development (RFD) could better predict
functional difficulties than maximal strength. We therefore
hypothesized the side-to-side asymmetry would be larger
for RFD than for maximal strength, and RFD asymmetry
relates to subjective symptoms and/or functional daily
living activities. We studied 31 subjects (17 women, 14
men) 6 £ 1 months after undergoing TKA for unilateral
osteoarthritis. Symptoms and limitations during activities
of daily living were quantified using the knee outcome
survey-activities of daily living scale (KOS-ADLS).
Quadriceps maximal strength and RFD at different times
(50 to 200 ms from contraction onset) were quantified
during unilateral maximal voluntary isometric actions.
Side-to-side asymmetries (involved versus uninvolved
side) were larger for RFD (approximately 36%) than for
maximal strength (approximately 24%). Subjective knee
function related to all RFD asymmetry variables, but not
to maximal strength asymmetry. In addition to maximal
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strength, quadriceps RFD in the first 100 to 200 ms from
contraction onset provides an alternative functional out-
come measure for individuals undergoing TKA.

Introduction

Studies based on self-reported data show TKA reduces pain
and improves perceived function relative to preoperative
levels [9]. However, despite postoperative improvements in
objective performance-based measures, patients who have
TKAs experience considerable impairments in lower limb
muscle strength, particularly the quadriceps [5, 10, 11, 16,
19-22, 34], and in functional measures such as walking and
stair climbing even years after surgery [15, 19]. Such
residual limitations have become an important focus of
postoperative care [34].

In patients undergoing TKA, the maximal quadriceps
force-generating capacity generally recovers to levels only
slightly better than preoperative values and then plateaus 6
to 12 months after surgery [20]. For example, maximal
strength side-to-side asymmetries (involved versus unin-
volved) of 15% to 32% have been reported 6 months after
TKA [10, 16, 19, 20]. Quadriceps strength deficits appear
even larger when comparing patients who have had TKA
with healthy age-matched subjects: 19% to 44% [10, 19] as
much as 13 years postsurgery [11]. We questioned why it
is so important to quantify quadriceps strength in patients
who have TKAs. Quadriceps muscle weakness after TKA,
which predominantly is attributable to neuromuscular
activation failure [21], is an important predictor of func-
tional abilities and a likely contributor to persistent
disability in patients having TKAs: quadriceps strength of
the involved and uninvolved sides is related more strongly
to functional outcomes than knee flexion range of motion
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or bodily pain [20]. Preoperative and postoperative quad-
riceps strength are determinants of the ability to perform
daily activities, such as walking and stair-climbing [20, 34]
in patients undergoing TKA. Quadriceps force-generating
capacity therefore is regarded as an essential functional
outcome measure, and a prime factor to consider when
examining disability following TKA [22].

Quadriceps strength generally is quantified using short
burst isometric tests of 3 to 5 seconds or slow (60-120°/
second) isokinetic concentric tests [28]; in these tests the
maximal voluntary contraction (MVC) strength is achieved
400 to 600 ms after the onset of the contraction [33, 34].
However, some studies suggest the RFD, which is obtained
from the slope of the isometric force-time curve at different
intervals [1] and strongly depends on fast neuromuscular
activation [8], could better predict functional difficulties of
daily activities than maximal strength [1, 6, 13, 17, 30, 31].
Several daily activities such as descending stairs [24],
walking fast [31], or preventing a fall after a sudden pos-
tural perturbation [26] are characterized by a limited time
to generate force (50 to 200 ms, depending on the activity),
and in which the ability to produce force rapidly could be
viewed as an essential functional parameter [1, 13, 30]. The
only indirect evidence in favor of such an assumption was
provided by Suetta et al. [31], who observed maximal
walking speed was noteworthy related to quadriceps RFD
but not to MVC strength in patients who had THAs.
Gapeyeva et al. [10] observed considerable side-to-side
asymmetries in quadriceps RFD (40%) and MVC strength
(32%) 6 months after surgery in 10 women who had TKAs.
However, RFD was determined exclusively at 50% of
MVC strength, and no attempt was made to relate it to
subjective knee function.

We therefore hypothesized (1) RFD would show larger
side-to-side differences compared with MVC strength
(construct validity), and (2) RFD asymmetry would cor-
relate with subjective symptoms (eg, pain, stiffness,
weakness) and/or functional limitations (eg, difficulty in
walking, stair ascending and descending) during daily
living activities.

Materials and Methods

From our postoperative lists and medical files we retro-
spectively identified approximately 150 subjects who had
TKAs. We included patients who: (1) had a unilateral
primary TKA for osteoarthritis (Kellgren/Lawrence [14]
Grade 3 or greater) of the knee 6 £ 1 months before
testing, (2) had the same type of prosthesis implanted using
the same surgical approach (see below), (3) had
Kellgren/Lawrence [14] Grade 2 or less of the uninvolved
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knee (as assessed by bilateral radiographs), (4) were
asymptomatic (ie, pain free) on the uninvolved side, and
(5) were able to walk without aid. We performed assess-
ments approximately 6 months after TKA because this
corresponds to the postoperative period when quadriceps
strength asymmetry plateaus at approximately 20% [19]
and maximal tests are pain-free. We excluded patients who
had any disease or disorder that could have affected hip and
low back function. Based on a Cohen’s large effect size of
0.80, a level of significance of 0.05, and a power of 80%, a
sample size of 16 patients was required to detect a side-to-
side asymmetry of 30% (or more) in quadriceps RFD
6 months after TKA [10]. Seventeen women and 14 men
(Table 1) met the inclusion criteria and volunteered to
participate in the study. Before participation in the study,
we obtained informed consent from all participants. The
study was conducted according to the Declaration of
Helsinki and the protocol was approved by the local ethics
committee.

All patients had implantation of a mobile-bearing pos-
terior cruciate ligament-retaining total knee prosthesis
(Innex; Zimmer, Warsaw, IN) using the same surgical
technique. No patellar replacement was performed. All
surgeries were performed by one of three surgeons (UM,
TP, SP), with standardized Zimmer instrumentation. The
standard medial parapatellar approach and the same
method of bony resection were used by the three surgeons.
Regional anesthesia was used in all patients in the form of a
spinal anesthetic. The procedures were performed under
tourniquet control, which was released once implantation
was complete. A median skin incision was followed by a
tibial cut, anteroposterior femoral cuts, distal femoral cut,
chamfer cuts and trochlea recess, trial assembly, and final
implantation. The overall duration of the surgery ranged
from 70 to 80 minutes.

We instituted continuous passive motion and isometric
exercises approximately 2 days after surgery. The mean
length of hospital stay was 4.4 days. Rehabilitation

Table 1. Subject characteristics and self-reported scores (n = 31)

Variable Mean + SD  Range
Age (years) 66.3 £ 7.1 51-78
Height (cm) 1689 + 9.8 153-192
Body mass (kg) 78.4 £ 173 54-118
BMI (kg/m?) 272 £ 3.6 19-34
KOS-ADLS total score (0-100) 794 £ 13.2  49-100
KOS-ADLS symptoms (0-100) 82.0 £ 12.8 53-100
KOS-ADLS functional limitations (0-100) 78.0 & 15.5 45-100
Subjective rating score (0-100) 839 + 122 50-100

BMI = body mass index; KOS-ADLS = knee outcome survey-
activities of daily living scale.
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guidelines given to the patients after discharge included
weightbearing and exercise recommendations [7, 23].
Patients were allowed to weightbear as tolerated during the
first 4 postoperative weeks, with the goal of walking
without crutches after this period. Walking and range of
motion exercises were performed in the pool under guid-
ance of a physical therapist. Isometric strengthening of the
thigh muscles (mainly knee extensors and knee flexors),
cycling on an ergometer at a self-selected comfortable
intensity, and balance exercises on a foam pad (first in
double, than in single-limb support) also were supervised
by a qualified physical therapist. We asked patients to
complete this rehabilitation program with two physical
therapy sessions per week (duration approximately 30
minutes) and one pool session per week (approximately 20
minutes) for the first 4 postoperative weeks.

All patients participated in a standard routine followup
which included visits at approximately 6 weeks and
6 months postoperative. Followups mainly consisted of
clinical examinations performed by the orthopaedic sur-
geon who operated on the patient. Additionally, all patients
completed a questionnaire (5-10 minutes) and had quad-
riceps function assessment (20-30 minutes) at the 6-month
postoperative visit.

Subjects completed the KOS-ADLS, which measures
the symptoms and functional limitations resulting from the
knee during activities of daily living [4, 12]. Subjects as-
sessed their symptoms with six questions regarding pain,
stiffness, swelling, giving way, weakness, and limping.
Functional limitations were quantified using eight ques-
tions comprising difficulty walking on level surfaces,
ascending and descending stairs, standing, kneeling,
squatting, sitting, and rising from a chair. The highest
possible total score for the 14 questions is 70 points. For
clarity, however, total score and subscores were converted
to a 0 to 100 scale, in which 100 represents no difficulty or
symptoms during activities of daily living. Finally, we
asked subjects to self-rate their overall knee function using
a supplementary question, as proposed by Bizzini and
Gorelick [4]. They had to determine a value between 100
(level of function comparable to function before onset of
knee problems) and O (complete loss of function).

We quantified unilateral quadriceps MVC strength and
RFD in isometric conditions using an adjustable dyna-
mometer chair instrumented with a strain-gauge system
(linear range, 0-1961 N; sensitivity, 5.1 mV/N; Good
Strength; Metitur, Jyvaskyla, Finland) [27]. The same
testing procedure was followed for the involved and
uninvolved sides (randomly presented). Subjects were
seated comfortably on the dynamometer chair with the hip
at approximately 90°. The knee of the tested limb was
fixed at 60° flexion, which is the angle of maximal iso-
metric quadriceps force generation [32]. We attached the

distal shin pad of the dynamometer 3 to 5 cm proximal to
the lateral malleolus by using a strap. To minimize
extraneous body movements, straps were applied across
the chest, pelvis, and midthigh. We asked participants to
position their arms across the chest during the testing
procedure. Subjects warmed up by performing a series of
submaximal (20% to 80% of the estimated maximum
effort) isometric contractions of the knee extensor and
knee flexor muscles. We also asked them to complete one
quasimaximal practice repetition before each MVC. Two
quadriceps MVCs then were performed (separated by 1-
minute rest periods). Subjects were asked consistently to
produce their maximal force rapidly (“as fast and force-
fully as possible”) and to maintain the contraction for 4 to
5 seconds. The investigators provided standardized verbal
encouragement to all participants throughout the testing
protocol. We recorded gravity-corrected force traces with
a sampling rate of 100 Hz using the Good Strength soft-
ware (Metitur). Force traces also were exported, gravity-
corrected, and analyzed with Windows-based software
(Acgknowledge; BIOPAC Systems Inc, Santa Barbara,
CA). We calculated quadriceps isometric MVC strength,
ie, the highest force value (Fig. 1A), and peak RFD, ie, the
highest positive value from the first derivative of the force
signal (ie, the greatest slope of the force-time curve), for
the involved and uninvolved sides. Peak RFD generally
was obtained within 50 to 100 ms from contraction onset,
with very large interindividual variability. Also, quadri-
ceps RFD was derived as the average slope of the force-
time curve during intervals of 0 to 50, 0 to 100, and O to
200 ms relative to onset of contraction (Fig. 1B) accord-
ing to the method described by Aagaard et al. [1]. The
onset of muscle contraction was defined as the time at
which the force curve exceeded baseline force by
approximately 15 N [31]. We consistently calculated
MVC strength and RFD asymmetry between the unin-
volved and involved sides as (uninvolved — involved)/
uninvolved x 100.

Before performing the statistical analyses on the main
dependent variables (ie, MVC strength and RFD asym-
metries), we checked the normality assumption using the
Shapiro-Wilk’s test, and we verified differences in absolute
MVC strength and RFD data between the involved and
uninvolved sides using Student’s paired t-test. We deter-
mined differences in side-to-side asymmetries between
MVC strength and RFD variables (peak RFD, RFD 0-50,
0-100, and 0-200 ms) using a one-way repeated measures
ANOVA followed by Tukey’s post hoc testing. We
examined the relation between self-reported scores (KOS-
ADLS total, symptoms and functional limitations and
subjective rating score) and quadriceps asymmetries (MVC
strength, peak RFD, RFD 0-50, 0-100, and 0-200 ms)
using Pearson’s product-moment correlation coefficients.
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Fig. 1A-B Representative quadriceps strength traces recorded during
an isometric MVC trial in a patient who had a TKA, for the involved
(dashed line) and uninvolved (solid line) sides are shown. (A) MVC
strength is shown (vertical arrows) for respective sides. (B) The first
part of the MVC trial is magnified (shaded area in A), and RFDs at
different intervals (0-50, 0-100, and 0-200 ms) from contraction
onset (black dot) are shown (arrows). MVC strength asymmetry is
18%, whereas RFD asymmetries range from 42% to 55%.

Results

Quadriceps MVC strength and RFD variables were lower
(p < 0.001) for the involved compared with the uninvolved
side (Table 2). We observed differences in side-to-side
asymmetries between the dependent variables (F = 5.3;
p <0.001). Specifically, RFD asymmetries for 0 to 50, O to
100, and O to 200-ms intervals were larger (p range =
0.04-0.007) than MVC strength asymmetry (Fig. 2). RFD
asymmetries for 0 to 100 and 0 to 200-ms intervals also
were larger (p = 0.04) than peak RFD asymmetries.
Correlation coefficients between self-reported scores and
quadriceps asymmetries were higher for KOS-ADLS total
score (r = —0.45) compared with KOS-ADLS subscores
(r = —0.41), and subjective rating score (r = —0.32). Total
KOS-ADLS score correlated (p range = 0.02-0.001) with
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Table 2. Quadriceps muscle function outcomes by side*

Outcome Involved Uninvolved p Value

MVC strength (N) 324.6 + 1332 422.6 £161.2 p<0.001
Peak RFD (N/s) 1787.3 &£ 1153.3 2442.6 £ 1412.1 p < 0.001
RFD 0-50 ms (N/s) 1637.8 & 1402.1 2497.8 &£ 1718.1 p < 0.001

RFD 0-100 ms 1234.2 £ 849.0 19275 £ 11774 p < 0.001
(N/s)

RFD 0-200 ms 898.1 £558.0 1411.5 £ 811.0 p <0.001
(N/s)

* Mean values &= SD. MVC = maximal voluntary contraction;
RFD = rate of force development.

50 5

e p=0040 P=0007 p=0008
= [T
&

g

£ 207 — -‘-

@

@ T

@D

T 20 A

e

S

$

2 10

0-100 ms 0-200 ms
RFD

MVC strength  Peak 0-50 ms

Fig. 2 Side-to-side asymmetries were larger for RFD 0-50, 0-100,
and 0-200 ms than for MVC strength.

all RFD asymmetry variables but did not correlate
(p = 0.08) with MVC strength asymmetry (Fig. 3). As an
observation, all correlation coefficients were greater for
women (r = —0.69) than for men (r = —0.06). Similar
findings were obtained when using KOS-ADLS subscores
instead of total score.

Discussion

Quadriceps muscle strength is an important predictor of
functional abilities in patients having TKAs. However,
because several activities of daily life are characterized by
a limited time to exert force, quadriceps RFD could better
predict functional difficulties than maximal strength [1, 6,
13, 30, 31]. We presumed quadriceps RFD asymmetry is an
important functional outcome measure for patients having
TKAs. Therefore, we hypothesized that (1) RFD would
show larger side-to-side differences compared with MVC
strength (construct validity), and (2) RFD asymmetry
would correlate with subjective symptoms and/or func-
tional limitations during activities of daily living.
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Fig. 3A-E KOS-ADLS total score was not related to (A) MVC
strength asymmetry, but was related to (B) quadriceps peak RFD
symmetry, (C) quadriceps RFD 0-50 ms asymmetry, (D) quadriceps

One limitation of this study is related to the use of
single-joint isometric contractions, which are rare in daily
life. However, measurement of isometric strength in these

Quadriceps RFD 0-200 ms asymmetry (%)

RFD 0-100 ms asymmetry, and (E) quadriceps RFD 0-200 ms
asymmetry. Correlation coefficients were greater for women (white
circles) than for men (black circles).

conditions bears a strong predictive relation with functional
capacity [28], and offers the possibility to assess RFD with
valid procedures [1]. It is possible the relation between
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quadriceps RFD asymmetry and subjective knee function
could be improved substantially by using short and rapid
concentric and/or eccentric actions of the lower limb
muscles performed, for example, on a seated leg press
machine [2]. Another second limitation is that we made
only side-to-side comparisons and no attempt to compare
the outcomes of the subjects undergoing TKA with those of
healthy matched control subjects. Although this approach
might be criticized [19], because approximately 40% of
patients with unilateral TKA progress to a TKA in the
nonoperated knee by 10 years [18], we believe the
approach is valid [28] for several reasons. First, in addition
to involved muscle function assessment, strength of the
noninvolved quadriceps deserves consideration because it
plays an important role in patients’ functional ability [20,
34]. Second, side-to-side comparisons (ie, asymmetries) do
not require data normalization by body weight [28] or BMI
[20-22], which enormously simplifies between-study
comparisons (Table 3). Third, we quantified the osteoar-
thritis level of the noninvolved knee, which provided
validity to our asymmetry index.

We found side-to-side differences were larger for RFD
in the 0 to 200-ms interval (approximately 36%) than for
MVC strength (approximately 24%), which confirms the
construct validity of quadriceps RFD asymmetry in
patients who have TKAs. According to the benchmarks
proposed by Sapega [28], the extent of these side-to-side
differences must be considered as “almost certainly
abnormal”, more particularly for RFD. Our asymmetries in
MVC strength are consistent with those at the same post-
operative time reported in several studies [10, 16, 19]
(Table 3). Although there have been few studies attempting
to quantify neural [3, 10] and muscular [21, 25] impair-
ments after TKA, such quadriceps MVC strength
asymmetries are likely associated with reduced neuro-
muscular activation, reduced muscle size, and probably
altered fiber-type composition of the involved quadriceps.
According to Mizner et al. [21], diminished neuromuscular
activation is by far the largest impairment after TKA. It has
been suggested that the most important factor underlying
RFD is fast neuromuscular activation [8]. The observation
that RFD asymmetries (0—200 ms) were larger than MVC

strength asymmetries in our cohort suggests the occurrence
of neural impairment following TKA. We believe it is
likely that discharge rate of the activated motor units,
particularly at the beginning of maximal actions [33], was
suboptimal for the involved quadriceps, and this inevitably
resulted in lower RFD compared with the uninvolved side.
The influence of muscle atrophy [21] and stiffness of the
tendon-aponeurosis complex [5] on RFD impairments,
however, cannot be ruled out.

Many daily actions for elderly and weakened individuals
such as balance recovery after tripping [26], fast walking
[31] or stair descending [24] are characterized by a limited
time to develop force (50 to 200 ms, depending on the
action), which is considerably less time than it takes to
achieve maximal strength (approximately 400—600 ms)
[31, 32]. Despite that, quadriceps MVC strength assess-
ment is used as the gold standard to identify muscle
weakness in patients having TKAs [10, 16, 19-22, 34]. Our
asymmetry values were similar to those previously
reported (Table 3). Gapeyeva et al. [10] observed large
side-to-side differences in quadriceps RFD before and
6 months after TKA. However, they did not investigate the
possible link between RFD and daily function. Addition-
ally, because RFD was quantified exclusively at 50% of the
MVC strength (ie, 200-300 ms after the onset of the con-
traction), they probably overlooked the most crucial phase
for rapid RFD.

We found the subjective knee function of patients who
had TKAs was negatively related to all quadriceps RFD
asymmetry variables but not to MVC strength asymmetry,
and this was particularly true for women. This finding is
similar to the positive correlation reported by Suetta et al.
[31] between maximal walking speed and quadriceps RFD
in patients who had THAs, while walking speed was not
related to MVC strength. More importantly, they observed
the postoperative increase in maximal walking speed was
correlated to RFD increase, but not to MVC strength
improvement [31]. Although we acknowledge correlation
does not imply causality, these findings, taken as a whole,
suggest quadriceps RFD could be considered as a valid
functional outcome measure complementary to MVC
strength.

Table 3. Quadriceps isometric MVC strength and RFD asymmetries 6 months after TKA*

Study Subject characteristics MVC RFD
Gapeyeva et al. [10] n = 10 (10 9); age: 64 years; BMI: 30 kg/m? 32% 40%
Lorentzen et al. [16] n = 30 (25 9); age: 74 years; BMI: 30 kg/m2 29% -
Mizner et al. [20] n =40 (18 9); age: 64 years; BMI: 31 kg/m2 21% -
Current study n = 31 (17 ); age: 66 years; BMI: 27 kg/m> 24% 36%

* Asymmetries calculated as: (uninvolved — involved)/uninvolved x 100. MVC = maximal voluntary contraction; RFD = rate of force

development; BMI = body mass index.

@ Springer



Volume 468, Number 1, January 2010

Quadriceps Function in TKA 197

We suggest quadriceps RFD provides an alternative
functional outcome measure for individuals undergoing
TKA. The ability of rapid force production, which relies on
the capacity of fast neuromuscular activation at contraction
onset, needs more attention (eg, in TKA rehabilitation
programs) because of its relation to symptoms and func-
tional limitation during daily tasks. Specifically, we believe
more emphasis is needed on rapid (0-200 ms) rather than
on maximal force development following TKA. For
example, exercise training programs involving a rapid
production of force (ie, ballistic contractions) [33], partic-
ularly during the concentric movement phase [6], or visual
feedback of muscle activation and strength [29] could be
recommended for patients undergoing TKA to promote
RFD improvements and minimize side-to-side asymme-
tries. In addition to maximal quadriceps strength, a rapid
RFD is required for good quadriceps function after TKA.
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