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Abstract

During a day of skiing thousands of repeated contractions take
place. Previous research on prolonged recreational alpine skiing
show that physiological changes occur and hence some level of
fatigue is inevitable. In the present paper the effect of prolonged
skiing on the recruitment and coordination of the muscle activity
was investigated. Six subjects performed 24 standardized runs.
Muscle activity during the first two (PREskiing) and the last two
(POSTskiing) runs was measured from the vastus lateralis (VL)
and rectus femoris (RF) using EMG and quantified using wave-
let and principal component analysis. The frequency content of
the EMG signal shifted in seven out of eight cases significantly
towards lower frequencies with highest effects observed for RF
on outside leg. A significant pronounced outside leg loading
occurred during POSTskiing and the timing of muscle activity
peaks occurred more towards turn completion. Specific EMG
frequency changes were observed at certain time points
throughout the time windows and not over the whole double
turn. It is suggested that general muscular fatigue, where addi-
tional specific muscle fibers have to be recruited due to the
reduced power output of other fibers did not occur. The EMG
frequency decrease and intensity changes for RF and VL are
caused by altered timing (coordination) within the turn towards
a most likely more uncontrolled skiing technique. Hence, these
data provide evidence to suggest recreational skiers alter their
skiing technique before a potential change in muscle fiber re-
cruitment occurs.

Key words: Muscle coordination, recruitment, electromyogra-
phy, wavelet analysis.

Introduction

During sustained recreational alpine skiing our bodies
experience changes during the day that alter the way in
which we perform. From a physiological point of view we
can consider that recreational alpine skiing reaches a state
of fatigue where physiological changes occur yet the
activity can still be sustained. Those physiological proc-
esses are described within the skiing sports science litera-
ture for both, alpine ski racing (Turnbull et al., 2009) and
recreational alpine skiing (Scheiber et al., 2009; Seifert et
al., 2009; Tesch et al., 1978) as well. For recreational
skiing fatigue is associated with increased risk of injury
and reduced pleasure of the activity (Hunter, 1999). An
increase in the number of injuries after 2-3 hours of skiing
has been previously attributed to fatigue in adult skiers,
with the incidence of injury increasing as the day pro-
gresses (Meyers et al., 2007). A more in-depth under-
standing of ongoing changes in muscle activity during a

prolonged skiing session would provide an extension of
primarily physiological measures previously reported in
the literature. Knowing how skiers change their overall
skiing technique based on shifts in control or altered re-
cruitment within a muscle would serve useful information
not only to improve the comfort and enjoyment, but also
the safety in recreational alpine skiing (Hintermeister et
al., 1997).

One consistent finding of the previous work is that
there is a high level of effort by the knee extensor muscles
during skiing. Numerous authors have reported that mus-
cle contraction forces can reach upwards of 100-150% of
maximal voluntary contraction (MVC) in the outside leg
when making a turn (Berg et al., 1995, Hintermeister et
al., 1997). Recently specific functional demands on the
different knee extensor muscles in recreational skiers
have been investigated (Kroll et al., 2010). Contrary to
previously shown co-loading of the inside leg while ski-
ing carving turns (Mueller and Schwameder, 2003), the
results for the vastus lateralis muscle (VL) did not support
the co-loading function for recreational skiing (Krdll et
al., 2010). This muscle seems to be relatively inactive for
the inside leg. However, they showed the functional de-
mand for rectus femoris muscle (RF) of the inside leg is
very high when skiing recreationally (Kroll et al., 2010).
Assuming this is accurate, the demand on RF is greater
compared to VL. This is most likely due to its dual func-
tion of influencing knee extension and hip flexion, for
either the inside or outside leg.

Prolonged submaximal or maximal muscle con-
tractions affect the capacity of muscles to generate forces
(Smilios et al., 2009) and alters muscle activity as meas-
ured by surface electromyography (EMG) (Wakeling et
al., 2001). These alterations occur and are quantified in
three different domains:

EMG intensity domain: The integrated EMG sig-
nal during a moderate load muscular endurance session
(squat exercise; 4 sets of 20 repetitions; 50% of one repe-
tition maximum) increases within each set and from set to
set (e.g.: squat exercise; 4 sets of 20 repetitions; 50% of
one repetition maximum; Smilios et al., 2009). This in-
crease has been attributed to the recruitment of the addi-
tional muscle fibers required to overcome fatigue and
maintain power output.

EMG frequency domain: A decrease in the fre-
quency content of the EMG signal at maximum work-
loads can be observed during fatigue (e.g. So et al., 2009).
These changes have been related to different mechanisms.
A decreased conduction velocity occurs with an increase
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of metabolites such as lactate (Brody et al., 1991). Re-
cruitment adaptation within the muscle to maintain the
power output is another possible reason since motor units
with higher mean frequency tend to fatigue to a greater
extent than those with relatively lower mean frequency
(Moritani et al., 1982). Wakeling and Pascual (2001)
reported a significant reduction in EMG intensity at low
frequencies and a significant increase at high frequencies
for submaximal running which is different to the fatigue
related changes seen for maximal fatiguing contractions
(So et al., 2009). However, they suggest that the pattern of
muscle recruitment may change during sustained sub-
maximal exercise.

EMG time domain (Coordination of the muscle,
e.g. on/off): Although pedaling is standardized to a large
extent since a bicycle constrains lower extremity move-
ments, alterations in the coordination strategies during
exhaustive pedaling exercise can be observed. (Dorel et
al., 2009). Apriantono et al. (2006) showed for the instep
kicking task in soccer that induced leg muscle fatigue
disturbs kicking performance, leads to a less coordinated
kicking motion, thereby making players more susceptible
to injury. For a task such as alpine skiing, where the co-
ordinative demand is very high, it can be assumed that
alterations in coordination strategies may occur to a cer-
tain degree thus yielding an altered mechanical output that
might also be less functional.

Hence, surface EMG requires analysis methods
which permit the signal intensities to be simultaneously
resolved in time and frequency domains to quantify al-
terations in muscle activity caused by fatigue. Among
different time-frequency analysis methods, wavelet trans-
form has been reported to be appropriate for analyzing the
EMG signal during dynamic contractions (Karlsson et al.,
2000; von Tscharner, 2000). The wavelet decomposition
technique has been previously used for several dynamic
tasks in non-fatigued (e.g. Wakeling et al., 2006), sub-
maximal fatigued (von Tscharner, 2002, Wakeling et al.,
2001) and maximal fatigued exercises (So et al., 2009).
This method was previously applied to recreational alpine
skiing to gain functional insights in the knee extensor
muscles. (Krdll et al., 2010).

Consequently, the aim of the present study was to
investigate how knee extensor muscles respond to sub
maximal fatigue during recreational alpine skiing with
respect to the recruitment and coordination of the muscle
activity. As representative knee extensor muscles the one
joint VL and two joint RF were investigated. We hy-
pothesized that there would be changes in the intensity
and frequency domain as well as in the general coordina-
tion pattern of muscle activity within the main knee ex-
tensor muscles during a recreational skiing session. Due
to the higher functional demand on RF compared to VL
(Kroll et al., 2010) the magnitude of these changes were
expected to be larger on the biarticular RF.

Methods

The current study is a part of a larger project in recrea-
tional alpine skiing. In Part One, the relationship and
prediction of common physiological fatigue indices dur-
ing downhill skiing (Seifert et al., 2009) were investi-

gated. In Part Two, the functional aspects and muscle
recruitment of selected knee extensor muscles were ad-
dressed (Kroll et al., 2010). This paper addresses the
effect of prolonged skiing on the recruitment and coordi-
nation of muscle activity. As the data collection occurred
simultaneously with Parts One and Two, some methodo-
logical details will be referred to from these previous
publications.

Subjects

Ten healthy female subjects (22.7 yr + 4.0 s.d.) provided
informed consent to participate in this study. The local
Ethics Committee of Salzburg approved the research
protocol and all participants were fully acquainted with
the nature of the study before they gave their informed
written consent. To get a homogenous sample, subjects
were selected according to their skiing ability and amount
of skiing days per year. All subjects were of the interme-
diate level based on the Austrian Ski Teaching Concept
(Woerndle, 2007). Intermediate level skiers are able to
perform short and long radii turns on prepared terrains. In
flat terrain, intermediate skiers are able to execute carved
turns, but perform mostly skidded turns on steep terrain.

Experimental design

All subjects followed a standardized 15 minute warm-up
on a cycle ergometer and two warm-up runs on the ski
slope. Skiers were then instructed to perform two meas-
urement runs to determine the PREskiing condition. Then
the skiers had to perform 20 runs where no biomechanical
data collection took place. Finally skiers performed two
measurement runs to determine the POSTskiing condi-
tion. To standardize the length of turns and distance skied
across the fall-line, subjects skied for all 24 runs through
a standardized corridor. The skiing session lasted about
three hours in which the total skiing time was about 40
minutes. Within each run, there were three pitch changes;
for this study only the first one (top of run (TOP), 21°, on
average 22 turns) and the last one (end of run (END), 13°,
on average 28 turns) were considered. For more detailed
information concerning the slope and the skis used see
elsewhere (Kroll et al., 2010; Seifert et al., 2009).

Physiological measurements

Overall run time and heart rate (HR) at the end of each
run was recorded (Polar, Finland). To reach a standard-
ized load during the skiing session, verbal feedback on
finishing time and HR were provided to each skier at the
end of each run as absolute values. For further analysis
percent of maximal HR (%HRmax) was calculated using
220 — age. Earlobe blood samples in the amount of 20
microliters were collected following the second (PREski-
ing) and immediately after the 24th (POSTskiing) run.
The blood samples were analyzed for lactate (LA) (Bio-
sen 5140, EKF-Diagnostic GmbH, Magdeburg, Ger-
many). LA was considered as control parameter for inter-
pretation of the shifts in EMG spectrum since the level of
accumulated LA indicates a close relation to the shift in
the EMG spectrum towards lower frequencies during
fatigue (Horita and Ishiko, 1987; Tesch et al., 1983).

EMG and kinematics measurement
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Data acquisition took place unilaterally on the right leg.
Myoelectric activity was measured from the vastus later-
alis (VL) and rectus femoris (RF) muscles using round
bipolar surface electrodes (Ag/AgCL; 10mm diameter,
22mm spacing). The sensor placement procedure was
based on the SENIAM recommendations (Hermens et al.,
2000). The EMGs were amplified at source (bandwidth
10-500Hz, 3dB; Biovision, Wehrheim Germany) and
recorded at 2000Hz (Daqcard-700, National Instruments,
Austin, TX, USA; iPAQ H3800, Compaq, Houston, TX,
USA). Simultaneously, a goniometer mounted on the
knee joint measured the occurring knee angle (note that
180° was defined as full extension). The knee angle and
myoelectric activity were recorded for the entire four
measurement runs (two PREskiing / two POSTskiing).

Wavelet and principal component analysis of EMG
during alpine skiing

Compared to a previous study (Kroll et al., 2010), meth-
ods used in the current study added a principal component
analysis of the EMG spectra to quantify spectral shifts
(Wakeling and Rozitis, 2004). The main information is
derived by the first two principal components (PC I and

PC II). Additional variations in the original spectra’s (e.g.
movement artifacts and motor unit synchronisation) are
partitioned into lower components and hence, do not
obscure the main information of interest (Wakeling,
2009). Therefore it is suggested that the principal compo-
nent technique is more sensitive to major changes in the
EMG spectra that occur during movements and locomo-
tion.

Wavelet transformation: The entire raw EMG sig-
nal (Figure 1A) was resolved with an EMG-specific
wavelet transformation. The intensity was calculated
using a filter-bank of wavelets following von Tscharner
(2000). Each wavelet has a frequency band and the time-
varying intensity is calculated for this band. For each
moment in time the EMG is thus represented by its inten-
sity at a range of frequency bands (11-432Hz), and this is
termed the intensity spectrum.

Turn separation and time frame within a double
turn: A combination of knee angle and raw EMG was
used to determine the start and end of each double turn. A
double turn was defined as where the right leg is the in-
side leg during the first turn and then is the outside leg
during the second turn (Figure 1A). For 10 equal time

(A)
100

504

EMG (mV)

-504

-100-

Overall double turn

7
(
)
g
(,) siBuy sauy

Inside leg
(B)

330.63
271.50
218.08
170.39
128.48
92.36
62.09
37.71
19.00|
1 2 3 4

Frequency (Hz)

(©)
0.6

o
IS

rel. Intensity
o
el

0.0

(right side turn)

0 100
Frequency (Hz)

Outside leg
(left side turn)

7 8 9 10
Time Windows

5 6

Overall double turn
..... Inside leg
---.- Outside leg

200 300 400

Figure 1. (A) EMG trace and knee angle from the vastus lateralis (VL) during one double turn. (B) Myoelectric intensity of
the turn is shown as a function of time and frequency, with high intensities denoted by dark shading. Ten time windows di-
vide the overall double turn in different time frames. They are indicated by the vertical white lines. (C) Myoelectric intensity
spectra for inside leg, outside leg and the overall double turn shown in (B).
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Figure 2. Principal component representation of EMG frequency spectra. Weighting for (A) the first principal component
(PC I) and (B) the second principal component (PC II). (C) EMG-intensity spectra that can be reconstructed from vector
products of the PC weightings shown in (A&B) with 0.5 PCI + 0.3 PCII shown in black and 0.5 PC I — 0.28 PC II shown in
grey. The mean frequencies (MF) for the reconstructed spectra are shown. (D) Vector representation of the spectra in (C)
following the same colors and symbols as in (C). The angle 0 is a measure of the relative PC I and PC II loading scores and of

the myoelectric frequency.

windows along the double turn and each single wavelet
the mean value of intensity was built to generate a 3-
dimensional grid (X = Time; Y Frequency; Z = Intensity
as shown in Figure 1B for one double turn). The mean
intensity spectra was calculated for the overall double turn
and was used for EMG intensity normalization (for details
see Kroll et al.,, 2010). The overall inside leg and the
overall outside leg are shown in Figure 1C. Furthermore
the mean knee angle of the overall inside leg and the
overall outside leg within the double turn was also calcu-
lated.

Elimination of artifacts and subjects: The same
method for eliminating artifacts was used as previously
described (Kroll et al., 2010). Compared to the paper with
the functional analysis (n = 7), due to additional artifacts
in the POSTskiing session one additional subject had to
be excluded. This reduced the total number of subjects
used in this analysis to six.

Principal component analysis: For the analysis n =
2223 normalized intensity spectra from the different sub-
jects (n = 6), turn side (inside leg = 1062, outside leg =
1161), conditions (PREskiing n = 1080, POSTskiing n =
1143), run part (TOP n = 984, END n = 1239), and mus-
cle (VLn=1111, RF n=1112) were considered. Each of
the intensity spectra contained 10 intensities correspond-
ing to the wavelets 1-10 and a frequency band from 11-
432 Hz (Figure 1C). All of the 2223 spectra were com-
piled into a data matrix. The covariance matrix was calcu-
lated from the data matrix, and used to calculate the prin-
cipal components (PC) (Wakeling and Rozitis, 2004). The
principal components were calculated with no prior sub-
traction of mean data and describe the components of the
entire signal (Wakeling and Rozitis, 2004). Each EMG

intensity spectrum can then be reconstructed from the
vector product of the PC weightings and the PC loading
scores (Figure 2). The PCs are defined by the PC weight-
ings that are the eigenvectors for the covariance matrix,
and the PC loading scores that quantify the contribution
of each eigen vector to the measured signal. The majority
of the signal for any given myoelectric spectrum is de-
fined by the first two PCs (PC I and PC II). The weighting
for PC I has a shape similar to that for a myoelectric in-
tensity spectrum (Wakeling and Rozitis, 2004). Further-
more it is expected that the myoelectric intensity is highly
correlated with the PC 1 loading score (¥ > 0.95)
(Wakeling et al., 2006). The relative loading scores of PC
I and PC II give a measure of the frequency of the
myoelectric signal (Wakeling, 2004). The angle 6 was
defined by the direction of the PC I-PC II loading score
vector for each EMG intensity spectrum. Angle 6 was
then used as a measure of the mean myoelectric frequency
for each EMG-intensity spectrum (for each turn), respec-
tively (angled arctan (PC I score/PC II score)
(Wakeling, 2004).

Statistical analysis

Repeated measures (RM) analysis of variance (ANOVA)
was used to test differences in PRE- to POSTskiing load
(for overall run time, %HRmax and LA). Differences in
PRE- to POSTskiing knee angle were tested with a 2(rime)
X 2(siope party RM-ANOVA which was performed for inside
leg and outside leg separately.

The hypothesis that the myoelectric frequency dif-
fered between PRE- and POSTskiing due to the sub-
maximal skiing session was tested with an analysis of
covariance (ANCOVA). The response variable was 6.
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Subject code, time of measure, and slope part were used
as factors in the test. The myoelectric intensity was used
as a covariate. in order to establish whether the shifts in
myoelectric frequency in this study were independent of
variations in myoelectric intensity (Wakeling, 2009). The
ANCOVA was repeated for both muscles (VL, RF) and
both turn sides (inside leg, outside leg).

The hypothesis that myoelectric intensity between
PRE- and POSTskiing differed was tested with a three
factor ANOVA (subject code, time of measure, slope
part). The response variable was the PC I loading score.
The ANOVA was also repeated for both muscles and both
turn sides. All data are presented as mean +standard error
of the mean (s.e.m) and statistical tests were deemed
significant at a = 0.05 (tendency a = 0.1). Effect size
measures (and interpretation) included partial eta squared
() for all ANOVA.

Alterations in the specific coordination patterns of
RF and VL (within each and between these two muscles)
are described using 3-dimensional grids. Furthermore the
course of the total intensity (calculated as the sum of the
intensities within each spectrum) along the 10 time win-
dows within each double turn are presented for PRE- and
POSTskiing, each muscle and slope part. To get represen-
tative results for one subject the mean over all turns in a
certain situation was calculated. To get a representative
result for the group the same was done over all subjects.

Results

Physiological parameter and knee angle

Figure 3A depicts the overall run time for all skiers. The
within subject range in finishing time was consistent and
therefore no significant effects between PREskiing (100 +
0.9 s), prolonged skiing session (103.2 £ 1.4 s) and
POSTskiing (99.8 + 1.2 s) were observed. Although the
HR response showed pronounced variation between sub-
jects, within subject range during the 24 runs was consis-
tent (Figure 3B). PREskiing %HRmax (81.9 £ 3.9%),
prolonged skiing session %HRmax (78.1 + 4.2%) and
POSTskiing %HRmax (82.3 + 3.6%) were not signifi-
cantly different. Average blood LA concentration was
2.72 + 0.53 mmolL" after the second run. Blood LA
concentration decreased significantly by the 24™ run to
2.13 £ 0.46 mmolL" (p < 0.035 ;n*= 0.814). Individual
LA values ranged from 1.24-4.45 mmolL™" after the 2™
run and from 0.89-3.63 mmol'L™" after the 24" run (Figure
30).

The average knee angle on the inside leg was rela-
tively consistent between the two pitches and at the PRE-
skiing and POSTskiing condition (PREskiing TOP = 99
+ 6°, POSTskiing TOP = 97 + 5°, PREskiing END = 96
+ 6°, POSTskiing END = 92 + 6°). Hence, the average
knee angle of the inside leg was not significantly different
between the PREskiing (97 + 6°) and POSTskiing (95 +
6°) condition. The average knee angle on the outside leg
was also relatively consistent in the four situations (PRE-
skiing TOP = 115 £ 5°, POSTskiing TOP = 114 + 5°,
PREskiing END = 114 + 4°, POSTskiing END = 110 +
4°) with no significant influence observed due to the pro-
longed skiing session (PREskiing 115 + 4°; POSTskiing
112 +4°).

Overall inside leg and outside leg EMG results

The PC’s were calculated from the matrix of spectra for
the inside leg and outside leg EMG-intensity spectra. The
first two principal components of the myoelectric inten-
sity spectra described 97.3% of the signal. The PC 1
weighting (Figure 2A) took a similar form to an EMG
power spectrum (Figure 1C). The myoelectric intensity
for each turn correlated with the PC I loading score with a
correlation coefficient of »=0.99. The PC II weighting
shows negative and positive regions with a crossover at
about 60 Hz (Figure 2B). Intensity spectra could be re-
constructed from the vector product of the PC weightings
and the PC loading scores. Reconstructed spectra with
positive intensities across all frequencies (a physiological
constraint) occur for a range of 0 and result in two ex-
treme spectra with mean frequencies of 46.8 Hz and 105.7
Hz (Figure 2C).

PRE skiing ion POST skiing

(A) 120
100{ =
80-
60-
40
201

Runtime (s)

80

- ma
. e
*
|
1
A

60
40+

20+

Heartrate (% HRmax)

Runl  Run2 Mean3-22 Run23 Run24

w

a

r

* &
*

Lactate (mM/L)

=y

.

L e

L=

Run2 Run24

Figure 3. (A and B) Subjects’ overall run time and heart rate
(%HRmax) in the PREskiing, prolonged skiing session (av-
eraged) and POSTskiing condition. (C) Subjects individual
blood lactate (LA) during PREskiing and POSTskiing.

Plotting the mean scores for PC I and PC 1I for all
analyzed situations (Figure 4), one can identify several
distinct populations of activity. A distinct difference be-
tween inside leg (dashed circle) and outside leg (solid
circle) is given for both muscles. Clearly higher intensi-
ties (= PC I loading) were observed for inside leg com-
pared to outside leg for VL, while RF shows similar
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Figure 4. Principal component loading scores for PC I and PC II during recreational alpine skiing for m. vastus lateralis (VL,
left graph) and for m. rectus femoris (RF, right graph). Each point shows the mean + s.e.m. loading scores pooled from the
six subjects. Data points within the solid circle represent outside leg while points within the dashed circle represent inside leg
(solid symbols = PREskiing; open symbols = POSTskiing; circles = TOP of the run; squares = END of the run). The direction
of the vectors in the PC I-PC II scoring plane represents angle 0 and is visualized by solid (outside leg) and dashed lines (in-

side leg).

intensities on both turn sides. According to the angle 0
(measure of myoelectric frequency) it was found that the
value was smaller (=higher myoelectric frequency) com-
pared to the outside leg for RF at all inside leg situations.
The opposite was observed for VL, depicted by higher 0
(=lower myoelectric frequency) for all inside leg situa-
tions.

The mean scores for PC I and PC II are shown
within each circle of Figure 4 for the TOP and the END
of the run for PREskiing and POSTskiing, respectively.
The prolonged skiing session caused a significant shift
towards higher values for both muscles and both turn
sides for angle 0. (Table 1). Furthermore post hoc tests on
the angle 6 depict overall significant/tendency effects
towards higher values, except in the situation ‘RF-inside
leg-TOP’. For angle 0, the highest effects (for global and

post hoc test) were observed on RF outside leg (pn2 =
0.118; TOP ,n*= 0.196; END ,n° = 0.099; Table 1). For
PC I loading the prolonged skiing session only caused a
significant shift towards higher values in the RF of the
outside leg (Table 1). However, post hoc analyses were
performed for all situations. Those results show an in-
verse response during the prolonged skiing session de-
pending whether skiing on TOP or at END of the run. On
TOP, PC I scores decreased on the inside leg for both
muscles. At the END of the run, PC I scores increased on
the outside leg for both muscles (Table 1). The highest
effect was observed again for RF outside leg (END an =
0.104).

Timing aspect within a double turn
Figure 5 contains descriptive information about changes

Table 1. Probabilities from the analysis of covariance (ANCOVA) for the angle ® and the analysis of variance (ANOVA) for
the PC I loading score. The direction of changes is depicted by the arrows (|=decrease; 7=increase).

Angle © PC1 Loading
VL RF VL RF
Il;f;ge Outside Leg Inside Leg Olit:;de Ilis;ge Outside Leg Inside Leg Outside Leg
n 520 591 542 570 520 591 542 570
Subject
p value .000 .000 .000 .000 .000 .000 .000 .000
effect size ;n’ 0.811 0.808 0.45 0.826 0.374 0.323 0.149 0.472
PRE to POST
p value .000 .000 .001 .000 .037
increase / decrease 1 1 i 1 1
effect size ;n° 0.041 0.055 0.023 0.118 0.008
Post Hoc: PRE to POST
TOP
p value .000 .000 .000 .035 .024
increase / decrease i 1 1 l l
effect size ;n’ 0.076 0.064 0,196 0.019 0.022
END
p value 066 © .000 .001 .000 .001 .000
increase / decrease 1 1 1 1 1 i
effect size ;n° 0.013 0.054 0.039 0.099 0.031 0.104




Kroll et al.

87

caused by the prolonged skiing session with respect to
timing aspects for the overall group. It can be noted that
peaks in overall EMG activity occurred later in seven out
of eight situations (turns) in the POSTskiing compared to
the PREskiing situation (exception: VL inside leg TOP of
run). Alterations within the different frequency band are
shown by the grid plots. Alterations in RF are different
between TOP and END of the run. A decrease in the
higher frequency bands in time windows [2|3|7|8| and an
increase in the lower frequency bands in time window
|4|5|9]10] can be observed on TOP. A decrease in the
higher frequency bands in time windows [2|3]|4| and an
increase in lower frequency bands on the whole outside
leg (16|7|8|9]) can be seen during END.

Discussion

If classic fatigue exercises are defined as activities that
cannot be sustained, then a normal recreational alpine
skiing session (and the majority of daily tasks) does not
reach a fatigued state. This study did not use a classic
fatigue exercise protocol where the activity could no
longer be sustained. Rather, this study employed a typical
3 hour skiing session at an intensity where physiological
changes toward a fatigued state have been reported to
occur (Seifert et al., 2009, Tesch et al., 1978) and which is
indicative of typical recreational skiing.

The blood lactate level, which was recently re-
ported to be a significant predictor for chronic stress
(Seifert et al., 2009), was similar to a previous study on
recreational skiers (Scheiber et al., 2009). With verbal
feedback on overall run times and HR, skiers were able to
maintain a constant load. A protocol identical to the pre-
sent study reported base line values increased for salivary
cortisol (16%) and creatine kinase levels (42%) (Seifert et
al., 2009). The same study showed that muscle perform-
ance was influenced by the fact that isometric knee exten-
sion endurance decreased by 12%, but peak force was not
different from PREskiing to POSTskiing. Hence, the
notion that fatigue identifiable at sub maximal levels can
occur within 24 runs of recreational skiing seems reason-
able.

Distinct differences between inside leg and outside
leg were observed in the same manner as seen previously
in recreational alpine skiing (Kroll et al., 2010). Co-
loading of the VL on inside leg was not observed while
RF showed pronounced activity on both turn sides and the
frequency content in RF of the inside leg points out a
pronounced involvement of fast fibers. Furthermore, the
current results demonstrate that the spectral properties and
the overall intensities of muscle activity are affected by
the prolonged three hour skiing session, and that the
greatest effects can be observed in RF which supports our
assumptions based on its functional demand (Kroll et al.,
2010).

Changes in the myoelectric spectra caused by the pro-
longed skiing session

A shift towards lower frequencies was observed for
POSTskiing for the mean frequency. Even though our
results are consistent with general fatigue effects (de-

creased EMG frequency) there are several mechanisms
which can shape myoelectric intensity and determine the
myoelectric frequency (Wakeling et al., 2001). Possible
mechanisms will be discussed, with particular focus on
whether these can explain the changes in frequencies that
were measured in this study.

Influence of muscle length

To discuss the changes in mean frequency of the EMG
signal during a prolonged skiing session, it is necessary to
estimate changes in muscle length since Doud and Walsh
(1995) reported decreased frequency is caused by in-
creased muscle length (20% increase in length with an
18% decrease in EMG frequency). To estimate muscle
fiber behavior solely from observation of joint perform-
ance is difficult since the fascicle does not behave exactly
like the muscle-tendon unit (Ishikawa et al., 2003). Nev-
ertheless, in a previous alpine skiing study (Krdll et al.,
2010) muscle length changes were estimated based on the
knee-hip-joint kinematics during recreational skiing
linked with a worst case scenario calculation for differ-
ences in muscle tendon unit and fascicle behavior in a
closely related movement (Chleboun et al., 2008). Al-
though the average range of motion was about 30°, the
estimated length changes were not pronounced enough to
explain the changes in mean frequency from the inside leg
to the outside leg of RF (mean frequency increase by
16%) and VL (mean frequency increase by 11%) (Kroll et
al., 2010). The length changes for the biarticular RF
which occur during a 30° knee angle decrease were less
than -1% for RF while the length changes for VL were
approximately +4% (Kr6ll et al., 2010). It was found in
the current study that the influence of a prolonged skiing
session on the knee angle is in general very small and not
significant. Hence, the length changes in the current study
seem to be negligible for RF and VL.

Consequently, the lower frequency during the
POSTskiing for RF and VL cannot be explained by
changes in muscle length in the present study. According
to the observation by Doud and Walsh (1995) the altered
muscle length can account for at least a part of the fre-
quency shift since changes in knee angle were minor.

Influence of lactate

Theoretical calculations have shown that the EMG fre-
quency spectrum shifts to higher frequencies as a result of
an increase in the motor unit action potential (MUAP)
conduction velocity (Lindstrom et al., 1970). Hence,
much of the variation in the frequency component of the
EMG has been attributed to changes in MUAP conduction
velocity. A decrease of pH results in a decrease of MUAP
conduction velocity, and as a consequence, a decrease of
EMG mean frequency (Brody et al., 1991). As metabo-
lites such as lactates decrease pH it has been suggested
that the shift in the EMG spectrum towards lower fre-
quencies during fatigue indicates a close relation to the
level of accumulated lactate within the muscle (Horita and
Ishiko, 1987, Tesch et al., 1983). The lactate level in the
current study differed between PREskiing and POSTski-
ing, but this level decreased significantly during the pro-
longed skiing session (Figure 3C). A shift to lower fre-
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quencies was observed for the frequency content of the
EMG signal due to the prolonged skiing session. This is
opposite to what the lactate effect should cause according
to Horita and Ishiko (1987) or Tesch and Komi (1983).
For this reason we consider that lactate changes were not
responsible for the observed changes in the intensity spec-
trum seen here.

Influence of muscle temperature

Next to altered muscle length or altered metabolites some
of the variation in EMG frequency may be due to differ-
ences in the temperature of the muscle. The conduction
velocity of nerve and muscle action potentials is a func-
tion of tissue temperature. It increases by ~5% per degree
C as the temperature of the nerve increases from 29° to
38° (Kiernan et al., 2001). During an isometric contrac-
tion of the biceps brachii at different force levels it has
been demonstrated that a 10° reduction in temperature
results in a 32Hz reduction in centre frequency (Petrofsky
and Laymon, 2005). It is therefore suggested to ensure
that skin temperature is within defined limits before clini-
cal measurements (Kiernan et al., 2001). In a complex
field study like the present skiing study, environmental
conditions for testing cannot be absolutely controlled.
However a window of acceptable temperatures can be
determined as was done in this study. Muscle temperature
may vary greatly in an outdoor study due to the influence
of previous exercise, clothing, and daily rhythm of envi-
ronmental temperature. With respect to the previous exer-
cise aspect, an adequate warm up process was completed
which included two runs of skiing and a 15min ride on a
cycle ergometer. Hence it was assumed that the muscle
temperature during the PREskiing runs was similar to that
during the prolonged skiing session and POSTskiing.
Accordingly, subjects wore current state of the art cloth-
ing made of breathable material with the aim of minimiz-
ing heat accumulation. The change of environmental
temperature due to the daily fluctuation is less pro-
nounced on slopes with a north exposure because of the
shadow effect. Consequently a slope with north exposure
was selected for the experiment with an additional advan-
tage of consistent snow conditions during the day. Never-
theless a slight increase in environmental temperature
during the day occurred and could be assumed that mus-
cle temperature increased slightly compared to the PRE-
skiing situation. An increased muscle temperature would
result in increased mean frequency (Kiernan et al., 2001,
Petrofsky and Laymon, 2005). Our results depict a shift to
lower frequencies due to the prolonged skiing session and
this is opposite to what the temperature effect should be.
For this reason we consider that increased temperature
was not the mechanism underlying the observed changes
in the intensity spectrum, but we estimate that if anything,
the temperature effect reduced the amount of the observed
changes.

Effect of recruitment patterns

The pattern of motor unit recruitment is an important
factor in shaping the myoelectric intensity spectrum.
Action potentials from faster fibers travel at higher con-
duction velocities and thus have higher mean frequencies,
so an EMG frequency spectra provides information about

motor unit recruitment strategies (Solomonow et al.,
1990). Recently it was shown by theoretical calculations,
that recruitment strategies resulting in a greater proportion
of faster muscle units being active had a significantly
higher mean frequency (Wakeling, 2009). Although other
physiological factors can bias the EMG frequency, careful
experimental and statistical design can account for such
bias, and so distinct high- and low- frequency components
of the EMG have been reported for a range of in vivo
activities (Wakeling and Rozitis, 2004; Wakeling et al.,
2006, von Tscharner, 2002). It has been suggested, these
spectral characteristics are the result of altered recruit-
ment patterns between different motor units. It does not
appear that the changes in myoelectric intensity spectra
that occurred during the submaximal skiing session can be
explained by the length of the muscle fiber or by the de-
crease in physiological changes (pH level, muscle tem-
perature). The most plausible explanation for the observed
changes in myoelectric signal is that the pattern of motor
unit recruitment was altered during the 3 hour skiing
session.

In the classical explanation of fatigue, it would be
expected that in order to maintain muscle power output
required for skiing at a constant pace, more muscle fibers
would have to be recruited or that they are excited at
higher frequencies as they become fatigued (Wakeling et
al., 2001). Fast twitch fibers are more susceptible to fa-
tigue than the slow muscle fibers (Komi and Tesch, 1979;
Moritani et al., 1982) and increased recruitment should
occur for these fibers in particular. If such a fatigue effect
occurs during a prolonged alpine skiing session one could
assume that an increased recruitment in high frequencies
should be observable along all time windows of a double
turn. Figure 5 does not depict such a uniform alteration at
higher frequency band. The general decrease in mean
frequency combined with inconsistent changes within the
time windows is contrary to the assumption, that addi-
tional fast fibers are recruited due to the reduced power
output of other fibers.

From a physiological point of view those results
correspond with findings on glycogen depletion during
alpine skiing (Nygaard et al., 1978; Tesch et al., 1978).
For most recreational downhill skiers, the major glycogen
loss occurs in the slow fibers. This suggests that this fiber
type produces the predominant proportion of tension
development during a day of alpine skiing (Nygaard et al.,
1978). On the other hand highly skilled (racers) and un-
skilled (beginners) skiers, which were not investigated in
our experiment, also showed particular responses on fast
fibers (Nygaard et al., 1978). Hence, with respect to our
findings and the earlier studies on glycogen depletion we
suggest that the fast fibers do not reach a state of fatigue
in terms of generally reduced power output as they are not
used to a large extend during recreational skiing. This
argument is furthermore supported by the results of earlier
published isometric peak force data which were not dif-
ferent from PREskiing to POSTskiing (Seifert et al.,
2009).

In earlier studies it was also suggested, that glyco-
gen depletion toward the end of the day, especially in the
slow fibers, could contribute to the injury pattern which
peaks toward the end of the ski day (Seifert et al., 2009).
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Figure 5. Alterations in timing aspects from PREskiing to POSTskiing of m. rectus femoris (RF) and m. vastus lateralis (VL).
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A generally reduced power output of the slow fibers
should be reflected in the EMG signal in the way that
additional fibers are recruited along the double turn. But
similar to the fast components, no uniform alteration
along the 10 time windows in the slow frequencies can be
observed (Figure 5).

Altered timing of muscle activity during a pro-
longed skiing session and implication on functional as-
pects of the skiing technique

We suggest that the observed shifts in frequencies
towards lower values in the present study are not caused
by a general substitution of fibers with a concomitant
reduction in power output. The most plausible explanation
for the reduced frequencies is altered skiing style with
modified timing of muscle activity. Depending on the

turning side (inside leg vs. outside leg) different altera-
tions occur and the shift to the lower frequencies in the
POSTskiing can be explained in several ways. For exam-
ple RF on TOP showed a clear decrease of the high fre-
quency components during the earlier phases of the inside
leg (Figure 5; time window 2|3). Conversely, a clear in-
crease in the low frequency components specifically can
be observed during the last part of the turn on the outside
leg for RF (Figure 5, time window 9]10).

This level of detail has been made possible by the
use of wavelet analysis on the myoelectric signal. The
mean frequency of the power spectrum, calculated by a
Fourier transformation, was previously used to evaluate
fatigue during alpine skiing (Ushiyama et al., 2005). The
results showed a decreasing trend in mean frequencies
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which appeared to be more pronounced in the afternoon
compared to that in the morning. However, a discussion
of this shift in frequencies was not possible in terms of an
altered timing of muscles (skiing style) due to the collapse
in temporal aspects of the signal. Hence, interpretation of
these data is limited.

It was shown recently (Krdll et al., 2010) that the
functional importance of RF during recreational skiing in
the inside leg is very high. From a coordinative point of
view, recreational alpine skiers should try to obtain an
adequate bilateral loaded skiing technique (Mueller and
Schwameder, 2003). To accomplish this, the skier has to
shift weight to the inside leg by knee extension, while
being careful to avoid too high of loading of the inside leg
by hip flexion. The situation dependent repetitive loading
(RF as knee extensor) and unloading (RF as hip flexor)
activities are crucial and are reflected in the EMG signal
by the involvement of more fast twitch fibers throughout
the muscle contraction in the inside leg compared to the
outside leg (Kroll et al., 2010).

After the prolonged skiing session, there was a de-
crease in high frequency components which could be a
result of a reduction in the recruitment of fast components
at the TOP and at the END of the run in the inside leg.
The corresponding overall EMG intensities decreased on
TOP for the inside leg, but increased at the END on the
outside leg. Therefore, the situation dependent repetitive
loading (RF as knee extensor) and unloading (RF as hip
flexor) activities seem to be reduced and skiers ski more
unilaterally on the outside leg. Even though the functional
capacity would be enough to maintain the original skiing
style, recreational skiers could preferentially ski more
unilaterally, on the outside leg, in order to reduce the load
on the inside leg. One could speculate that this occurs due
to the necessity to have a recovery phase during each
inside leg phase.

Following the biomechanical distinction of the
carving technique and the traditional parallel technique
(Mueller and Schwameder, 2003) we suggest that the
prolonged submaximal skiing session leads to a shift in
skiing style towards the traditional parallel technique.
This alteration in skiing style is furthermore supported by
the overall intensity results of VL which changed in the
same way as the RF (Table 1). The observation that activ-
ity peaks occur later within the turn for almost all situa-
tions (in seven cases out of eight, Figure 5), after the
prolonged skiing session, is another indicator of a shift to
traditional parallel technique since the duration of the
initiation phase for the following turn is thereby reduced
(Mueller and Schwameder, 2003).

Mueller and Schwameder (2003) suggested when
skiers use carving skis with adequate technique, they
maintain better sagittal balance and have improved edge
steering ability that help them remain centrally positioned
over their skis. The enhanced steering ability when using
a co-loading technique was recently described by theo-
retical calculations (Heinrich et al., 2009). Furthermore,
an increase in force does not occur as quickly with co-
loading as with traditional parallel turn technique
(Mueller and Schwameder, 2003). We speculate that the
altered skiing style towards the traditional parallel turn
counteracts the functional properties of carving skis. This

could increase the potential risk for over edging and con-
sequently for falls as the saggital balance and the edge
steering behavior of the equipment is altered. From a
skiing safety perspective, the more rapid force increase on
the outside leg compared to the bilateral steered (more
controlled) technique at the beginning of the skiing ses-
sion may be important. It seems to be plausible that
quicker and more uncontrolled force increases in combi-
nation with the self steering abilities of carving skis may
increase the risk of potential falls due to sudden, unantici-
pated edging. We suggest that recreational skiers should
be intentionally instructed to maintain a situation depend-
ent repetitive loading (RF as knee extensor) and unload-
ing (RF as hip flexor) activity of the inside leg to reduce
the shift towards a traditional parallel technique during a
prolonged skiing session.

Conclusion

Based on our interpretation of these data, we propose that
the frequency decrease and intensity changes for RF and
VL are caused by altered timing (coordination) within the
turn. Furthermore, general muscular fatigue, where addi-
tional fibers have to be recruited due to reduced power
output of specific motor units, likely does not occur. In
other words, these data provide evidence to suggest rec-
reational skiers alter their skiing technique before a poten-
tial change in muscle fiber recruitment occurs. It is impor-
tant to note that the current study did not employ an ex-
treme exercise, but used a 3 hour skiing session at an
intensity which is indicative of recreational skiing. Seifert
et al. (2009) using slightly longer run times reported simi-
lar HR data but greater changes in physiological stress
markers compared to the current study. Perhaps the actual
methods used, combined with using longer ski durations
or greater intensities, might identify general muscle fa-
tigue during skiing in a way that additional specific fibers
have to be recruited to prevent a reduction in power out-
put.

For elite competitors in alpine ski racing, investiga-
tors reported heart rate (HR) and oxygen consumption
(VO2) achieve or exceed maximal values during competi-
tive alpine skiing (Tesch, 1995) and glycogen depletion of
fast fibers, in particular, was identified (Nygaard et al.,
1978). Hence, for alpine ski racing an increased recruit-
ment could occur in fast twitch fibers since these fibers
are susceptible to fatigue (Komi and Tesch, 1979;
Moritani et al., 1982). To suggest general muscle fatigue
does generally not occur in alpine skiing would exceed
the scope of this study, but could be investigated using
this same method with more intensive skiing applications
(aim for future projects). For the applied prolonged skiing
session in recreational skiers in this study the modified
skiing style towards a less functional and hence more
uncontrolled skiing technique seems to be a key issue
with respect to the influence on muscle recruitment.
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Key points

e The frequency content of the EMG signal shifted in
seven out of eight cases significantly towards lower
frequencies with highest effects observed for RF.

e General muscular fatigue, where additional specific
fibers have to be recruited due to the reduced power
output of other fibers, did not occur.

e A modified skiing style towards a less functional
and hence more uncontrolled skiing technique seems
to be a key issue with respect to the influence on
muscle recruitment for applied prolonged skiing ses-
sion.
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