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Abstract The present study was designed to quantify the
effect of power output on muscle coordination during
rowing. Surface electromyographic (EMG) activity of 23
muscles and mechanical variables were recorded in eight
untrained subjects and seven experienced rowers. Each
subject was asked to perform three 2-min constant-load
exercises performed at 60, 90 and 120% of the mean power
output over a maximal 2,000-m event (denoted as P60,
P90, and P120, respectively). A decomposition algorithm
(nonnegative matrix factorization) was used to extract the
muscle synergies that represent the global temporal and
spatial organization of the motor output. The results
showed a main effect of power output for 22 of 23 muscles
(p values ranged from <0.0001 to 0.004) indicating a sig-
nificant increase in EMG activity level with power output
for both untrained and experienced subjects. However, for
the two populations, no dramatic modification in the shape
of individual EMG patterns (mean ry,,,x value = 0.93 +
0.09) or in their timing of activation (maximum lag
time = —4.3 £ 3.8% of the rowing cycle) was found. The
results also showed a large consistency of the three
extracted muscle synergies, for both synergy activation
coefficients (mean ry,,x values range from 0.87 to 0.97) and
muscle synergy vectors (mean r values range from 0.70 to
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0.76) across the three power outputs. In conclusion, despite
significant changes in the level of muscle activity, the
global temporal and spatial organization of the motor
output is very little affected by power output on a rowing
ergometer.
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Introduction

Rowing is an Olympic discipline that requires performing
2,000 m as fast as possible at a mean power output of
300-450 W for trained rowers (Soper and Hume 2004).
While the physiological and biomechanical parameters
associated with rowing performance have been largely
studied (Hagerman 1984; Soper and Hume 2004; Volianitis
and Secher 2009), few data are available about muscle
coordination [defined as “a distribution of muscle activa-
tion or force among individual muscles to produce a given
combination of joint moments” (Prilutsky 2000)]. Using
surface electromyography (EMG), some studies have
reported muscle activity patterns on a rowing ergometer
(Lay et al. 2002; Pollock et al. 2009; Rodriguez et al. 1990;
Wilson et al. 1988). However, despite that rowing involves
numerous muscles and requires the skilled coordination of
the upper and lower limbs (Rodriguez et al. 1990; Soper
and Hume 2004) these studies recorded a limited number
of muscles (up to 12 muscles). Additionally, no studies
have explored the putative changes in muscle coordination
in response to changes in power output, as already reported
in other tasks such as pedaling (Jorge and Hull 1986;
Wakeling et al. 2010) and running (Slawinski et al. 2008).
Because kinematics and force profiles change with rowing
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intensity (McGregor et al. 2004, 2005), it would be
expected that muscle coordination is also modified. It is
critical to address this question because training usually
includes rowing sessions at different power outputs, gen-
erally at lower power outputs than generated during a
competition. Thus, muscle coordination is not necessarily
the same during training and competition.

Studies focusing on muscle coordination usually report
muscle activity profiles of individual muscles, i.e., EMG
patterns. From this EMG profile, information about muscle
activation timing, shape of muscle activity and muscle
activity level can be extracted (for review, see Hug 2011).
Recently, a technique has emerged that is capable of
decomposing EMG patterns recorded from numerous
muscles into the summed activation of just a few muscle
synergies (Ting and McKay 2007; Tresch et al. 1999).
Muscle synergies represent the global temporal and spatial
organization of the motor output (Li 2006) and provide an
attractive simplified strategy for the control of complex
movements because they reduce the number of output
patterns that the nervous system must specify for a large
number of muscles (Raasch and Zajac 1999). For example,
five muscle synergies account for the majority of vari-
ability in the surface EMG signals of 32 muscles during
walking (Ivanenko et al. 2006) and running (Cappellini
et al. 2006). Recently, it has been reported that pedaling in
a population of trained cyclists is accomplished by the
combination of three muscle synergies (Hug et al. 2010). In
combination with a traditional EMG analysis, extraction of
muscle synergy is useful to study whether changes in
individual EMG pattern would induce changes in the
muscle synergies and thus in the motor control strategies
(Hug 2011; Ting and Chvatal 2010).

The present study was designed to quantify the effect of
power output on muscle coordination during rowing in both
untrained subjects and experienced rowers. Surface EMG
activity was recorded in 23 muscles during three rowing
exercises performed at different power outputs on a rowing
ergometer. To better describe the muscle coordination
strategies, a non-negative matrix factorization algorithm was
used to identify the muscle synergies in addition to a clas-
sical analysis of individual EMG patterns. We hypothesized
that the temporal and spatial organization of the motor out-
put would be modified by power output, inducing the
changes in mechanical patterns reported in the literature.

Materials and methods
Subjects

Eight male untrained subjects (UNT, age 24 + 5 years,
height 179 & 9 cm, body mass 70 £ 6 kg), and seven
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male experienced national-level rowers (EXP, age
25 + 3 years, height 187 + 4 cm, body mass 81 £ 11 kg)
volunteered to participate in this study. UNT practiced
recreational activities but had no prior experience with
rowing (neither on ergometer nor on water). EXP had
10.4 £ 4.2 years of competitive olympic rowing experi-
ence and trained for approximately 11.6 & 3.2 h per week
at the time of the study. They had performed an all-out
2,000 m rowing test in 390 £ 15 s in the same year of this
experiment. All subjects were informed of the possible risk
and discomfort associated with the experimental proce-
dures prior to giving their written consent to participate.
The experimental design of the study was approved by the
local Ethical Committee and was conducted in accordance
with the Declaration of Helsinki.

Procedure

The tests were divided into two identical sessions to allow
for the measurement of 23 muscles. One week before the
first session, UNT performed an all-out 2,000 m rowing
test on an ergometer (Rowperfect, Harbord, Australia) to
assess their mean power (MP) over this distance. This test
consisted in a standardized warm up of 5 min at a low-
perceived effort, followed by 2 min of recovery. Subjects
were then asked to perform 2,000-m as fast as possible. For
EXP, the MP was taken from training data (i.e., time to
perform a 2,000-m rowing) before the official experiments.
The estimate of MP in watts was determined according to
the following equation:

2, 000) 3
12,000

MP = 2.8( (1)
where #; oo is the time to perform the 2,000 m (in s). This
formula is based on the power required to keep a boat
moving at a constant velocity, and 2.8 is a typical drag
coefficient for a racing shell (Gordon 2003).

Subjects were first asked to perform a standardized
warm-up consisting of 5 min of rowing at a self-paced
intensity followed by three 2-min constant-load exercises
performed at 60, 90 and 120% of MP (denoted as P60, P90,
and P120, respectively). A 2-min recovery period was
placed between each bout. These intensities were chosen
based on the knowledge of the pacing strategies of a 2,000-
m race (Soper and Hume 2004). In fact, while 120% of MP
corresponds to the highest intensity adopted during a
2,000-m race (during the first 500-m), 90% of MP corre-
sponds to the lowest intensity observed during this event
(Soper and Hume 2004). Sixty percent of MP corresponds
to a classical training intensity. In order to reduce the
chance of fatigue influencing EMG patterns only the first
minute of P120 was analyzed.
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Materials and data collection

Subjects exercised on a rowing ergometer (Rowperfect,
Harbord, Australia) with a fixed stretcher mechanism
(Fig. 1). As described previously (Colloud et al. 2006), the
ergometer was instrumented to measure the force produced at
the handle with a strain gauge force transducer (SM-1000N;
InterfaceTM, Scottsdale, AZ, USA), which was placed in
series with the chain and the handle using a ball-and-socket
joint (free torotate in three degrees of freedom). Additionally,
a position sensor (PT1 Scaime™, Annemasse, France) was
installed on the chain. The right stretcher was equipped with
four home-built bi-directional (antero-posterior and vertical
axes) strain-gauge transducers (measurement range 1,500 N,
tolerance of overload 750 N, linearity 0.15%, hysteresis
0.02%) to record the stretcher force of the subjects (Colloud
etal. 2006). The stretcher formed a 45° angle with horizontal.
The antero-posterior and vertical stretcher forces were cal-
culated using the data provided by the stretcher transducers.
All mechanical signals were sampled at 125 Hz with an
acquisition device (DT 9804, Data TranslationTM, Malboro,
MA, USA) and digitally stored using acquisition software
(Data-Foundry version 5.1, Data Translation). A visual
feedback of the power output and stroke frequency was dis-
played on a monitor placed in front of the subjects throughout
the experimental protocol. The power displayed to the par-
ticipants represents the average power over an entire cycle as
depicted by Boyas et al. (2006).

Surface EMG was recorded from 23 muscles on the
right side of the body in two separate sessions interspaced
by 4 days—1 week. The recorded muscles in the first ses-
sion were tibialis Anterior (TA), soleus (Sol), gastrocne-
mius lateralis (GL), gastrocnemius medialis (GM), vastus
lateralis (VL), vastus medialis (VM), rectus femoris (RF),
biceps femoris (BF), semitendinosus (ST), gluteus maxi-
mus (GMax), latissimus dorsi (LD), erector spinae mul-
tifidus (ES), trapezius medius (TraM), biceps brachii (BB)
and brachioradialis (Br). In the second session, the

strain gauge
strain gauges

9 upper limb muscles

EMG
4 back muscles EMG
10 lower limb muscles

Fig. 1 Experimental design. Subjects exercised on a rowing ergom-
eter with a fixed stretcher mechanism that was instrumented to
measure the forces produced at the handle (Fh) and at the right
stretcher (Fx and Fy). Surface EMG was recorded from 23 muscles on
the right side of the body in two separate sessions

following muscles were recorded: longissimus (Long),
illiocostallis (Ilio), multifidus (ES), latissimus dorsi (LD),
deltoideus posterior (Delt), trapezius upper (TraU), trape-
zius medius (TraM), trapezius lower (Tral), triceps brachii
(long head—TriL), triceps brachii (short head—TriS),
biceps brachii (BB), brachioradialis (Br) and flexor digi-
torum superficialis (FD). Five out of the 23 muscles were
recorded during both of the two sessions in order to check
the consistency of muscle coordination between the two
sessions. For these muscles, only the first session was taken
into consideration for further analysis. For each muscle, a
dry-surface electrode (Delsys DE 2.1, Delsys Inc, Boston,
MA, USA; 1 cm interelectrode distance) was attached to
the skin. Prior to electrode application, the skin was shaved
and cleaned with a mixture of alcohol and ether to mini-
mize impedance. Each electrode was placed longitudinally
with respect to the underlying muscle fiber arrangement
and all were located according to the recommendations of
Surface EMG for Non-Invasive Assessment of Muscles
(SENIAM) (Hermens et al. 2000) for all of the muscles,
except for the muscles latissimus dorsi (LD), brachioradi-
alis (Br), and flexor digitorum (FD) which are not refer-
enced by SENIAM. For LD, the electrode was placed as
recommended by de Séze and Cazalets (2008), i.e., over
the muscular curve at T12 and along a line connecting the
most posterior point of the posterior axillary fold and the
S2 spinous process. For Br, the electrode was positioned as
done by Muceli et al. (2010), i.e., 1/6 of the distance from
the midpoint between the cubit fossa to the lateral epi-
condyle to the styloid process of the ulna. For FD, the
electrode was positioned at 1/5 of the distance from
the medial humeral epicondyle to the styloid process of the
ulna (Zipp 1982). The wires connected to the electrodes
were well secured with adhesive tape to avoid movement-
induced artifacts. EMG signals were amplified (x1,000)
and digitized (6400 Hz bandwidth) at a sampling rate of
1 kHz (Bagnoli 16, Delsys), and stored on a computer.

Data processing

Electromyographic signals were filtered with a bandpass
filter (4th order Butterworth) between 20 and 400 Hz
(filtfilt function of Matlab, the Mathworks, version
R2007b, Natick, MA, USA). A band-stop filter (48-52 Hz)
was used to remove the 50-Hz noise. Linear envelopes for
each muscle were obtained by low-pass filtering the fully
rectified EMG signals with an 8-Hz low-pass filter (zero
lag) as recommended by Shiavi et al. (1998). Each rowing
cycle (period between two successive catches) was inter-
polated to 200 time points. A set of 15 consecutive cycles
was extracted from a period of constant power output (i.e.,
the period between O and 20 s was not considered) and
averaged to obtain a representative pattern for each muscle.
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Then, as previously described (Hug et al. 2010), a non-
negative matrix factorization was performed to extract
muscle synergies. For this purpose, we implemented the
Lee and Seung (2001) algorithm. Matrix factorization
minimizes the residual Frobenius norm between the initial
matrix and its decomposition, given as

E=WC+e (2)

min [[E — WC|lzo
Cc>0

where E is a p-by-n initial matrix (p = number of muscles
and n = number of time points), W is a p-by-s matrix
(s = number of synergies), C is an s-by-n matrix and e is a
p-by-n matrix. |||z, establishes the Frobenius norm, W
represents the muscle synergy vectors matrix, C is the
synergy activation coefficients matrix and e is the residual
error matrix. While the “muscle synergy vectors” represent
the relative weighting of each muscle within each synergy,
the “synergy activation coefficient” represents the relative
activation of the muscle synergy across the rowing cycle
(for more details, see Fig. 1 from Hug et al. 2010). The
algorithm is based on iterative updates of an initial random
guess of W and C that converge to a local optimal matrix
factorization [see Lee and Seung (2001) for more details].
To avoid local minima, the algorithm was repeated ten
times for each subject. The lowest cost solution was
retained (i.e., minimizing the squared errors between
original and reconstructed EMG patterns). The initial
matrix E consisted of a cycle for each of the 23 muscles
(the two sessions were pooled). E was thus a 23 row by 200
column matrix. Each line of E and C was normalized by its
maximum value. At P120, for each subject, we iterated the
analysis by varying the number of synergies between 1 and
23 and selected the least number of synergies that
accounted for >90% of the variance accounted for (VAF)
(Hug et al. 2010; Torres-Oviedo et al. 2006). For the two
other power outputs (i.e., P60 and 90), we kept the number
of muscle synergies extracted at P120 for each subject.
According to Torres-Oviedo et al. (2006), VAF was
defined as
VAF — 1 — - 2721 (eiJ)z
?:1 27:1 (Ei-j)2

where subscript i goes from 1 to p the number of muscles,
and j goes from 1 to n the number of time points.

The rowing cycle corresponded to the period between
two successive catches. The catches are identified by
means of the minimum in the position curve of the handle
and the transition time to the maximum of this curve
(Colloud et al. 2006). The rowing cycle was divided into
drive (or propulsive) and recovery phases. The drive phase

(3)
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ranged from O to 100% and the recovery phase from —100
to 0%, as in previous studies (Janshen et al. 2009; Pollock
et al. 2009). Drive and recovery phases were re-sampled
100 time-points each. This time-scale normalization was
used for comparing EMG patterns, mechanical patterns and
synergy activation coefficients, ensuring robust compari-
sons by avoiding a possible bias due to different transition
times between subjects (i.e., different duration of the drive
and recovery phases among subjects) (Hug 2011). Note
that this normalization procedure was not applied prior to
muscle synergy extraction.

Statistical analysis

Data distributions consistently passed the Shapiro—Wilk
normality test (Statistica®V6, Statsoft, Maison-Alfort,
France). Values are therefore reported as mean & SD.
Pearson’s correlation coefficient (r) was used as a similarity
criterion for the muscle synergy vectors. Modification of the
individual EMG patterns, mechanical patterns and synergy
activation coefficients were assessed using two criteria: the
lag time and r,,x coefficient. The lag times assess differ-
ences in the timing of the activations (i.e., the magnitude of
the time shift between EMG patterns or between synergy
activation coefficients) and were calculated as the lag time
at the maximum of the cross-correlation function obtained
using the Matlab x.,, function for centered data
(option = “coeff”). rn.x corresponds to the correlation
coefficient at this maximum of the cross-correlation func-
tion and gives an indication on the similarity of the wave-
forms (i.e., the shape of the EMG, mechanical and synergy
activation coefficients). As performed in previous studies
(Cappellini et al. 2006; Ivanenko et al. 2004), rpy.x and
r-statistics were based on Z-transformed values. A one-
factor analysis of variance (ANOVA) (factor = expertise)
with repeated measures (power output) was used to com-
pare the similarities across populations (i.e., EXP vs. UNT)
and across power-outputs. Post hoc analyses were per-
formed using the Tukey’s method. One-sample Student’s
t tests were performed to evaluate the differences in the lag
time values from a reference value (i.e., zero). A p value
below 0.05 was considered statistically significant.

Results
Mechanical data

For each of the three tests, EXP rowed at a significantly
higher power output than UNT (p < 0.05). Power output at
P60, P90 and P120 was 245.4 £ 40.7, 346.9 + 48.4 and
451.7 £ 54.0 W for EXP and 136.6 £ 19.9, 195.5 &+ 26.6
and 265.9 £ 35.1 W for UNT, respectively.
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The stroke frequency analysis revealed a significant
main effect of power output (p < 0.001) and expertise
(p = 0.008). The main effects demonstrated that the stroke
frequency increased as a function of power output
(27.6 £ 2.3, 29.0 £ 1.7 and 31.3 £ 1.2 strokes min~"' for
P60, P90 and P120, respectively) and was significantly
higher in UNT than EXP. More precisely, a post hoc
analysis showed a significantly higher stroke frequency for
UNT compared with EXP at P60.

Figure 2 depicts the ensemble average of the mechanical
patterns for the two populations. The ANOVA showed
a main effect of power output for the amplitude
(Imax — minl) of all of these parameters (i.e., Fx, Fy and
Fh), indicating a significant increase with power output for

both populations. The analysis also revealed the main
effect of expertise on the amplitude only for Fx (p < 0.001)
and Fh (p < 0.001). A significant interaction of power
output x expertise was observed for amplitude only for Fx
(p = 0.003). More precisely, the increase in Fx amplitude
was lower in UNT than EXP between P60 and P90 and
between P90 and P120 (Fig. 2).

The r,.x Was computed as a similarity index of the shape of
the mechanical patterns between power output conditions for
both populations. Overall, very high ., values (mean 7y,
across the three comparisons = 0.98 &+ 0.02, 0.98 & 0.02,
0.99 + 0.01, and 0.99 £+ 0.01 for Fx, Fy, Fh, and power,
respectively) were found indicating that the shapes of the
mechanical patterns were not affected by power output.

Fig. 2 Ensemble averaged UNT EXP
mechanical patterns for the two 4005 400
populations. The vertical
dashed line indicates the 200 200
transition between the recovery : \____ / i B /
and drive phases (—100 to 0% = \7 \
represents the recovery phase = 200k 200
and 0-100% represents the =
drive phase). Fx horizontal -400 400
component of the right o0 : ; . o ; A .
footstretcher force (N), Fy -100 -50 0 50 00 %00 -50 0 50 100
vertical component of the
footstretcher force (N), Fh 400 400
handle force (N), power —
instantaneous power (W), 200f / 200F
UNT untrained subjects, EXP =2 0 0
experienced rowers. P60 is in P %ﬁ \
black, P90 in light gray (or b 200f -200f
green) and P120 in dark gray
(or red) -400 -4001
1 1 ] 1 L J
60055 -50 0 50 00 %00 -50 0 50 100
1500 1500
__ 1000} 1000}
Z
=
% s00} 500}
L L 'l 1
—?00 -50 0 50 100 —(1:00 -50 0 50 100
2000, 2000
__ 1500f 1500F
2
o 1000k 1000
3
& soof 500}
L L 1 L
—?UU -50 0 50 100 —?0'0 -50 0 50 100

% of rowing cycle
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Fig. 3 Ensemble averaged
EMG patterns of the 23
recorded muscles and for the
two populations. The vertical
line indicates the transition
between the recovery and the
drive phases (—100 to 0%
represents the recovery phase
and 0-100% represents the
drive phase). EMG patterns for
each subject are normalized by
the averaged EMG at P60 and
then averaged across subjects.
For sake of clarity, the y axis for
GMax and TriL was changed
and is therefore different from
the other muscles. UNT
untrained subjects, EXP
experienced rowers. P60 is in
black, P90 in light gray (or
green) and P120 in dark gray
(or red)
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For each mechanical pattern, the time lag calculated for
the three comparisons (i.e., P60 vs. P90, P90 vs. P120 and
P60 vs. P90) was not significantly different from zero for
both populations (mean = —0.07 &+ 0.76% of the rowing
cycle; range from —3 to 3%).

Individual EMG patterns

The ensemble averaged EMG patterns (£SD) for each
muscle investigated and for each population are depicted in
Fig. 3. The activity level was taken as the average of the
EMG envelopes over the entire cycle. The ANOVA con-
cerning this activity level revealed a main effect of power
output for 22 of 23 muscles (p values ranged from <0.0001
to 0.004) indicating a significant increase in EMG activity
with power output (Fig. 3; Tables 1, 2). In contrast, TA
showed no significant change in EMG activity level with
power-output (p = 0.197). As muscle activity was not
normalized in respect with a maximal voluntary contrac-
tion (and thus no information about the degree of muscle
activity was provided), the main effect of expertise could
not be tested. Moreover, except for VL (p = 0.048) and

TraM (p = 0.024), no effect of expertise x power output
interaction was identified. These results indicate that EMG
activity level increased globally in the same fashion for
both populations, with the same muscles as major power
producers.

As for the mechanical variables, the r,, was calculated
between power output conditions (Tables 1, 2). Overall,
large similarities were found in the shape of the EMG
patterns for all comparisons and for both populations
(mean rpax value = 0.93 + 0.09). The ANOVA showed a
main effect of expertise on the similarities for eight of the
23 muscles (i.e., GL, GM, BF, Long, Ilio, TraU, Br, and
TriS). In other words, the shape of the EMG patterns was
less similar beween the different power outputs in UNT
than EXP for GL, GM, BF, Long, Ilio and TraU. In con-
trast, the shapes of Br and TriS were more similar across
power outputs for UNT than EXP.

The time lags for each comparison and for those of EXP
and UNT are depicted in Table 3. A time lag significantly
different from zero was found in 12 of the 23 muscles but
remained relatively modest (maximum lag time =
—4.3 + 3.8% of the rowing cycle for VM between P60 and

Table 1 Difference in the shape of the EMG patterns (r,,x values) and in muscle activity level (% increase) for the experienced rowers

experienced rowers P60 versus P90

P60 versus P120

P90 versus P120

Muscle Fmax Increase (%) Fmax Increase (%) Fmax Increase (%)
TA 0.94 + 0.05 16.9 £+ 28.1 0.92 + 0.04 50.4 £ 459 0.93 + 0.08 28.5 £ 19.9
GL 0.98 + 0.02 42.3 + 26.1 0.96 + 0.02 83.8 £54.2 0.98 + 0.01 27.8 £ 21.7
GM 0.93 £ 0.07 28.2 +29.8 0.89 £ 0.12 709 £ 54.6 0.98 £ 0.02 31.6 £ 23.3
Sol 0.96 £ 0.04 9.3 £ 220 0.94 £ 0.04 279 £ 504 0.98 + 0.01 14.7 £ 36.2
VL 0.98 £ 0.01 19.3 + 32.7 0.97 £ 0.02 50.2 £ 574 0.99 + 0.01 21.9 + 247
VM 0.98 £ 0.02 34.1 £ 19.5 0.97 £ 0.02 79.5 £ 27.7 0.99 + 0.01 35.1 £ 18.3
RF 0.93 £ 0.05 26.3 + 322 0.84 £ 0.10 91.7 £ 37.1 0.87 £ 0.15 55.8 + 29.6
GMax 0.93 £ 0.08 112.8 £ 102.8 0.93 £ 0.09 226.9 £+ 169.0 0.97 £ 0.02 53.7 + 23.6
BF 0.95 + 0.03 373 £255 0.94 + 0.04 787 £ 11.2 0.98 + 0.01 33.0 £ 19.2
ST 0.93 + 0.04 27.1 £ 17.6 0.88 + 0.08 67.9 £ 29.8 0.96 + 0.02 32.9 £ 235
ES 0.90 £ 0.14 41.2 £ 39.0 0.90 £ 0.13 67.5 £ 552 0.91 £ 0.20 18.9 + 26.7
Long 0.96 + 0.02 32.8 + 36.7 0.96 £ 0.02 25.5 + 53.1 0.97 £ 0.02 3.1 £424
Ilio 0.97 £ 0.02 52.5 £29.5 0.97 £ 0.02 100.7 £ 48.6 0.98 + 0.01 30.7 £ 11.0
LD 0.98 £ 0.01 51.7 £ 29.5 0.97 £ 0.02 101.8 £ 53.9 0.99 + 0.01 31.8 + 159
TralL 0.95 £ 0.04 145 £ 243 0.90 £ 0.06 91.5 + 103.7 0.95 £+ 0.03 91.5 + 169.4
TraM 0.96 + 0.02 285 £ 154 0.94 + 0.06 74.0 + 14.9 0.97 + 0.02 36.8 £ 17.5
TraU 0.90 + 0.06 28.4 £ 16.3 0.79 + 0.14 85.7 £ 29.8 0.90 + 0.11 449 + 15.5
Delt 0.98 £ 0.01 49.4 + 30.9 0.95 £ 0.04 102.3 £ 61.5 0.98 £ 0.01 33.5 £ 19.1
BB 0.98 £ 0.01 25.3 £ 18.1 0.93 £ 0.06 75.6 £ 44.6 0.98 £ 0.02 40.0 £ 28.7
Br 0.96 + 0.02 39.6 + 16.2 0.91 £ 0.04 65.3 + 58.3 0.98 + 0.01 19.4 £+ 40.1
FD 0.96 £ 0.02 47.56 £+ 30.0 0.93 £ 0.04 107.1 £ 65.9 0.97 £ 0.02 39.1 + 26.9
TriL 0.95 £ 0.04 93.5 £+ 46.7 0.92 £ 0.05 166.5 £ 75.9 0.98 £+ 0.01 36.6 + 11.9
TriS 0.94 + 0.03 36.2 £ 15.3 0.90 £ 0.05 85.3 + 38.6 0.98 + 0.02 352 + 183

The percentage of increase in the EMG activity level was calculated from the average of the EMG envelope over the entire cycle
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Table 2 Difference in the shape of the EMG patterns (r,.x values) and in muscle activity level (% increase) for untrained subjects

untrained subjects P60 versus P90

P60 versus P120

P90 versus P120

Muscle Fmax Increase (%) Fmax Increase (%) Fmax Increase (%)
TA 0.95 £ 0.08 —-3.5+ 16.1 0.90 £ 0.05 —1.2 +£29.7 0.95 £ 0.02 23 +2438
GL 0.94 £+ 0.05 51.7 £45.1 0.90 £ 0.09 98.4 £ 68.5 092 £ 0.14 31.1 £22.8
GM 0.88 £ 0.09 44.2 £+ 56.9 0.85 £ 0.11 100.6 + 113.8 0.93 £ 0.06 413 £ 464
Sol 0.93 £ 0.06 31.1 £29.5 0.92 + 0.07 76.2 + 66.3 0.98 + 0.01 33.2 +29.5
VL 0.98 £ 0.01 574 £ 31.1 0.96 £ 0.03 97.6 £ 37.5 0.98 £ 0.02 259 £ 11.6
VM 0.95 £ 0.08 66.8 + 36.7 0.94 £+ 0.07 117.5 £ 49.9 0.98 £ 0.02 31.5 £ 189
RF 0.94 £ 0.05 36.1 £ 19.9 0.86 £ 0.10 93.5 £ 539 0.95 £ 0.04 424 £+ 335
GMax 0.90 £ 0.08 117.2 £ 109.7 0.89 £+ 0.09 320.1 £ 199.2 0.96 £ 0.03 103.1 £ 61.1
BF 0.83 £ 0.12 116.8 + 125.3 0.77 £ 0.16 212.4 + 169.6 0.93 £ 0.05 48.8 £ 294
ST 0.88 £ 0.12 78.0 £+ 67.7 0.84 £ 0.10 146.9 £ 68.9 0.94 £ 0.05 43.6 £ 24.3
ES 0.94 £+ 0.04 209 + 39.2 0.86 + 0.14 73.9 + 84.6 0.92 £+ 0.09 44.8 + 61.8
Long 0.92 + 0.05 31.7 + 39.8 0.85 + 0.12 57.8 + 80.1 0.93 + 0.04 15.7 + 34.8
Ilio 0.91 £+ 0.06 66.2 + 72.1 0.85 + 0.11 146.1 £+ 125.7 0.93 + 0.05 454 + 27.7
LD 0.98 £ 0.02 56.8 £+ 32.9 0.98 £ 0.01 132.1 £ 634 0.98 £ 0.01 47.1 £ 18.5
TralL 0.92 £+ 0.08 442 £+ 437 0.86 £ 0.15 932 £ 799 0.94 £ 0.05 334 + 3238
TraM 0.97 £ 0.02 58.7 £ 37.1 0.97 £ 0.02 108.6 £ 53.6 0.99 £ 0.01 31.6 £ 14.0
TraU 0.70 £+ 0.26 41.7 £ 32.1 0.55 £ 0.22 97.4 £ 66.9 0.84 £ 0.17 41.5 £ 43.0
Delt 0.98 £+ 0.01 50.8 + 38.3 0.98 + 0.02 115.7 £ 57.1 0.99 + 0.01 43.1 £ 12.7
BB 0.96 + 0.03 64.9 + 37.1 0.94 + 0.05 1419 £ 91.5 0.99 + 0.01 42.8 + 31.9
Br 0.98 £ 0.01 66.3 £ 274 0.98 £ 0.01 110.3 £ 455 0.98 £ 0.01 258 £ 13.1
FD 0.96 £+ 0.02 235+ 64.8 0.94 £ 0.02 68.9 £ 76.8 0.97 £ 0.01 40.0 £ 21.8
TriL 0.94 + 0.04 139.1 £ 112.0 0.95 £ 0.04 271.2 + 190.3 0.97 £ 0.03 53.4 £ 233
TriS 0.97 £ 0.02 65.6 £ 37.2 0.97 £ 0.02 137.7 £ 76.3 0.99 £ 0.01 417 £17.7

The percentage of increase in the EMG activity level was calculated from the average of the EMG envelope over the entire cycle

P120). We noted that the positive time lags represented
essentially the upper body muscles (Table 3). The main
effect of power output was found for five of the 23 muscles
(i.e., TA, TraM, BB, Br, and TriS) with p values ranging
from <0.001 to 0.04 indicating that a higher lag time was
found for the P60 versus P120 comparison than the others.

Muscle synergies

Using the previously described criteria, three synergies
were identified at P120 for all UNT and EXP subjects,
which accounted for a mean VAF of 91.1 &+ 2.4% for UNT
and 90.9 £ 1.9% for EXP. At P90, three synergies
accounted for a mean VAF of 91.0 & 2.0 and 89.4 + 1.3%
for UNT and EXP, respectively; and, at P60 a mean VAF
of 90.1 &= 1.7 and 88.3 & 1.4% for UNT and EXP,
respectively. Thus, three muscle synergies reproduced
initial EMG patterns for all subjects and all power outputs.

Figure 4 depicts the three muscle synergies (both synergy
activation coefficients and muscle synergy vectors) for each
power output and for UNT and EXP. Similarity in the shape

@ Springer

of the synergy activation coefficients between power outputs
(i.e., P60 vs. P90, P90 vs. P120 and P60 vs. P120) was tested
by calculating the r,,,x. Overall, high similarities were found
in these shapes across all comparisons and for the two
populations (mean 7, values 0.97 £ 0.03, 0.96 + 0.04
and 0.87 % 0.15 for synergy #1, #2 and #3, respectively). An
effect of expertise was found for synergy #2, indicating a
lower similarity (p = 0.03) for EXP (r,,x across the three
comparisons = 0.95 £ 0.05) compared with UNT (r,ax
across the three comparisons = 0.97 £ 0.04). Time lags of
synergy activation coefficients for each comparison and for
each group (UNT and EXP) were not significantly different
from zero, and neither the effect of power output nor that of
expertise was found.

Concerning the muscle synergy vectors, the r values for
the P60 versus P90, P60 versus P120 and P90 versus P120
comparisons were, respectively, of 0.88 £+ 0.18, 0.76 +
0.28 and 0.90 + 0.10 for synergy #1, 0.89 + 0.13,
0.73 £ 0.35, 0.81 £ 0.40 for synergy #2, and 0.85 £ 0.19,
0.70 £ 0.31, 0.93 £ 0.10 for synergy #3. No effect of
expertise was found.
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Fig. 4 Synergy activation coefficients (/eft side) and muscle synergy
vectors (right side) depicted for the untrained subjects (a) and
experienced (b) rowers. While the “muscle synergy vectors”
represent the relative weighting of each muscle within each synergy,
the “synergy activation coefficients” represent the relative activation
of the muscle synergy across the rowing cycle. The synergy #l
engages principally the leg and trunk muscles as depicted in
the weighting coefficients and is active at the very beginning of the
propulsion phase (left side of the figure). Synergy #2 engages the

VL RF BF ES llio

muscle synergy vectors

.| LT ; - NES R ;| A
TraL TraU BB F TriS
VM GMax ST long LD TraM Delt Br D TriL
action of both the arm and trunk muscles and is active after the second
part of the drive phase. Synergy #3 mainly engages TA and TraU and
is associated with the recovery phase.The vertical line indicates the
transition between the recovery and the drive phases (—100 to 0%
represents the recovery phase and 0-100% represents the drive
phase). UNT Untrained subjects, EXP experienced rowers. P60 is in
black, P90 in light gray (or green) and P120 in dark gray (or red). See
text for other abbreviations

@ Springer



3026

Eur J Appl Physiol (2011) 111:3017-3029

Discussion

The aim of this study was to quantify the effect of power
output on muscle coordination during rowing in both
untrained subjects and experienced rowers. Despite sig-
nificant changes in the level of muscle activity and in the
amplitude of the mechanical variables (i.e., Fx, Fy, and
Fh), the results did not show a dramatic modification in the
shape of individual EMG patterns or in their timing of
activation (i.e., lag time), for both UNT and EXP. The
synergy analysis, which extracts the underlying structure of
the activations (patterns of co-variation among multiple
muscles), also showed a large consistency across the three
power outputs for both populations.

Individual EMG patterns reported in the present study
are in agreement with EMG patterns reported in the liter-
ature (Guével et al. 2011; Lay et al. 2002; Pollock et al.
2009; Rodriguez et al. 1990; Wilson et al. 1988). However,

muscles (up to 12 muscles). Thus, the originality of this
study is to report 23 EMG patterns and to compare them
across different power outputs. In the present study, the
increase in power output was partially due to an increase in
stroke frequency in both populations. Changes in stroke
frequency have been previously associated with kinematics
and kinetic modifications (McGregor et al. 2004, 2005) and
more precisely to a shift forward of the handle force as the
cadence increased. Such changes were not found herein.
This discrepancy could be explained by the difference in
the time-scale normalization used to represent the
mechanical patterns. In fact, as highlighted by Hug (2011),
normalization of the rowing cycle by converting the time
axis from experimentally recorded time units to an axis
representing the percentage of the cycle, as done by
McGregor et al. (2004, 2005), neglects changes in the
duration of the different phases of the cycle as stroke fre-
quency increased (i.e., drive and recovery phase). There-

these previous studies recorded a limited number of  fore, that could induce artificial changes in both
Table 3 Lag time depicted for each muscle as a percentage of the rowing cycle
Muscle P60 versus P90 P60 versus P120 P90 versus P120

UNT EXP UNT EXP UNT EXP
TA —2.1+42 —0.7 £ 49 —13£40 3.1 £38 0.1 £0.6 33+35
GL —09+24 —04£13 —05+£55 —24+24 04 +28 —14+1.6
GM —2.0 =+ 47 0.1 £1.8 —18.1 £ 41.1 —1+18 0.3 +3.1 -13+14
Sol —23+43 1.0+ 1.5 —21+£55 04 1.6 04 +19 —0.3 £ 0.8
VL —14+£22 0.9 +£25 —28+34 1.0 £ 2.5 —-06£12 -03 £+ 1.7
VM —2.6+24 0.9 £3.0 —43+38 0.7 £ 3.0 —-14+£18 —-03+£18
RF —1.0=£2.1 —-0.6 £ 1.5 —0.8 £ 3.1 03 +1.0 0.0+ 09 8.9 £ 22.6
GMax —1.0£4.0 —1.0=£95 -50+£79 —24 £8.0 —-34+38 —1.1 £3.1
BF —-1.0+£22 —0.6 £2.1 —29+44 —-13+£20 —1.1£21 —-1.0£+19
ST -03+32 0.6 +2.0 —-1.0+£ 2.6 —14+£2.1 —-0.5£09 —1.7+£125
ES —1.6 £3.8 —0.1 £33 —44+£56 —-03+22 —-1.9+£32 —179 £ 41.6
Long —28 £4.0 03+14 —-49 £ 102 -1.0+ 1.7 —1.3 £3.1 —1.0£12
Ilio —19 +£3.8 1.1 +£22 —45+£9.7 —0.6 £ 2.1 —13£28 —-14+14
LD —09 £2.7 14+ 34 —-0.5 £ 4.1 09 +43 04+ 14 —03 +1
TralL —1.0£32 0.7 £ 1.7 —55+£72 03+14 —-13£29 —0.6 £ 0.8
TraM 09 +£3.2 1.9 +£2.0 1.1 £42 14 +£28 0.1 £1.2 —07=x1
TraU -8 £29.1 1.0 £23 9.1 +42.1 0.0 +24 1.8 £ 3.5 -14+14
Delt —03 £2.7 19 £125 0.0 £ 3.2 14+18 —0.1 £0.6 —04+13
BB 1.0 £2.8 23120 2.1 £4.1 24+23 1.1 £23 0.1 £ 1.1
Br 03+ 1.6 3.6+32 03+19 3.6 +32 03+ 1.0 0.1+09
FD —0.8 £34 2729 —0.6 £42 2.0+ 4.0 —-04+£13 —1.0 £3.0
Tril —1.1£32 23+53 —03 £33 3.1 +63 04 £0.7 09 + 1.7
TriS 21+1.7 3.1+£26 2.6 £ 2.6 29 +2.0 0.6 £0.9 —0.1 £09

Lags are calculated as the lag-times that maximize the cross-correlation function. A positive bias indicates that the second pattern (e.g., P90 in the
P60 vs. P90 comparison) is shifted earlier in the cycle relative to the first pattern. Distributions of lags significantly different from zero (p < 0.05)

are in bold
UNT Untrained subjects, EXP experienced rowers
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mechanical and EMG patterns. To circumvent this limita-
tion, the drive and recovery phases were time normalized
separately as in previous studies (Guével et al. 2011;
Janshen et al. 2009; Pollock et al. 2009).

In agreement with the mechanical patterns, muscle
activity level increased with power output in 22 of the 23
muscles, whereas very few changes were found for both the
shape of the EMG patterns and the timing of their activa-
tions. This is in accordance with previous results obtained
during pedaling showing a consistency of muscle activity
pattern while the muscle activity level varied among
muscles (Wakeling et al. 2010). The absence of change in
TA activity level was not surprising, as this muscle acts
during the recovery phase, and that the stretcher forces did
not change during this phase. It is noteworthy that GMax
and TriL produced the most important increase in activity
level for both populations (Fig. 3; Tables 1, 2). This result
has already been reported during pedaling in GMax
(Ericson 1986) and highlights the important role of these
two muscles with the strategy of increasing power output
during rowing. Interestingly, despite an interindividual
variability (Tables 1, 2), this strategy was used in both
populations and, thus, it was not linked to expertise. Nev-
ertheless, as there is no agreement on the best normaliza-
tion procedure to use (Burden and Bartlett 1999), EMG
data were not normalized in the present study. Conse-
quently, EMG activity could not be used to quantify the
power output contribution of each muscle.

Five muscles (i.e., TA, TraM, BB, Br, and TriS) showed
a modest but significant shift backward in their activity as
power increased (Table 3), consistent with previous studies
performed with different tasks such as pedaling (Hug and
Dorel 2009; Wakeling and Horn 2009) or gait (Klarner
et al. 2010). Recently, Guével et al. (2011) reported a
similar shift backward in hamstring muscles (BF and ST)
during a high intensity rowing exercise. Notably, the
increase in power output in these studies and in the present
work was partially due to an increase in movement velocity
(i.e., cadence or stroke frequency). Assuming a constant
electromechanical delay of about 100 ms (Cavanagh and
Komi 1979), it would be expected that muscle activation
occurs progressively earlier as movement velocity increa-
ses in order to develop force in the same part of the cycle
(Li and Baum 2004). For instance, an electromechanical
delay of 100 ms corresponds to 9% of the drive phase at
P60 (about 27 strokes min~') and 11% of the drive phase
at P120 (about 32 strokes minfl). Therefore, a difference
of 2% could well correspond to the lag times reported for
some upper limb muscles. In contrast, the negative time
lags, reported for some lower limb muscles (Table 3),
cannot be accounted for by electromechanical delay con-
siderations and would rather imply alterations in the timing
of lower muscles activity.

The present results showed that three muscle synergies
accounted for the majority of the variability in the surface
EMG signals of 23 muscles during rowing for both UNT
and EXP. To our knowledge, this is the first work to
extract muscle synergies during rowing. By inspecting
both synergy activation coefficients and muscle synergy
vectors, it clearly appears that these three muscle syner-
gies have a functional significance. In fact, synergy #1
engaged principally the leg and trunk muscles. It was
active before the beginning of the drive, and had its peak
activity before the middle of the drive phase (Fig. 4).
Overall, this synergy was associated with the beginning
of the propulsion phase. Interestingly, an inspection of
Fig. 2 shows that this synergy had a time course roughly
similar to Fx, i.e., the horizontal component of the foot-
stretcher forces. This confirms previous observations
highlighting the major functional role of the knee ex-
tensors to produce power on a rowing ergometer
(Rodriguez et al. 1990; Wilson et al. 1988). Synergy #2
engaged the action of both the arm and trunk muscles. Its
peak activity occurs after the second part of the drive
phase. This second synergy was associated with the
second part of the propulsion phase (Fig. 4). Synergy #3
mainly engaged TA and TraU and was associated with
the recovery phase.

The consistency of muscle synergies (in terms of both
synergy activation coefficients and muscle synergy vectors)
across the three power outputs suggests that the motor
control strategy for rowing is not altered by power output.
Despite the significant time lag reported in some individual
muscles (see above), synergy activation coefficients
showed no time lag across power outputs. However, the
inspection of Fig. 4 suggests a very slight shift of the peak
of activity of the muscle synergy coefficients (that is an
alteration in the shape and not in the time lag) which can be
explained by the time lags found in some individual
muscles.

Conclusion and practical applications

The present study showed that the motor control strategy is
very little affected by power outputs on a rowing ergom-
eter. Therefore, the fact that most of the training sessions
are usually performed at a lower power output than the
power output used during a 2,000-m event is not prob-
lematic from the point of view of motor control. In other
words, rowers use the same temporal and spatial organi-
zation of the motor output during training and in compe-
tition. However, it should be kept in mind that muscle
coordination is also linked to the muscle activity level. In
this way, the high increase in GMax and TriL activity as
power output increased should be considered by trainers,
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e.g., specific endurance force and power training for these
muscles. However, these results should be confirmed dur-
ing on-water rowing. These results are also important for a
better knowledge of rowing muscle activity which is an
activity widely used by untrained subjects for fitness
purpose.
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