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Quadriceps performance under activation
of foot dorsal extension in healthy
volunteers: an interventional cohort study
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Abstract

Background: The m. quadriceps femoris is the strongest muscle in the human body and plays an important role in
sports, activities of daily living and independence. Two older studies showed increased electromyographic (EMG)
activity of the quadriceps when the dorsal extensors of the foot were pre-activated. The aim was to physiologically
replicate this finding by EMG and to verify it functionally by single leg hop.

Methods: EMG activity (root mean square, RMS) was tested on the leg press at the isometric load of the individual
12-repetition-maximum (12RM) weight (on average 79.7 kg) at 45° and 90° knee flexion. Single leg hop distance
was measured between the tests. Intra-individual changes between with and without dorsal foot extension were
quantified and compared by standardized response means (SRM).

Results: Thirty-five healthy subjects between 21 and 57 years were included. The m. vastus medialis was activated

on average to an RMS of 324 pV without and 53.7 pV with dorsal foot extension (SRM =1.39, p < 0.001) at 45° knee
flexion and an RMS of 124.9 uV versus 152.8 puV (SRM = 1.08, p < 0.001) at 90°. The corresponding data for the rectus
femoris were 9.4 uV versus 189 pV (SRM=0.71, p <0.001) at 45° and 77.8 uV versus 135.3 pV (SRM =0.89, p < 0.001)
at 90°. Mean single leg hop distance was 169.8 cm without versus 178.9 cm with dorsal foot extension (SRM = 1.09,

p < 0.001).

and knee joint stability in training and rehabilitation.

Rehabilitation, Standardized response mean

Conclusions: Pre-activation of dorsal foot extensors significantly increased EMG activity in the m. quadriceps
femoris and single leg hop distance. It can therefore be used to improve functional quadriceps muscle performance
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Background

The biggest and most powerful muscle of the human
body, the m. quadriceps femoris, weighs around 2 kg
and has a cross-sectional surface area of more than
180 cm® [1]. During walking and jumping, it extends the
knee joint (concentric contraction) and decelerates the
impact of body weight during landing (excentric con-
traction) [2]. Besides these important functions of mobil-
ity, it stabilizes the knee joint, which is important for the
ability and confidence to stand safely [3, 4]. Quadriceps
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performance in terms of functional knee stability is cru-
cial in controlling the body's momentum during landing
after a jump or step and plays a major role in sport per-
formance as well as in the control of symptoms in knee
osteoarthritis [2, 5]. Quadriceps training improves
muscle performance during walking, jumping, and lifting
weights [4, 6].

Immobilization and increasing age rapidly reduce
muscle force, especially of the quadriceps [7]. Knee
osteoarthritis is a further important cause of quadriceps
weakness [8]. It leads to relatively higher EMG activity
of the ischiocrural muscles when compared to that of
the quadriceps [8]. The quadriceps femoris atrophies
twice as fast as the ischiocrural musculature [9]. The
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latter functional group consists of the m. biceps femoris,
m. semimembranosus, and m. semitendinosus. After
10 days of immobilization, cross-sectional surface area
of the quadriceps decreases by 12 % and strength by
40 % [9]. Osteoarthritis and knee arthroplasty as well as
low back pain reduce quadriceps performance and lead
to relative electromyographic (EMQG) overactivity of the
antagonistic ischiocrural muscle group (muscular dysba-
lance) [8, 10].

In sports and rehabilitation, squats, lunges, leg exten-
sion and leg press are the most important modalities in
quadriceps training [4]. To optimize training, activity of
the quadriceps is quantified by EMG and the recorded
values taken to indicate the extent of stress/load on the
muscle as a surrogate [11, 12]. The relationship between
EMG activity and torque of the muscle was determined
to be linear and the relationship between EMG activity
and isometric strength was quadratic [11].

Two older studies showed that dorsal foot extension in-
creased EMQG activity of the quadriceps femoris [13, 14].
On the leg press, EMG activity of the rectus femoris was
highest if the foot was extended dorsally, followed by neu-
tral position of the foot and plantar flexion [14]. Voluntary
isometric quadriceps contraction activity was maximal in
dorsal extension of the foot, somewhat but not signifi-
cantly smaller than in plantar flexion, and significantly
smallest (compared to both positions) when the foot was
in the neutral position/at rest [13]. However, both
studies had small sample sizes (n =10 and 7 =20) and
did not perform any a priori power calculation or
sample size determination. Furthermore, EMG activity
was not related to functional performance. Specific-
ally, the functional effect of dorsal foot extension on
any functional performance was not examined in
either study.

The first aim of this study was to quantify change of
quadriceps EMG activation with and without foot dorsal
extension, specifically for the rectus femoris and the vas-
tus medialis by simultaneous application of isometric
load on the leg press. The second aim was to examine
and to quantify change of single leg hop distance with
and without foot dorsal extension to link the EMG sur-
rogate to functional quadriceps performance.

Methods

Study design and subjects

In this monocentric cross-sectional pilot study, healthy
volunteers were recruited at the rehabilitation clinic
(“RehaClinic”), Bad Zurzach, Switzerland (orthopedic
and neurological rehabilitation). First, all employees of
the clinic were informed and asked to participate by e-
mail. Recruiting was stopped when the predetermined
minimum sample size was reached (see Analysis). Inclu-
sion criteria were healthy subjects between 18 and
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60 years and agreement to participate by informed con-
sent. Excluded were persons having musculoskeletal,
neurological, or joint disease. No financial or other rec-
ompense was given. The project was approved by the
local ethics committee, the “Kantonale Ethikkommission
(KEK) des Kanton Aargau (AG)” (cantonal ethic com-
mittee of the canton Aargau, Switzerland), KEK AG
2010/063.

Test procedures

The test procedure was performed as described in the
flowchart of Fig. 1. EMG testing on the leg press was
performed at angles of 45°and 90° of knee flexion. Be-
tween 0° and 45° stress on the femoropatellar joint is
minimized and safety for the subject is high [3, 4]. At
45° knee flexion, rectus femoris and biceps femoralis do
not only act as antagonists but also as synergists [15].
Leg press at 90° knee flexion has been performed in
several previous studies that provide comparative data
[7, 14]. For pre-activation of dorsal foot extension,
the subjects had to walk 10 steps on the heel. On the
leg press, dorsal foot extension was performed by
each individual on the command of the examiner
without any supports or assistance. It was ensured
that only the heel and not the forefoot contacted the
plate on the leg-press. To control that dorsal foot ex-
tension was really performed and to quantify it during
testing (with compared to without foot dorsal exten-
sion), the EMG was derived from the m. tibialis an-
terior. Since detailed EMG analysis of the single leg
hop was not a main focus of the study (the main
focus being on the quadriceps, the most important
knee extensor), and the m. gastrocnemius (antagonist)
is relaxed under dorsal foot extension, this muscle
was not examined by EMG.

The 12-repetition maximum (12RM) weight was iden-
tified per individual and defined as the load on the leg
press so that the current findings could be compared
with previous EMG recordings and training settings [3,
16]. It is used in most of the comparable studies. The
12RM is the preinstalled weight that the subject is able
to press 12 times at maximum. The second reason to
prefer the 12RM was to be closer to realistic muscle
training that generally recommends 10-20 repetitions
rather than 1 repetition (1RM), for example [3]. The
12RM corresponded to 67 % of the 1RM and was deter-
mined by standardized protocol [17]. After initial esti-
mation, it was tested in 2-3 passes where the weight
was successively changed by 10-20 % with recovery
pauses of 2 min each between the tests.

After holding the correct knee flexion angle and the cor-
rect foot position on the plate, the proband had to press
the isometric 12RM on the leg press. During this activity,
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information, answering questions
informed consent
sociodemographic data evaluation

L

Start of the test, preparation

- 5 single leg hops for training

- 5 minutes pause

- 5 minutes warm-up on the bicycle ergometer

- positioning (foot and knee angle) on the leg press
- determination of the 12RM according to the protocol

Single leg

IR

hop

EMG installation on the leg press

- visual control of the zero-baseline

- skin preparation and positioning of the electrodes

- functional control of the electrodes by muscle activity

:

- twice for 2 seconds at 45° knee flexion
- twice for 2 seconds at 90° knee flexion
- walking 10 meters to recover

Leg press: EMG without dorsal foot extension

Single leg

IR

hop

Activation of dorsal foot extension

10 dynamic repetitions on the leg press with dorsal
foot extension (only heel contact on the plate)

.

heel contact)

- twice for 2 seconds at 45° knee flexion
- twice for 2 seconds at 90° knee flexion
- walking 10 meters to recover

Leg press: EMG with dorsal foot extension (only

Single leg

|

hop

End of the test

Fig. 1 Test procedure

EMG was recorded twice in 2 s. The average of the two
EMG measurements was taken for further analysis.

Outcome measurement

The EMG recorder was rented from Prophysics,
Switzerland (registered trade mark). It had the capacity
to measure all four muscles simultaneously, the m. tibi-
alis anterior, m. biceps femoris, m. vastus medialis, and
m. rectus femoris. The sum of all activated muscle fi-
bers, i.e. motoneural units by depolarization and repolar-
ization, results in a recordable, electric surface tension.

It is assumed to be proportional to the effort of the mea-
sured muscle [11]. This particular recorder had a sam-
pling frequency of 4000Hz and an amplifier bandwidth
frequency of 5-1000Hz. The EMG signal above 400Hz
(high pass filter) and below 10Hz (low pass filter) was
filtered off and the frequencies in between were
smoothed by the software (“proEMG”) of the recorder
to the root mean square (RMS) as the unit being used in
most EMG studies [3, 16]. As its name says, the RMS is
the square root of the mean of the squared single sig-
nals. The electrode “Ambu Blue Sensor N” (20x30mm)
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provided a sensitivity of 600Q2 -AC-impedance at an in-
ternal random noise of <15 pV.

The single leg hop has high validity and test-retest reli-
ability in the quantification of strength and performance
of the leg [18, 19]. Arm position was not prescribed [18].
Hop distance was always measured by the same person
(M.K.) using the same measuring tape from the top of
the hallux to the most posterior point of the heel. After
one training hop, the second hop was measured and
taken for further analysis.

Analysis

EMG data were quantified by root mean squares (RMS)
in microvolt (pV), single hop distance in centimeters
(cm), and were described by their arithmetic means and
standard deviations. Since intra-individual RMS differ-
ences were calculated, any possible systematic bias (e.g.
by variable muscle activation patterns and quality of the
skin between subjects) has been eliminated. To illus-
trate the activity of the agonist compared to that of
the antagonist, the RMS ratio of the quadriceps (m.
rectus femoris) to the antagonist (m. biceps femoris)
was determined.

Intra-individual differences between two examinations
were described and expressed as standardized response
means (SRM). The SRM equals the group mean of the
differences (between the tests with and without dorsal
foot extension) derived from RMS-values or single leg
hop distances for each individual divided by the standard
deviation of those intra-individual differences of the
group. Derived from the original Glass’s delta, the SRM
is part of the family of effect sizes and quantifies the
change of the whole group of participants (with minus
without dorsal foot extension for each individual) in
number of standard deviations of those changes [20-22].
It can be related to standardized mean differences of
randomized controlled studies and is, in this sense, a
modern standard of parametrizing effect sizes [22]. A
positive SRM means improvement between two tests
(with dorsal foot extension versus without dorsal foot
extension). An SRM of 0.50-0.79 reflects moderate ef-
fects, an SRM > 0.80 large effects.

To statistically detect at least a moderate effect, i.e. >half
of the standard deviation of the differences, a minimum
sample size of n > 32 for intra-individual change data with
an a priori type I error of p=0.05 (5 %) and a power of
0.80 (type II error of 0.20) was required [21]. Since the
changes of EMG and hop distances were symmetrically
but only approximately normally distributed, the score
changes were statistically compared by application of the
Wilcoxon rank sum test. The non-parametric Wilcoxon
test tests more conservatively than the ¢-test, ie. signifi-
cant results by the Wilcoxon test will also be significant
by the t-test, but not vice versa. All analyses were
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performed using the statistical software SPSS 22.0 for
Windows (SPSS Inc., Chicago, IL, USA).

Results

Subjects

The first 35 subjects who replied to the invitation and
who met the inclusion criteria were recruited, whereby 3
of these were included in addition to the required 32 as
a reserve. Twenty-three (66 %) of the 35 subjects were
women. Mean age was 34.5 years (range 21-57years).
Mean height was 170.7 cm (158-188 c¢cm) and mean body
weight was 65.2 kg (47-88 kg). They pressed a mean
12RM weight of 79.7 kg (40-160 kg) on the leg press.

EMG activity without and with dorsal foot extension

The RMS (pV) without dorsal foot extension was
relatively low and comparable for all 4 muscles at 45°
knee flexion (Table 1). As indicated by the RMS in-
crease for the tibialis anterior from mean 7.9 pV to
170.8 pV (SRM =2.02), the activity of the m. vastus
medialis with foot dorsal extension significantly grew
by SRM =1.39 and that of the m. rectus femoris by
SRM =0.71 (all p <0.001).

At 90° knee flexion, all RMS levels were higher for all
measurements (Table 1). Foot dorsal extension — proven
by SRM =2.18 for the m. tibialis anterior, which was
comparable to that at 45° — resulted in a significant in-
crease of SRM =1.08 for the m. vastus medialis and of
SRM = 0.89 for the m. rectus femoris (all p < 0.001).

The activity of the m. biceps did not increase at 45°
(SRM = -0.20) but at 90° (SRM = 0.97). The mean RMS
ratio of the rectus femoris to the biceps femoris in-
creased from 0.66 without to 1.52 with foot dorsal ex-
tension at 45° knee flexion (computed from the values of
Table 1). At 90° knee flexion, the ratio increased from
3.38 to 4.68.

Single leg hop distance without and with dorsal foot
extension

After dorsal foot extension on the leg press (see Fig. 1),
mean single leg hop distance increased from a mean of
169.8 ¢m (at hop 2, before dorsal foot extension) to
178.9 c¢cm (at hop 3, after dorsal foot extension) yielding
an increase of 9.1 cm, SRM = 1.09 (p <0.001) (Table 2).
Between hop 1 and hop 2, leg press without dorsal foot
extension was performed, which did not significantly
alter the average hop distance (168.2 cm to 169.8 cm).

Discussion

This pilot study of healthy volunteers examined whether
and to what extent EMG activity and hop performance
of the m. quadriceps femoris changed without and with
dorsal extension of the foot. Under foot dorsal exten-
sion, EMG activity of the m. vastus medialis increased
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Table 1 EMG activity data in RMS (uV) (n = 35)
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RMS (uV) -TA + TA Difference SRM p

45° knee flexion m S m S m s

m. biceps femoris 14.2 94 124 64 -18 89 -0.20 0.922
m. tibialis anterior 79 30 170.8 80.3 163.0 80.6 2.02 <0.001
m. vastus medialis 324 243 53.7 324 213 153 139 <0.001
m. rectus femoris 94 5.1 189 153 9.5 134 0.71 <0.001
90° knee flexion

m. biceps femoris 230 134 289 163 59 6.1 097 <0.001
m. tibialis anterior 26.5 30.1 2319 922 2054 94.3 218 <0.001
m. vastus medialis 1249 716 152.8 787 37.1 343 1.08 <0.001
m. rectus femoris 778 564 1353 107.7 590 66.0 0.89 <0.001

Legend: RMS = root mean square of the electromyogram (EMG) in uV, m = arithmetic mean, s = standard deviation, SRM = standardized response mean (m of the
difference(s) of the difference), p =type | error of the Wilcoxon test comparing the RMS with (+TA) to without dorsal foot extension (-TA)

by SRM = 1.39 (at 45° knee flexion on the leg press) and
SRM =1.08 (at 90°). The corresponding data for the m.
rectus femoris were SRM =0.71 and SRM =0.89. All
these changes were highly statistically significant and 3
of 4 reflected large effects (SRM =0.80). Consistently,
the single leg hop distance highly significantly increased
by SRM =1.09 after foot dorsal extension, while it
remained approximately constant for the two hops be-
fore dorsal foot extension.

This means that dorsal extension of the foot increased
activity of the quadriceps musculature, which was con-
sistently reflected by the objective EMG measurements
at two knee flexion angles and the subjective, functional
test. This effect seems to be at least partly specific to the
m. quadriceps femoris since the EMG activity ratio rec-
tus femoris to biceps femoris increased after foot dorsal
extension at both knee flexion angles. The increase of
EMG activity for the two tested quadriceps heads was
also consistent. The m. vastus medialis is a single-joint
head of the quadriceps and important for stabilization of
the patella [23]. The m. rectus femoris is the two-jointed
head of the quadriceps and plays an important role in
the muscular balance of the ischiocrural muscle
group, especially in knee stability affected by osteo-
arthritis [5, 14, 15, 24].

Table 2 Single leg hop distance (cm) data (n =35)

Distance Difference

m S m S SRM p
Hop 1 (=TA) 168.2 334
Hop 2 (-TA) 169.8 329 16 105 0.15 0518
Hop 3 (+TA) 1789 35.1 9.1 84 1.09 <0.001

Legend: m = arithmetic mean, s = standard deviation, SRM = standardized
response mean (m of the difference(s) of the difference), p =type | error of the
Wilcoxon test

-TA = without activation of m. tibialis anterior, +TA = with activation of m.
tibialis anterior. Between hop 1 and hop 2, EMG (-TA) was performed;
difference in the line of hop 2 = difference hop 2-hop1, difference in the line
of hop 3 = difference hop 3-hop2

It could be proven that dorsal foot extension not only
leads to increased electrophysiological activity but also
to a progression of functional performance of the quad-
riceps musculature, a link that has previously only been
hypothesized but not empirically tested [13, 14]. EMG
activity remains a surrogate for functional performance.
While some studies postulated a perfect correlation be-
tween muscle strength/performance and EMG activity,
others evaluated rather low relationships [11, 25, 26].

As a theoretical construct, clinical experience and
neuromuscular conditions lead to the hypothesis that
knee extension is linked with simultaneous dorsal foot
extension in most of the functional tasks as, for example,
initiating a step forward. Both activities may form a
neuro-functional chain of different muscles and the cor-
responding neural control. If this is so, simultaneous
muscular activity may be linked in the corresponding
motor-neural centers of the brain and the spinal cord.
Specifically, dorsal foot extension can automatically in-
crease tension and activity in the quadriceps, which in-
crease effects of quadriceps training in training and
rehabilitation. As a consequence, the quadriceps must
work harder during dorsal foot extension at a constant
weight load, e.g. the 12RM. This is supposed to result in
higher training effects with lower weight loads and lower
danger of injury and fatigue.

All relative EMG data differences (between with and
without foot dorsal extension) were lower than those in
the two comparative studies [13, 14]. Both studies had
relatively low sample sizes: Tassi et al. n = 10, Teppermann
et al. n =20. Neither of them measured EMG of the m.
tibialis anterior. The RMS levels of the vastus medialis
were consistently higher in our study than those of
the m. rectus femoris for all four measurements [13].
Finally, the finding that EMG activity of the m. rectus
femoris decreases during extension of the knee (mean
RMS from 90° to 45° 77.8 uV to 9.4 uV without,
135.5 pV to 18.9 pV with foot dorsal extension) has
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been observed before [2, 14, 27]. The m. rectus
femoris, together with its antagonist, the m. biceps
femoris, which is more active the more the knee is
flexed, stabilizes the knee during knee flexion [2, 27].

Strengths of the present study are the standardized
setting of the test procedures and measurements accord-
ing to recommendations of previous studies, the rela-
tively (in comparison to other studies) high and a priori
power-based sample size, and the combination of elec-
trophysiological and functional measurement, which
yielded consistent results.

Limitations are that the conclusions must be restricted
to healthy, relatively young subjects. The sample size
rated as absolutely low and prohibited stratified analyses.
The results may have been influenced by fatigue of the
subject during the testing process. However, measure-
ments without dorsal foot extension were performed be-
fore those with dorsal foot extension. This aimed to
reduce the difference between the two tests, i.e. bias by
fatigue will tend to underestimate and not to overesti-
mate the effects. For comprehensive measurement of all
possible neuro-muscular chains, the m. gastrocnemius
would have had to be examined by EMG as well. Abso-
lute EMG is the measure used in most comparative
studies, but RMS limits comparability between different
subjects because of individual differences in muscle acti-
vation patterns and skin quality, for example. Future
studies that aim to compare absolute EMG data across
different subjects and populations should use normal-
ized, relative EMG parameters as the maximal voluntary
isometric contraction (MVIC).

Conclusion

Activation of foot dorsal extension increased electro-
myographic activation (as a surrogate for muscle
strength) and functional performance of the m. quadri-
ceps femoris. This finding can be used to improve effects
in training and rehabilitation to increase functional
muscle performance and knee joint stability. Future
studies should prove whether short and long-term train-
ing effects under foot dorsal extension would be faster
and higher for both healthy athletes and disease-affected
knees such as those affected by osteoarthritis.
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