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This study explored the influence of sub-maximal cardiovascular load on electroencephalographic (EEG) activity
preceding biathlon shooting. Frontal-midline theta and alpha power were examined to assess monitoring pro-
cesses and cortical inhibition, respectively. Thirteen experienced biathletes (mean age: 17 years; 5 males, 8 fe-
males) fired sets of five consecutive shots from the standing position at a 50-meter-distant target, under two
fixed-order conditions: (i) at rest and (ii) immediately after 3-minute exercise on a bicycle ergometer at 90%
of maximum heart rate (HR). HR and rate of physical exertion (RPE) were measured as manipulation checks.
Shooting accuracy was assessed in target rings for each shot. Frontal-midline theta and alpha power were com-
puted in the last second preceding each shot from average-reference 61-channel EEG and inter-individual differ-
ences were minimized through a median-scaled log transformation (Appendix). HR and RPE increased under
cardiovascular load, however, shooting accuracy did not change. Pre-shooting frontal-midline theta power de-
creased, whereas alpha power increased over temporal and occipital – but not central – regions. These changes
were larger for greater HR values. Additionally, higher frontal-midline theta, lower left-central alpha, and higher
left-temporal alpha powerwere associated withmore accurate shooting. These findings suggest that monitoring
processes are beneficial to shooting performance but can be impaired by sub-maximal cardiovascular load.
Greater inhibition of movement-irrelevant regions (temporal, occipital) and concomitant activation of
movement-related regions (central) indicate that greater neural efficiency is beneficial to shooting performance
and can allow trained biathletes to shoot accurately despite physically demanding conditions.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Research in precision sports (e.g., gun shooting, archery, golf put-
ting) has provided compelling evidence that electroencephalographic
(EEG) activity in preparation for action can distinguish experts from
novices and best from worst performance (for review see Cooke,
2013; Hatfield et al., 2004; Lawton et al., 1998). However, while to
date most research has focused primarily on performance at rest, in
many sports athletes are often required to perform under conditions
of intense cardiovascular load. Accordingly, the present study examined
preparation for shooting in biathlon, awinter sport that combines cross-
country skiing and rifle shooting.

In a typical biathlon race, two to four sets of five consecutive shots
are fired at stationary targets placed at a distance of 50m from the firing
line, either from the standing or the prone position. Each shooting set is
preceded and followed by a cross-country skiing lap of 2.5 to 5 km,
science, University of Salzburg,

allicchio),

. This is an open access article under
during which elite biathletes ski at an average of 85–90% of their maxi-
mum heart rate (HR), which represents a sub-maximal intensity
(Hoffman and Street, 1992). A penalty lap or penalty time is given for
each target missed and the athlete with the overall fastest time wins
the race. In other words, successful performance depends on the
trade-off between shooting accurately and shooting and skiing fast.
Two studies have examined the effects of different levels of cardiovascu-
lar load on shooting performance (Hoffman et al., 1992; Vickers and
Williams, 2007). Both studies confirmed the negative effects ofmaximal
cardiovascular load on the number of target hits – particularly, when
shots are fired from the standing position. However, there is no consen-
sus in regards to the effects of sub-maximal load typically observed dur-
ing biathlon races. On the one hand, Hoffman et al. (1992) found that
sub-maximal load (150 bpm) significantly decreased the number of tar-
get hits, whereas, on the other hand, Vickers andWilliams (2007) found
that sub-maximal load (85% of maximum oxygen uptake) did not affect
the number of target hits.While these two studies were conducted on a
similar population (national teams) and used the same type of physical
exercise (bicycle ergometry), it has to be noted that they were pub-
lished 15 years apart. During this time biathlon scores have improved
considerably (http://biathlonresults.com), hinting at the fact that
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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modern biathletes, who deliberately train to maximize both shooting
accuracy and skiing speed,may adopt compensatory strategies tomain-
tain a proficient shooting accuracy despite the physically demanding
conditions. With the aim to shed some light on the neurophysiological
adaptations related to these strategies, we examined EEG activity in
preparation for biathlon shooting.

Foremost, precision shooting requires that the barrel of the rifle is
firmly aligned with the target at the moment of shooting (Ihalainen et
al., 2015; Sattlecker et al., 2014). It is plausible to assume that this align-
ment has to be effectively monitored for the required aiming adjust-
ments to be made. Monitoring processes in the cerebral cortex are
primarily associated with the activity of the prefrontal region and can
be quantified through examination of frontal-midline theta oscillations
(around 4–7 Hz) (for review see Cavanagh and Frank, 2014). A study by
Doppelmayr et al. (2008) confirmed the putative link between pre-
shooting frontal-midline theta and rifle shooting performance. This
study revealed that frontal-midline theta power was higher for expert
marksmen than novices in the last second preceding shooting and
that it increased consistently within the 3 s preceding shooting for ex-
perts, whereas fluctuated inconsistently for novices. Second, but not
less important, successful performance requires that irrelevant cogni-
tive processes are inhibited while relevant cognitive processes are en-
hanced (Hatfield and Hillman, 2001). Cortical oscillations in the alpha
frequency (around 8–12 Hz) are attributed an inhibitory function
(Klimesch et al., 2007) and, when examined concomitantly in several
regions, can reveal the gating of resources away from regions with rela-
tive high alpha power towards regions with lower relative alpha power
(Jensen and Mazaheri, 2010). Accordingly, cognitive processes related
to regions showing high relative alpha power are inhibited, whereas
those related to regions showing low relative alpha power are en-
hanced. Research in precision sport has found that expertise and suc-
cessful performance is characterized by increased alpha power over
temporal and occipital regions (e.g., Hatfield et al., 1984; Kerick et al.,
2001; Loze et al., 2001) and decreased alpha power over the central re-
gions (e.g., Babiloni et al., 2008; Cooke et al., 2014; Wolf et al., 2014).

Taken together, these findings suggest that frontal-midline theta
power – as a marker of monitoring processes – and regional alpha
power – as an indicator of cortical inhibition – are associatedwith perfor-
mance and expertise in precision shooting. Intense cardiovascular
exercise constitutes a potential perturbation to the relation between
pre-shooting cortical activity and shooting performance. Namely, a
range of peripheral and central adaptations to the increased cardiovascu-
lar load may alter frontal-midline theta power and regional alpha power
in preparation for shooting. At the cortical level, the increased demands to
sustain the cardiovascular exercise can cause a shift of metabolic re-
sources away from task-irrelevant regions (e.g., prefrontal) and towards
regions that aremore relevant formovement (e.g., central) during the ex-
ercise (Dietrich, 2006). Greater cardiovascular activity (e.g., higher HR)
would be followed by stronger shift of resources away from theprefrontal
region and, therefore, monitoring processes would be impaired. At
the peripheral level, increased metabolic demands call for heightened
sympathetic activity and larger release of catecholamines (Obrist,
1981). In order to compensate for the greater arousal consequent to
intense cardiovascular exercise, accurate shooting may require greater
cortical inhibition, which could alter the balance between activation of
shooting-relevant regions and suppressionof shooting-irrelevant regions.
Pre-shooting frontal-midline theta power and alpha power can be
examined to assess the perturbation introduced by cardiovascular load.

In the present study we tested experienced youth biathletes at a
shooting task at rest (no-load) and after completing sub-maximal cardio-
vascular exercise (load). The aims of the study were three-fold. First, to
explore experienced biathletes' pre-shooting cortical adaptations to sub-
maximal cardiovascular exercise. We expected that cardiovascular exer-
cise would reduce frontal-midline theta power and increase regional
alpha power over temporal and occipital regions. Second, to explore the
relation between cardiovascular and neurophysiological activity when
shooting under cardiovascular load. We hypothesized that greater
HR – as marker of cardiovascular load – would be associated with
lower frontal-midline theta power and higher alpha power over
temporal and occipital regions. Third, to examine the relation be-
tween pre-shooting EEG activity and shooting accuracy. We expected
that higher frontal-midline theta power, lower central alpha power
and higher temporal and occipital alpha power would be associated
with better shooting accuracy.
2. Materials and methods

2.1. Participants

Thirteen experienced youth biathletes (5males, 8 females) from the
Federal teams of Styria and Salzburg participated in the study. The par-
ticipants were 17.08 years old (SD = 1.66) and reported a training and
competition experience of 5 to 8 years. On average, they had a BMI of
20.72 (SD= 1.25) and HR-max of 200.39 bmp (SD= 6.36). Individual
HR-max values were obtained through spiroergometry conducted
within the seven months preceding testing. All participants except
two were right-handed and all had normal eye sight. Participants
were tested at the end of their competition season. Testing took place
in an indoor range and required about 2.5 h per participant. The study
protocol was approved by the local research ethics committee and all
participants gave their informed consent to participate in the study.
2.2. Shooting task

Shotswere fired from the standing position at a single, stationary 50m
distant rifle shooting target (diameter of 11.5 cm). Participants were
instructed to be as accurate as possible and fire in their individual compe-
tition pace (i.e., under time pressure). Sets of five consecutive shots were
fired within each of 12 blocks, i.e., 60 shots in total. Participants used
their own rifle and all adopted a right-hand shooting stance (i.e., left foot
in front, barrel held with the left hand, trigger pulled with the forefinger
of the right hand). No feedback was given on the accuracy of each shot.
Shots were detected by a microphone interfaced with the system for
physiological recording through a stimulus box (StimTracker, Cedrus, CA).
2.3. Procedure

Following instrumentation for physiological recording, participants
calibrated their rifle and practiced shooting for about 10 min. Then,
they completed the shooting task under two fixed-order conditions:
first without and then with additional cardiovascular load (Fig. 1). On
average, the time interval between consecutive shots was 4.09 s
(SD= 0.62) and 4.32 s (SD= 1.09) for the no-load and the load condi-
tion, respectively. Rest recordings (2 min sitting with eyes closed and
2 min sitting with eyes open) were conducted about 10 min before
and after the completion of the shooting task.
2.4. Cardiovascular load

In the load condition, participants completed a bout of cardiovascu-
lar exercise at the beginning of each block, immediately before shooting.
Each bout consisted in cycling for 3 min at 90% of the HR-max on an er-
gometer placed few steps away from the firing line (cf. Hoffman et al.,
1992; Vickers and Williams, 2007). HR monitoring (chest belt, Polar
Electro, Finland) confirmed that the participants exercised at the re-
quired intensity: mean HR of 182.19 bpm (SD = 5.22), corresponding
to 90.94% (SD= 3.14) of HR-max. Before the first exercise bout partici-
pantswarmedup by cycling at lower intensity (around 60% of HR-max).



no-load load

...block 1 block 12 block 13 block 24...

+

Fig. 1. The shooting task was completed under two fixed-order conditions. For each no-load block (1−12) participants fired 5 consecutive shots. For each load block (13–24) participants
completed a 3-min exercise bout and then fired 5 consecutive shots.
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2.5. Physiological signals

Sixty-one channels EEG (Fp1, Fpz, Fp2, AF7, AF3, AF4, AF8, F7, F5, F3,
F1, Fz, F2, F4, F6, F8, FT7, FC5, FC3, FC1, FCz, FC2, FC4, FC6, FT8, T7, C5, C3,
C1, Cz, C2, C4, C6, T8, TP7, CP5, CP3, CP1, CP2, CP4, CP6, TP8, P7, P5, P3,
P1, Pz, P2, P4, P6, P8, PO7, PO5, PO3, POz, PO4, PO6, PO8, O1, Oz, O2),
EOG (below the right eye), and bipolar ECG (lead-II montage with elec-
trodes on the right collarbone and the fifth left intercostals space at the
midclavicular line)were recordedwith ground and reference electrodes
placed respectively at CPz and AFz and digitized at 1024 Hz (24-bit res-
olution) using the eegosport system (ANT Neuro, Netherlands). This
system employs active shielding technology that allows the sensor-
level signals to be conducted with minimal electrical distortion to an
amplifier placed in a backpack. The EEG signals were 1–35 Hz pass-
band filtered (FIR filter), re-referenced to the average of all EEG chan-
nels and then subjected to Independent Component Analysis (Runica
Infomax algorithm, Makeig et al., 1996). The components accounting
for blinks, eye movements, and other non-neural activity that could
clearly be identified were removed. Time-frequency decomposition
was performed through short-time Fast Fourier Transform (FFT) on 17
overlapping segments (overlap of 87.5%), each of the duration of 0.5 s
and linearly spacedwith centre points ranging from−1000 to 0ms rel-
ative to the execution of the shot (i.e., 0 ms = shot). Prior to FFT, each
segment was Hanning-windowed to taper both ends to 0 and then 0-
padded to reach 2 s length. This procedure generated FFT coefficients
in the time-frequency plane with a precision of 62.5 ms and 0.5 Hz.
EEG signals were processed using the EEGLAB toolbox (Delorme and
Makeig, 2004) and MATLAB (MathWorks, Natick, MA). The ECG signal
was processed using QRSTool (Allen et al., 2007) to detect the occur-
rences of the R-waves that preceded and followed each shot.

2.6. Measures

2.6.1. Manipulation checks
Participants rated their physical exertion (RPE) on a 15-point scale

(Borg, 1982) ranging from 6 to 20 (6=minimal exertion, 20=maximal
exertion). Ratings were performed immediately before shooting in the
1st, 6th, 12th blocks, for the no-load condition, and in the 13th, 18th,
and 24th blocks, for the load condition. Values were averaged across
blocks to generate a single score for each load condition. HR (bpm) at
the moment of shooting was derived from the R-R interval enclosing
each shot.

2.6.2. Shooting accuracy
The accuracy of each shot was recorded through a computer con-

trolled display (SA 921, SiusAscor, Switzerland) and was measured in
target rings ranging from 0 to 10.9 (0 = outside the outer ring; 10.9 =
centre of the target).
2.6.3. EEG power
Power spectral density (μV2/Hz, hereafter “power”) was computed in

the time-frequency plane from each FFT coefficient. Powerwas averaged
across time to generate values within 4 epochs: −1000 to −750 ms,
−750 to −500 ms, −500 to −250 ms, −250 to 0 ms (0 ms = shot).
Following the identification of the Individual Alpha Frequency of each
participant (IAF; Klimesch, 1999), power was also averaged over fre-
quencies to generate values in the adjusted theta (IAF–6 to IAF–4) and
alpha (IAF–2 to IAF + 2) bands. The IAF was computed twice, one for
each of the eyes-closed rest recordings that preceded and followed the
shooting task. No difference was revealed between the first IAF (M =
9.96, SD = 0.99 Hz) and the second IAF (M = 10.12, SD = 0.77 Hz),
t(12) = 1.67, p = 0.12, however, these two values were used to adjust
the frequency bands in the no-load and load conditions, respectively
(cf., Bazanova and Vernon, 2014; Gutmann et al., 2015; Haegens et al.,
2014). Frontal-midline theta power was examined at channels Fz, FC1,
FCz, FC2, Cz, whereas alpha power was examined in the temporal, occip-
ital, and central regions, in line with our hypotheses: left-temporal (FT7,
T7, TP7), left-occipital (PO7, PO5, PO3, O1), left-central (FC3, FC1, C3, C1),
right-temporal (FT8, T8, TP8), right-occipital (PO8, PO6, PO4, O2), and
right-central (FC4, FC2, C4, C2). Power was averaged across these
channels to yield values for each region. No neutral baseline could
be identified, therefore non-normal distribution and inter-individual
differences were dealt with by employing a median-scaled log trans-
formation (see Appendix). All values were subjected to this transfor-
mation; however, for the sake of brevity, we use the term “power”
throughout the text.
2.7. Statistical analyses

2.7.1. Effects of cardiovascular load
Paired-sample t-tests (no-load versus load) were conducted on

HR and RPE to confirm that our manipulation induced increased
load in preparation for shooting. After verifying this requirement,
shooting accuracy, and pre-shooting EEG activity (frontal-midline
theta and alpha power) were examined. Shooting accuracy was sub-
jected to paired-sample t-tests, whereas frontal-midline theta
power and alpha power were subjected to repeated-measures
ANOVAs with the factors Load (no-load, load), Epoch (−1000 to
−750 ms, −750 to −500 ms, −500 to −250 ms, −250 to 0 ms),
and, only for alpha, Region (left-temporal, left-occipital, left-central,
right-temporal, right-occipital, right-central). The multivariate so-
lution was reported for the ANOVAs when assumption of sphericity
was violated (Vasey and Thayer, 1987). Partial eta-squared (ηp

2) is
reported as measures of effect size: values of 0.02, 0.13, and 0.26
were taken to reflect small, medium, and large effects, respectively
(Cohen, 1992). Significant effects were interrogated using post hoc
Scheffé tests.
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2.7.2. Effects of HR on EEG power
The influence of HR on either frontal-midline theta power or alpha

power, both considered in one epoch ranging from −1000 to 0 ms,
were examined at the block level. For each of these variables, a time se-
ries with 24 time points (i.e., one time point for each shooting block of
the aggregated no-load and load conditions) was generated by averag-
ing the respective values across participants. Due to autocorrelation
(e.g., HR in block n is a predictor of HR in block n + 1), time-series re-
gressionswith autoregressive, moving-average, and exogenous compo-
nent (ARMAX) were used to control for delayed effects (one lag) of the
dependent variable and the associated residuals. HR served as predictor,
whereas either frontal-midline theta power or alpha power (in the dif-
ferent regions) served as outcome variable in separate regressions. A
dummy predictor accounting for the manipulation of cardiovascular
load was not included in the model because of the high collinearity
with the HR predictor (Fig. 3B). The contribution of each predictor
was assessed through the analyses of the regression coefficients.

2.7.3. Effects of EEG on shooting accuracy
The effects of frontal-midline theta power and alpha power on

shooting accuracy were examined at the participant level and at the
block level. For the participant level, Pearson's correlations were con-
ducted between participants' mean shooting accuracy scores and their
mean frontal-midline theta power and alpha power, separately for
Load (no-load, load), Epoch (−1000 to −750 ms, −750 to −500 ms,
−500 to −250 ms, −250 to 0 ms), and, only for alpha, Region (left-
temporal, left-occipital, left-central, right-temporal, right-occipital,
right-central). In the case that a significant correlation was revealed
for one load condition but not the other, the two coefficients were com-
pared using the procedure for repeated-measures designs described by
Steiger (1980). This procedure provides a z-value under the null hy-
pothesis that the two coefficients are equal. For the block level analyses,
time-series ARMAX regressionswere conductedwith shooting accuracy
as dependent variable and either frontal-midline theta or alpha power
(in the different regions) as predictor variable. Themanipulation of car-
diovascular loadwas controlled for by including an appropriate dummy
variable as predictor. The unique contribution of each predictor was
assessed through the analyses of the regression coefficients.

3. Results

3.1. Effects of cardiovascular load

3.1.1. Manipulation checks. HR, t(12) = 20.01, p b 0.001, and RPE,
t(12) = 11.60, p b 0.001, increased from no-load to load (Table 1).

3.1.2. Shooting accuracy. Shooting accuracy did not change from
the no-load to the load condition (Table 1), t(12) = 0.75, p = 0.47.
Table 1
Descriptive statistics of shooting accuracy, HR, alpha power, and frontal-midline theta power a

no
M

Shooting accuracy (0.0–10.9) 4.6
HR (bpm) 73
RPE (6–20) 7.1
Frontal-midline theta Mdn-scaled log power (10·log10(μV2/Hz)) 1.0
Alpha Mdn-scaled log power (10·log10(μV2/Hz)) –0

Left-temporal 1.5
Left-occipital 1.2
Left-central –2
Right-temporal 0.8
Right-occipital 1.1
Right-central –2

⁎⁎ = p b 0.01.
⁎⁎⁎ = p b 0.001.

a = different from left- and right-central (post hoc).
b = no-load different from load (post hoc).
3.1.3. Frontal-midline thetapower. The 2 Load×4 Epoch repeated-
measures ANOVA revealed a main effect for Load whereby frontal-
midline theta power decreased from the no-load to the load condition
(Table 1), F(1,12) = 13.73, p = 0.003, ηp

2 = 0.534. A main effect
for Epoch emerged, F(3,10) = 21.38, p b 0.001, ηp

2 = 0.865. Post
hoc testing showed that frontal-midline theta power increased in the
last 250 ms whereas it did not change within −1000 to −250 ms. No
Load × Epoch interaction was revealed, F(3,36) = 0.38, p = 0.77,
ηp
2 = 0.031.
3.1.4. Alpha power. The 2 Load× 4 Epoch× 6 Region repeated-mea-

sures ANOVA revealed a main effect for Load whereby alpha power in-
creased from the no-load to the load condition (Table 1), F(1,12) =
19.50, p b 0.001, ηp

2 = 0.618. A main effect for Region emerged,
F(5,8) = 46.56, p b 0.001, ηp

2 = 0.967. Scheffé tests showed that alpha
power was higher over the temporal and occipital regions than over
the central regions (Table 1). No Load × Region interaction was found,
F(5,60) = 1.75, p=0.14, ηp

2 = 0.127, however, Scheffé tests were con-
ducted to examine the a priory predicted changes across the different
cortical regions. These tests confirmed that alpha power increased
from the no-load to the load condition for the temporal and occipital re-
gions however it did not change for the central regions (Table 1). Amain
effect for Epoch also emerged, F(3,10) = 19.81, p b 0.001, ηp

2 = 0.856.
Scheffé tests revealed that alpha power increased in the last 250 ms
whereas it did not change within −1000 to −250 ms. Lastly, the fol-
lowing interactions were revealed: Load × Epoch, F(3,10) = 5.09,
p = 0.02, ηp

2 = 0.604, Epoch × Region, F(15,180) = 2.44, p = 0.003,
ηp
2 = 0.169, and Load × Epoch × Region, F(15,180) = 1.87, p = 0.03,

ηp
2=0.135. Scheffé tests confirmed that alpha powerwas overall higher

in the load than the no-load condition, however it did not change for the
right-central (from −1000 to 0 ms), left-central (from −250 to 0 ms),
and left-temporal (from −250 to 0 ms) regions. Additionally, these
tests confirmed the temporal trend described above, however, no change
across timewas revealed for the right-central region in the load condition.
Scalp maps for theta and alpha power are showed in Fig. 2.

3.2. Effects of HR on EEG power

Time-series regressions were conducted with HR as predictor and
either frontal-midline theta power or alpha power (in the different
regions) as dependent variables in separate regressions. The coeffi-
cients associated with the predictors revealed significant effects of
HR on frontal-midline theta power (b=−0.01, p= 0.01) and on alpha
power for all regions (bs=0.01–0.02, ps b 0.001) except the right-central
(b = 0.002, p = 0.53). These effects indicated that, independently of
lagged effects, the blocks with higher HR were characterized by lower
frontal-midline theta power and higher alpha power. The results of all re-
gressions are reported in the Supplementary Material (Table S.2). Fig. 3
s a function of Load (no-load, load), together with the results of statistical testing.

-load
(SD)

load
M (SD)

Δ(load – no-load)

7 (1.17) 4.50 (1.47) –0.17
.49 (16.76) 157.21 (19.76) 83.72⁎⁎⁎

8 (1.84) 14.46 (2.34) 7.28⁎⁎⁎

0 (0.25) 0.43 (0.15) –0.57⁎⁎

.04 (0.17) 1.01 (0.18) 1.05⁎⁎⁎

4 (0.47)a 2.77 (0.50)a 1.24b

6 (0.26)a 2.23 (0.37)a 0.97b

.62 (0.21) –1.74 (0.14) 0.88
0 (0.31)a 1.95 (0.29)a 1.15b

7 (0.22)a 2.55 (0.36)a 1.39b

.36 (0.30) –1.69 (0.11) 0.67
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shows the time series for shooting accuracy, HR, frontal-midline theta
power, and regional alpha power.

3.3. Effects of EEG on shooting accuracy

Pearson's correlations were conducted to examine the relation be-
tween shooting accuracy and, separately, frontal-midline theta power
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Fig. 3.Time series across the aggregatedno-load and load blocks for shooting accuracy (A),
HR (B), frontal-midline theta power (C), and alpha power (D).
and alpha power across participants. In regards to frontal-midline
theta power, a positive correlation was found in the 250 ms preceding
shooting (Fig. 4A,C). This correlationwas significant for theno-load con-
dition, r=0.72, p=0.006, but not for the load condition, r=0.38, p=
0.21, however, these correlations were not significantly different from
each other, z=1.70, p=0.09. In regards to alpha power, a negative cor-
relation was found in the left-central region between −500 and
−250 ms before shooting (Fig. 4B,D). This correlation was significant
for the load condition, r=−0.62, p=0.03, but not for the no-load con-
dition, r=0.17, p=0.57. These correlationswere significantly different
fromeach other, z=2.04, p=0.04. These findings indicate that the par-
ticipants that showed higher frontal-midline theta power immediately
before shooting achieved higher shooting accuracy, particularly under
no-load. Under load, participants that showed lower alpha power in
the left-central region achieved higher shooting accuracy. The results
of all correlations are reported in the Supplementary Material (Table
S.1).

Time-series regressions were conducted at the block level with
shooting accuracy as dependent variable. Separate models were run
with either frontal-midline theta power or alpha power (one model
for each region). A dummy variable was used to control for the effects
of the cardiovascular load manipulation. The coefficients associated
with the predictors revealed significant effects of left-temporal alpha
power (b = 0.18, p = 0.04) and frontal-midline theta power (b =
0.20, p b 0.001) on shooting accuracy. These effects indicated that shoot-
ing accuracywas higher in the blockswhen frontal-midline theta power
and left-temporal alpha power were higher. The results of all regres-
sions are reported in the Supplementary Material (Table S.2).

3.4. Control analyses

(Fig. 5) Pre-shooting cortical activitywas compared to a non-shooting
condition. The two eyes-open rest recordings conducted before and after
the completion of the shooting task were used as control condition.
Frontal-midline theta power and alpha power were averaged across
the two rest recordings and compared to the activity related to prepara-
tion for shooting (values were considered in a single time interval −
1000 to 0ms and averaged across no-load and load). In regards to fron-
tal-midline theta power, non-shooting and pre-shooting values were
compared through a paired-sample t-test. This analysis revealed that
frontal-midline theta power tended to be higher for pre-shooting than
non-shooting, t(12)= 1.95, p=0.08. In regards to alpha power, values
were submitted to a 2Condition (non-shooting, pre-shooting)×6Region
(left-temporal, left-occipital, left-central, right-temporal, right-occipital,
right-central) repeated-measures ANOVA. Effects for Condition,
F(1,12) = 4.87, p = 0.05, ηp

2 = 0.289, Region, F(5,60) = 44.99,
p b 0.001, ηp

2 = 0.790, and Condition × Region, F(5,60) = 11.41,
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p b 0.001, ηp2= 0.487, were revealed. Post hoc Scheffé tests conducted on
the interaction effect indicated that alpha topography for pre-shooting
was different than that during non-shooting. Namely, in preparation for
shooting, the samepattern described in themain analyseswas confirmed
(i.e., higher power over the temporal and occipital regions compared to
the central regions), whereas, for non-shooting, power was higher over
the occipital than the central regions, with no difference between the
temporal and the other regions examined.

4. Discussion

This study examined pre-shooting EEG activity in a group of experi-
enced youth biathletes, at rest (no-load) and immediately following
sub-maximal cardiovascular exercise (load). Despite the large increases
in HR and RPE, shooting accuracy did not change from no-load to load
(cf. Vickers and Williams, 2007), suggesting that compensatory strate-
gies were adopted to cope with the increased demands of shooting
Theta Alpha

3- 0 3

non-shooting pre-shooting non-shooting pre-shooting

Mdn-scaled log power
(10·log 10 (µV²/Hz))

Fig. 5. Scalp maps representing theta and alpha power averaged across participants in
non-shooting condition (eyes open rest) and in preparation for shooting.
under conditions of intense cardiovascular load. The analyses of frontal-
midline theta power and alpha power within the last second preceding
shooting revealed effects that can shed some light on these strategies.

4.1. Preparation for shooting

Irrespective of cardiovascular load, frontal-midline theta power in-
creased within the last second of preparation with a sharp increase in
the last 250 ms (Fig. 2A). This effect suggests that resources were allo-
cated to monitoring processes in a timely way (cf. Doppelmayr et al.,
2008), that is when it is most crucial that the rifle barrel is aligned
with the target. Alpha power showed a regional effect compatible
with the redistribution of resources away from the temporal and occip-
ital regions (higher alpha power) and towards the central regions
(lower alpha power) (Fig. 2B) (cf. Jensen and Mazaheri, 2010). That
these effects are specific to preparation for shooting is supported by
control analyses revealing that non-shooting eyes-open rest recordings
are characterized by different patterns for both frontal-midline theta
power and alpha power (Fig. 5).

4.2. Effects of cardiovascular load

Pre-shooting frontal-midline theta powerwas overall reduced under
load compared to no-load. Additionally, higher HR values – as amarker of
cardiovascular activation – were associated with lower frontal-midline
thetapower across the shooting blocks. In light of the associationbetween
frontal-midline theta power and monitoring processes (Cavanagh and
Frank, 2014), these findings indicate that fewer resources were deployed
tomonitoringprocesseswhen shotswerefiredunder cardiovascular load,
and that greater load was followed by a stronger reduction inmonitoring
resources. This interpretation is compatible with the account that meta-
bolic resources were shifted away from the prefrontal area following car-
diovascular exercise (Dietrich, 2006). However, it has to be noted that
cardiovascular load did not interfere with the temporal trend whereby
frontal-midline theta power increased immediately before shooting.
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This suggests that, although in lower amount, monitoring resources were
still allocated in a timely way.

Pre-shooting alpha power, oppositely to frontal-midline theta
power, increased from the no-load to the load condition. This increase
was evident for the temporal and occipital regions but not for the central
regions. Additionally, alpha topography was modulated by peripheral ac-
tivation, whereby higher HR values were associated with increased alpha
power in all regions except the right-central. In vein of the inhibitory
function attributed to alpha activity across the cortex (Jensen and
Mazaheri, 2010; Klimesch et al., 2007), this regional specificity can be
interpreted as an adaptation to the increased need to inhibit cognitive ac-
tivity that is not relevant for shooting, particularly when shots are fired
under conditions of greater cardiovascular loads. These findings suggest
that cognitive processes operated in the temporal and occipital regions
may be not relevant for shooting performance. This result is consistent
with previous studies finding that alpha powerwas higher over temporal
and occipital regions than central regions, in preparation for action in pre-
cision sports (e.g., Cooke et al., 2014; Kerick et al., 2001).

4.3. Correlates of shooting accuracy

The influence of pre-shooting EEG activity on shooting accuracy was
examined from two different perspectives. It is important to note that
both perspectives converged towards a singlefinding. First,we examined
the average score of each participant with their average pre-shooting
EEG activity. In regards to shooting under rest conditions, we found
that the participants who exhibited higher frontal-midline theta power
immediately before shooting achieved better accuracy. This effect is con-
sistent with Doppelmayr et al.’s (2008) findings showing that expert
marksmen display higher frontal-midline theta power in the last second
preceding shooting compared to novices. This effect tended to emerge
alsowhen shotswerefired under cardiovascular load, however, the asso-
ciation of pre-shooting frontal-midline theta power with shooting accu-
racy was somewhat lower, perhaps linked to the fact that cardiovascular
exercise reduced frontal-midline theta power. Under cardiovascular
load, the participants who displayed lower alpha power over the left-
central region of the cortex achieved higher shooting accuracy. This effect
can be interpreted as less inhibition and more resources being diverted
towards the left-central regions, possibly linked to the release of the
shot operated by the forefinger of the right hand (cf. Pfurtscheller and
Lopes da Silva, 1999). Second, we examined the relation between EEG
activity and shooting accuracy across all the different blocks of the
aggregated no-load and load conditions. Time-series analyses indicated
that participants achieved higher shooting accuracy in the blocks when
frontal-midline thetawas higher. To the best of our best knowledge, this
finding constitutes the first evidence that pre-shooting frontal-midline
theta power is associated not just with expertise but also with shooting
accuracy within participants. Additionally, higher shooting accuracy
was obtained in the blocks where alpha power over the left-temporal
region was higher too. This effect is consistent with a number of
Fig. A.1. The EEG power density distributions at the Individual Alpha Frequency (IAF; Klimesch
illustrate the median-scaled log transformation of raw EEG power.
findings indicating that inhibition of left-temporal region of the cortex
is beneficial to performance in precision shooting (Hatfield et al., 2004).

4.4. Limitations and future directions

The findings of this study need to be considered in light of a series of
limitations. First, cardiovascular load was manipulated in a fixed-order
design – i.e., all participants completed the shooting task first at rest
and then after cardiovascular exercise. This design choice can introduce
a learning effect whereby task performance improved (or did not de-
crease) because familiarity with the task increased during testing. How-
ever, the presence of such confound can be ruled out by observing that if
learning had occurred then shooting accuracy would have improved
within each load condition, however, this was not the case (Fig. 3A).
Nevertheless, we do recommend that future research employs a coun-
ter-balanced design to control for possible confounds that vary with
what is manipulated. Second, based on the findings of this study we
have argued that a series of cortical adaptations can allow experienced
biathletes to shoot accurately despite the intense cardiovascular load.
This interpretationwould have been supportedmore solidly if our sam-
ple included biathletes with larger variability in their skill and expertise
level. Namely, it can be predicted that the cortical adaptations that we
described are evident for experienced biathletes but less for biathletes
with lower experience.We recommend that future studies test this pre-
diction to support or reject our interpretation. Third, our study did not
reveal changes in shooting accuracy following sub-maximal cardiovas-
cular exercise, however, it is plausible that different exercise intensities
would have affected shooting accuracy differently. Itwould be useful for
future research to investigate the cortical dynamics in preparation for
action under different conditions of cardiovascular load (e.g., Hoffman
et al., 1992; Vickers andWilliams, 2007). Fourth, this study has revealed
that pre-shooting EEG activity can affect subsequent shooting accuracy.
Earlier studies have revealed that biomechanical factors such as body
and rifle sway are also important determinant s of shooting accuracy
(Ihalainen et al., 2015; Sattlecker et al., 2014, 2016). It would be inter-
esting for future research to explore the relations between pre-shooting
EEG activity and changes to suchbiomechanical factors. Lastly, we delib-
erately avoided to interpret selective patterns of neurophysiological ac-
tivity in terms of cognitive processes becausewe did notmanipulate nor
measure cognition directly. While we acknowledge that certain cogni-
tive processes are most likely localized in specific regions of the cortex,
the opposite reasoning can generate spurious interpretations (Poldrack,
2006). We suggest future research to manipulate concomitantly physi-
ology and cognition to shedmore light on the relation between EEG ac-
tivity and cognitive processes during preparation for action.

4.5. Conclusions

This study supports the account that experienced biathletes can
maintain rest-level shooting accuracy under conditions of sub-maximal
, 1999) in two participants (subject #01: A, B, C, D; subject #02: E, F, G, H) are showed to
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cardiovascular load. Our findings suggest that intense load decreases
biathlete's monitoring capacity. However, it is also suggested that
these impairing effects can be counter-acted by increased neural effi-
ciency (Hatfield and Hillman, 2001). Namely, resources can be diverted
away from shooting-irrelevant cognitive processes (based in the tem-
poral regions of the cortex) and directed towards cognitive processes
that are more relevant for shooting (based in the central regions of
the cortex). This knowledge advances our understanding of preparation
for action in precision sports and can be used to inform training proto-
cols aimed at suppressing irrelevant activity while concomitantly en-
hancing effective activity.
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Appendix A. Median-scaled log transformation of EEG power

Power distributes according to a χ2 function, hence a log transforma-
tion is typically used to unskew the distribution andmake it conform to
aGaussian (Kiebel et al., 2005). The log transformsnumbers smaller and
bigger than 1 into negative and positive numbers respectively; howev-
er, the proportion of values that are smaller/bigger than 1 varies across
individuals (Fig. A.1 A, E). As a consequence, the centre of the Gaussian
slides to the left or the right on the basis of such inter-individual differ-
ences (Fig. A.1 B, F). With the aim of minimizing such differences a me-
dian scaling was performed before log transformation. Raw power
values were clustered separately for each participant and frequency
bin, so that each cluster included values relative to all other experimen-
tal factors – i.e., 2 Load × 60 Shots × 4 Epoch× 63 channels. Valueswith-
in each cluster were scaled by the median of the cluster, so that the
proportion of values smaller/bigger than 1 μV2/Hz was equal to 1 in all
clusters (Fig. A.1 C, G). Consequently, the log-transformed power values
became symmetric around 0 for all clusters (Fig. A.1D, H). It is notewor-
thy that all values within a cluster were scaled by the same scalar there-
fore within-subjects dynamics are not altered.

Appendix B. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijpsycho.2016.09.004.
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