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Abstract: Cortical activity is thought to reflect the biomechanical properties of movement
(e.g., force or velocity of movement), but fatigue and movement familiarity are important
factors that require additional consideration in electrophysiological research. The purpose
of this within-group quantitative electroencephalogram (EEG) investigation was to
examine changes in cortical activity amplitude and location during four resistance exercise
movement protocols emphasizing rate (PWR), magnitude (FOR), or volume (VOL) of
force production, while accounting for movement familiarity and fatigue. EEG signals
were recorded during each complete repetition and were then grouped by functional region,
processed to eliminate artifacts, and averaged to compare overall differences in the
magnitude and location of cortical activity between protocols over the course of six sets.
Biomechanical, biochemical, and exertional data were collected to contextualize
electrophysiological data. The most fatiguing protocols were accompanied by the greatest
increases in cortical activity. Furthermore, despite non-incremental loading and lower force
levels, VOL displayed the largest increases in cortical activity over time and greatest motor
and sensory activity overall. Our findings suggest that cortical activity is strongly related to
aspects of fatigue during a high intensity resistance exercise movement.
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1. Introduction

Exercise is increasingly recognized for its role in optimizing cognitive function and learning, as
well as in the prevention and management of neurodegenerative disorders [1,2]. Likewise, it is well
established that the brain is essential for neuromuscular adaptations to exercise [3]. While we have
begun to appreciate the relationship between the brain and exercise, investigations of brain activity
during intense, whole-body exercise are rare. Most brain imaging devices cannot capture brain activity
during high-intensity, whole-body movements due to blood flow changes or limitations in
permitted movement during data acquisition [4]. As a result, many investigations to date have
examined brain activity before or after exercise. In addition, most studies have used isolated
(e.g., finger flexion), isometric, or low-intensity movements not typically found in traditional exercise
or the behavioral repertoire.

While investigations of movement may not relate entirely to vigorous exercise, they indicate a
cortical representation of the biomechanical properties of movement. Examples of these properties
include force (e.g., lifting a heavy box), power (e.g., jumping), or repetition volume (e.g., lifting a box
many times). From the standpoint of muscle recruitment, high power and force movements require
higher threshold, fast-twitch (or Type Il) motor units (an alpha motor neuron and the muscle fibers it
innervates) while higher volume movements utilize lower threshold, slow-twitch (or Type I) motor
units [5]. As force and power are generated through the orderly recruitment of higher threshold motor
units (this concept is known as the size principle [6]), higher force and power require the recruitment
of larger amounts of muscle mass. In power movements, a quickly accelerated mass is moved at a high
velocity (e.g., shot put, sprinting, vertical jump). During this type of ballistic exercise, motor units are
recruited earlier and force is produced using three times the number of motor units involved in
non-ballistic movements using the same mass [7,8].

Since higher force and power have been accompanied by higher cortical (EEG) and elbow flexor
(electromyography (EMG)) activity during the execution of an elbow flexion task, others have
concluded that cortical activity represents the controlling signal of movement [9]. Supporting this
theory, elevated cortical activity has been observed with higher force and power in investigations of
plantar flexion [10], finger, and hand movements [11,12]. Increases in activity are typically observed
above areas thought to play a key role in the control and execution of movement, including the
supplementary motor area, primary motor cortex, and sensorimotor cortex [13-19]. Cortical activity
thus appears to reflect the size principle, as it has coincided with the recruitment of the higher threshold
motor units (and thus greater muscle mass) responsible for higher power and force production.

In addition to the differences between the biomechanical properties of movement, a fundamental
and often independently studied component of exercise research is the impact of fatigue. Most
investigations have found progressive increases and widespread changes in cortical activity during
repetitive movements [4,15,20-26]. However, these investigations have varied in their use of
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incremental or non-incremental loading, the biomechanical aspects of movement, and whether or not
fatigue was a specific outcome variable. Brummer et al. [4], recently demonstrated that EEG can
effectively examine intense whole-body exercise through the use of newer artifact reduction and
processing technologies. In his investigation, cortical activity density in specific locations was
measured during a dynamic, whole-body cycling exercise movement. In agreement with previous
investigations, activity above the primary motor cortex increased with incrementally higher intensity.
However, the use of incremental loading in that investigation makes it difficult to determine whether
changes in cortical activity can be primarily attributed to increased intensity. Taken together, these
investigations suggest that fatigue plays a role in motor and sensory cortical activity, although the
extent of this influence is uncertain.

Another increasingly well-recognized aspect of motor activity is the participants’ experience with a
given movement. The motor cortex plays a fundamental role in the acquisition and development of
new motor skills and this is reflected in cortical activity [16,27-30]. This theory was highlighted in
recent work which showed that improvements made during training could not be retained when
transcranial magnetic stimulation (TMS) was applied to the motor cortices of subjects attempting to
develop increased muscular force in a finger movement [16]. The central role of learning in the motor
cortex is important because the movements used in many investigations were unknown to subjects;
cortical activity may have therefore partially reflected training status, rather than the particular
movement features of interest. In support of this concept, Karni [30] demonstrated with functional
magnetic resonance imaging (fMRI) that subjects who practiced a standard finger movement pattern
experienced acute and prolonged growth in the intensity and area of motor cortical activity over three
weeks of training. Using EEG in a single-leg press exercise, Falvo et al. [28] found that training
resulted in more rapid peaks and overall decreases in the magnitude of cortical activity. In another
investigation, highly-trained athletes showed decreases in primary motor activity during an exhausting
isometric handgrip exercise when compared to non-athletes, who exhibited increased activity at
exhaustion [31]. Cortical activity is therefore affected by movement novelty and training, and this may
be a function of motor unit activation efficiency, precision, and the biomechanical properties
of movement. Thus, the use of untrained subjects may confound other independent variables if
left unaddressed.

In summary, the available research suggests that biomechanical properties of movement are
responsible for changes in cortical activity before, during, and after exercise, although further
examination of cortical activity during whole-body exercise is needed. While fatigue may generally
result in increased cortical activity during exercise, how force, power, and volume of movement relate
to cortical activity during exercise is unclear. Furthermore, an examination of these factors in an
investigation that accounts for subjects’ training status is required to address the potential influence of
movement experience. The purpose of the present investigation was to examine changes in cortical
activity in primary motor and sensory regions during four resistance exercise movement protocols that
emphasized rate (PWR), magnitude (FOR), or volume (VOL) of force production, while accounting
for movement familiarity and fatigue. We hypothesized that: (1) if cortical activity is a central
representation of the size principle, the highest levels of motor and sensory activity should accompany
FOR and PWR protocols; and (2) if movement related cortical activity increases with fatigue, the
largest increases in motor activity should occur during the VOL protocol.



Brain Sci. 2012, 2 652

2. Results

As a general note, the terms motor and sensory apply to activity in premotor/primary motor and
sensory/parietal regions, respectively, as primary motor activity was not statistically different from
premotor activity over time, nor was parietal activity different from sensory activity. Additionally,
although EEG monitors the ion currents associated with neural activity, both inhibitory and excitatory
potentials may be detected as negative or positive depending on where they are generated [32,33]. For
each subject and protocol, polarity was typically established from the first repetition and few subjects
crossed from negative to positive. Indeed, one subject exhibited predominantly negative activity even
during the CTRL protocol. Since the source of signal polarity cannot be determined with a reasonable
degree of certainty and because rectified data better depicted the trends in the data, rectified data are
presented [34].

2.1. Physiological Measures of Exertion

Ratings of perceived exertion (RPE) were lowest in CTRL (0.1 =+ 0.2 throughout all sets) and
increased in PWR (3.3 £1.7 after the first set and 5.9 £1.7 after the last set). The highest ratings were
seen in FOR (6.3 2.2 after the first set and 9.1 2.5 after the last set) and VOL (6.1 +=2.3 after the
first set and 9.3 2.1 after the last set). No significant differences were seen between FOR and VOL
protocols, but all other pairwise differences were significant. Heart rate, another measure of exertion,
reached 169.5 + 3.2 BPM during the VOL protocol, which was significantly higher than PWR
(139.9 +2.6 BPM) or CTRL (76.0 0.9 BPM) but not FOR (157.1 +3.2 BPM). As shown in Table 1,
lactate levels following the VOL protocol (IP) rose as high as 21.5 mmol/L. All pairwise differences
between protocols were significant immediately post exercise, from PWR to FOR to VOL. Complete
procedures and results for measures of tissue disruption (myoglobin, creatine kinase) and physiological
stress (cortisol) are reported elsewhere [35]. As described in our previous work, all biochemical
measures were highest in the VOL protocol. Thus VOL elicited the greatest physiological and
perceptual response, followed by FOR, PWR, and CTRL.

2.2. Sensory and Motor Activity and Biomechanics

We expected to observe the greatest activity above motor regions in the force (FOR) and power
(PWR) protocols (please see Table 2), since these protocols produced the most muscular force and
power. Instead, average activity above motor and sensory regions was highest in the VOL protocol
across all sets (significantly higher than FOR and CTRL from set one) (Figures 1 and 2). By contrast,
activity above the motor region in FOR was not significantly different from CTRL until set five—but
its sensory activity did differ from CTRL throughout. Motor and sensory activities were highest in
VOL, followed by PWR. Motor and sensory activities were low and relatively constant over time in
the CTRL protocol as expected given the lack of stimulus.
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Table 1. Lactate responses (mmol L) to protocols prior to exercise (PRE), immediately
post (IP), at 30 min post (+30), and at 24 h post (+24). Please note lactate levels
immediately post exercise (IP), where pairwise differences exist between all protocols with
the exception of CTRL and PWR. The VOL protocol is a source of particular physiological
stress (IP 15.95 +3.75 mmol L. * significant difference from resting and * significant
difference from all other protocols at 0.05 level.

Protocol PRE IP +30 +24
PWR 1.49 +0.46 3.01 +1.54 1.60 +0.51 1.27 +0.48
FOR 1.37 +0.16 8.66 +2.81%* 2.97 +£1.03 1.43 +0.49
VOL 1.29 +0.24 15.95 +3.75 * * 8.92 +£2.98%* 1.27 +£0.41

CTRL 1.40 +£0.40 1.20 +0.21 1.08 +0.23 1.30 +0.29

Table 2. Average physical characteristics of each protocol. Protocols were designed to
produce maximal values for the biomechanical property of interest. * Significantly greater
than all other protocols. (The CTRL protocol was not included in the analysis).

Measure PWR FOR VOL CTRL
Force (N) 2541.58 +314.17  3018.21 £477.19* 2539.12 +279.61 975.38 +100.32
Velocity (m/s) 1.76 +£0.13 * 0.65 £0.05 0.65 £0.06 0.00
Power (W) 4355.83 +665.62 *  1943.86 £372.62  1666.56 +288.06 0.00
Volume (repetitions) 18 18 60 * 0.00

Figure 1. Changes in primary motor activity (C3, CZ, C4) across six sets. By Set 4, the
high volume protocol (VOL, ten repetitions per set at 80%) was significantly higher than
all other protocols and its first three sets. Please note that the high force protocol (FOR,
three repetitions per set at 95% 1RM) begins as a low negative value and is significantly
different from all protocols at Set 1. By Set 6, FOR is significantly different from its first
four sets and only significantly different from the VOL protocol. Pairwise differences are
indicated in the form X:Y, indicating Reference Protocol: Significantly Different Protocol.
“F” indicates the FOR protocol, “V” VOL, and so forth. In a given protocol, “1” indicates
the value is significantly different from Set 1 of that protocol, “2” from Set 2, and so forth.
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Figure 2. Changes in sensory activity (CP3, CPZ, CP4) across six sets. Sensory activity
was especially pronounced in the PWR protocol (30% 1RM jump squats) initially but was
rapidly overwhelmed by VOL. Pairwise differences are indicated in the form X:Y,
indicating Reference Protocol: Significantly Different Protocol. “F” indicates the FOR
protocol, “V” VOL, and so forth. In a given protocol, “1” indicates the value is
significantly different from Set 1 of that protocol, “2” from Set 2, and so forth.
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2.3. Fatigue and Protocols

We hypothesized that motor and sensory activity would increase with fatigue. By set three, VOL
displayed significantly greater activity in both regions than all other protocols. Although its change
was less dramatic, FOR also displayed increasing activity over time above motor and sensory regions.
Muscular power and force decreased most significantly in VOL and FOR, which were also
characterized by the largest increases in heart rate, perceived exertion, and physiological measures of
exertion (for lactate values, see Table 1). By comparison, motor and sensory activity changed little
over time in PWR and CTRL. Thus VOL and FOR displayed the most pronounced increases in activity
above motor and sensory regions over the course of protocols.

We hypothesized that higher-threshold motor unit activation during FOR and PWR protocols would
be accompanied by greater cortical activity. Contrary to our hypothesis and previous work, from the
very first set, the highest levels of activity tended to accompany the VOL protocol. In agreement with
past investigations, the largest increases in activity over time occurred in the VOL protocol. In
addition, the FOR protocol changed over time to a greater extent than PWR and CTRL.



Brain Sci. 2012, 2 655

3. Discussion
3.1. Biomechanical Properties Secondary in Cortical Activity during Highly-Trained Exercise

Previous work has suggested that the size principle is a key peripheral factor in cortical activity
during movement [4,9-12]. These investigations have observed parallel increases in cortical activity
and force or power when increased progressively or in separate trials [4,9-12,36]. We observed
distinct levels and patterns of motor activity in protocols emphasizing power, force, or volume of
movement, but there are a number of reasons to question whether cortical activity during exercise
primarily reflects the level of muscle activation.

Accumulated fatigue provided the clearest indication to the contrary. In fatiguing VOL and FOR
protocols, motor activity increased despite progressive decreases in power output and resistance loads
(which would suggest the loss of contribution from fatigue-prone high threshold motor units).
Conversely, motor activity was relatively constant (albeit high) in PWR, where power output was
maintained and indices of fatigue were minimal, despite the production of maximal mechanical power
(which requires the highest threshold motor units). Increased cortical activity seen in the VOL and
FOR protocols with decreased performance indicates that fatigue was well represented in
cortical activity.

Fatigue was expected to interact with cortical activity but a surprising finding was that motor
activity in VOL was higher on average than FOR and PWR from the very first set—despite
significantly lower levels of force and power. As we discuss in section 3.2, this could highlight the
importance and specificity of movement familiarity. In addition, cortical neurons may interact with
skeletal muscle through other signaling mechanisms, including synchronization and frequency
adjustments [37]. Nonetheless, our investigation has demonstrated that even when fatigue is minimal,
cortical activity reflects the biomechanical properties of movement and other factors during a
highly-trained whole-body resistance exercise movement.

3.2. Fatigue Well Represented in Cortical Activity

VOL was created to equate the non-independent biomechanical properties of FOR and PWR while
incorporating the number of repetitions needed to produce the most load volume and fatigue. VOL and
FOR protocol were more fatiguing than PWR and CTRL based on lactate, heart rate, perceived
exertion, and performance decrement (See Table 1, Figure 3, and [35]). We hypothesized that if
cortical activity increases with fatigue during exercise, the largest increases in activity would occur in
VOL, and this was the case. Past investigations have also observed increased motor activity with
progressive fatigue while physical output remained constant or decreased. Schillings [26] observed
primary motor activity increases before grip contractions performed for 30 min at 70% MVC; force
was reduced to 93% of initial levels at the end of the protocol. They and others have suggested that
increased activity above motor regions may reflect a central effort to counteract cortical or peripheral
loss of force production capability during repetitive contractions [15,23,24,26,38].
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Figure 3. Mean performance over time.
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Others have observed decreases in cortical activity during or after fatiguing muscle contractions. In
an investigation of handgrip exercise at 40% MVC, fMRI activity decreased across the primary
sensorimotor cortex, supplementary motor area, cerebellum, and visual cortex [20]. Yang et al. [19]
observed sensorimotor decreases (EEG) during the sustained phase of a handgrip contraction at
20% MVC [19]. Decreased activity was not seen at higher loads, however: sensorimotor activity
(EEG) increased with fatigue in a grasping task at 70% MVC [23]. Freude and Ullsperger [25]
examined motor activity directly before contractions at 80%, 50%, and 20% of MVC and noted
increasing activity with fatigue at 80% but not with the non-fatiguing 50% protocol. Thus high-volume
movements appear to increase cortical activity when loads are relatively high, although one
investigation at 100% MVC had differing results: an initial increase in several regions (fMRI) was
eventually followed by decreases in motor, prefrontal, and cingulate activity that coincided with
decreased force [38]. This was suggested to reflect “an early adjustment to strengthen the descending
command for force-loss compensation and subsequent inhibition by sensory feedback as fatigue
became more severe”.

Sensory feedback may explain why loading and volume appear to influence the direction of cortical
activity during fatiguing conditions. Others have observed decreases in motor cortical activity with
training [28] and when comparing trained and untrained subjects [31]; based upon these investigations,
we can speculate that relatively lower levels of familiarity with fatiguing high load schemes may result
in increased cortical activity. These increases could reflect the attempt to compensate for decreasing
force and increasing information from the periphery with fatigue. Sensory activity mirrored motor
activity with regards to our experimental protocols: the highest levels accompanied protocols where
fatigue (and ostensibly feedback from the periphery) was highest. While cortical activity increases
under these circumstances, it is interesting to note that this increased activity did not result in increased
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muscular force. This may be due to intrinsic changes in the skeletal muscle (e.g., damage, metabolic,
adrenergic, or acidic environment).

4. Experimental Section
4.1. Design

Following a familiarization and first visit, a balanced, randomized, within-group design was used.
Four exercise visits, including a control protocol (CTRL), were spaced one week apart and randomized
with respect to sequence. Electroencephalogram (EEG) recordings were obtained throughout each
protocol visit, and data recorded during each complete repetition was used to produce quantitative data
on regional cortical activity increases in the cortex. Blood, perceptual measures, and performance data
were also collected to better characterize the stimuli accompanying each protocol.

The squat exercise was chosen for its prominence in daily living and training as well as its
adaptability to differing biomechanical properties. From a standing posture, the pattern of bending at
the hip and knee for the purpose of lowering the body to a reference position (such as sitting in a chair,
rising from a resting position, lifting and carrying) is typically throughout the day. In addition to the
use of squat variations in everyday activities, the resistance exercise program of a highly-trained
individual is likely to incorporate thousands of loaded squat repetitions in a given year. The squat is
easily adapted to emphasize various biomechanical properties (e.g., force, power, or volume), which
makes it ideal as an experimental movement. Equally important, when performed repetitively with
maximal exertion, the squat incorporates large amounts of muscle activation and creates substantial
fatigue [35,39-41]. In addition to large involuntary losses in force production capability, fatigue is
characterized by physiological responses that include large increases in circulating corticosteroids,
catecholamines, androgens, markers of metabolic activity and tissue disruption, heart rate, and perceptual
stress [42-47]. This investigation thus utilized the squat exercise movement as a highly-trained,
dynamic movement.

4.2. Subjects

Since subjects were required to perform resistance exercise at loads approaching maximal voluntary
dynamic force with minimal learning effects, only those who were highly-trained in the squat exercise
were included. As a result, the training state of the subjects was rare by comparison to general or
recreationally trained populations. Potential subjects were screened to ensure continuous participation
in intense resistance squatting exercise; all subjects used of loads in excess of 80% of 1RM at least
once a week in their training. In addition, they practiced resistance exercise for a minimum of four
continuous years (our population averaged 6 =+ 1 years). Subjects demonstrated the ability to
proficiently perform a standardized squat with an added load of at least two times their body mass on a
Smith machine. The smith machine was selected because it allows subjects to perform a squat while
the bar is fixed on a vertical track. The track permits movement in the sagittal plane while lessoning
movement of the bar in the transverse plane, allowing investigators to directly measure velocity,
power, and displacement with a linear transducer. The average squat load for their one-repetition
maximum (1RM) was later determined to be 174 + 26 kg at their first visit (the Smith machine
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apparatus is pictured in Figure 4). Potential subjects completed a comprehensive medical history that
prohibited the use of benzodiazepines, anti-epileptic and seizure medications, or anabolic steroids; a
physician cleared participating subjects for an absence of disease and fitness for vigorous exercise.

Figure 4. Experimental Movement and Design Process. Subjects completed 6 repetitions
of the squat movement at the prescribed load for each set. All protocols included 6 sets
with three minutes of rest between.
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At the conclusion of the screening process, healthy, highly-trained, non-smoking men (n = 7;
height: 175.01 =7.07 cm; body mass: 85.76 +9.86 kg; age 22 3 years) volunteered to participate in
the investigation. All enrolled subjects attended a one-hour verbal explanation of the study protocol,
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had the associated inconveniences and risks explained to them, had any questions answered, and
voluntarily signed the consent document. The local Institutional Review Board approved all
procedures for use of human subjects.

To account for individual and collective variation, 24 h prior to all visits (including the
familiarization and first visit), subjects replicated diet, water intake, caffeine use, and a breakfast while
abstaining from alcohol. No statistical differences were noted between subjects or within visits for
hydration (urine color < 5, USG < 1.025), life stress (Holmes-Rhea = 0), sleep quality, or hours of
sleep. Each subject maintained a specified testing time in the morning. Subjects abstained from
exercise for 48 h (72 h for lower body exercise) prior to each protocol visit.

4.3. EEG Data Acquisition

Cortical activity was measured using an Ag-AgCl electrode-containing elastic nylon cap in
conjunction with a 40-channel monopolar digital Amplifier (NuAmps, Neuroscan, Inc., El Paso, TX,
USA). Cap electrode configuration was set to an expanded version of the international 10-20-10
electrode placement system [48]. A linked-ears reference scheme was used with a separate scalp
electrode serving as a ground. To monitor and account for electrical artifacts stemming from eye
movements, blinks, and facial muscle contractions, electrodes were placed two centimeters above and
below the left eye as well as horizontal to each pupil. Scalp preparation (hair was not shaved) included
abrasive cleansing without the use of conditioner the morning of data collection, manual abrasion with
a hard-bristle comb by research staff, and gentle manual abrasion with a blunt-nose syringe prior to the
injection of conducting gel into each electrode. Abrasive prep-gel and alcohol was also used
as appropriate.

Cortical activity was recorded continuously using Neuroscan’s Scan 4.4 Software. A 32-bit
analog-to-digital converter was used to digitize signals from each channel at a sampling rate of
1000 Hz. High and low pass filters were set at DC and 100 Hz, respectively. Impedance was monitored
and kept at or below 5 kQ throughout all experimental protocols. All recordings took place with
eyes-open [49]. Visual event markers were used to signify the beginning and completion of each
repetition throughout each protocol. A quiet, cool, and low noise environment was used throughout
experimental protocols to minimize environmental stimuli, perspiration, and background electrical noise.

4.4. Familiarization and Simulation Visits

During the familiarization visit, all study protocols and procedures were explained in detail.
Protocols and procedures were practiced at various loads and the control day procedure reviewed until
staff determined that subjects were able to correctly perform all tasks. The purpose of the first visit was
to simulate experimental procedures and to obtain squat 1RMs (which were used to assign resistance
loads in experimental protocols). To obtain 1RMs, single repetitions of the squat were performed at
increasingly heavier loads as previously described [35]. The test was stopped when the subject could
no longer increase the load on the bar while squatting to a reference parallel position.
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4.5. Experimental Visits

The resistance load, set, and repetition schemes for the PWR, FOR, and VOL protocols are reported
in Table 3 (see Figure 4 for a visual depiction of sets and repetitions). Subjects completed every aspect
of the experimental protocols during the CTRL protocol with the exception of movement. Subjects
un-racked the unloaded (147 N) resistance bar as they ordinarily would for each set and stood silently
in the exercise apparatus for twenty seconds before re-racking the bar. The mean force for CTRL
(975.38 £100.32 N) represents the mean body mass with the added weight of the bar. Three minutes

of rest between sets were used for all protocols.

Table 3. Physical Characteristics of Experimental Protocols. Rest period was three minutes
between sets. Reps = repetitions of the squat movement; F = force; Vel = velocity;
M = mass; A = acceleration due to gravity; D = displacement. The mean one-repetition
maximum (1RM) was 174 %26 kg.

Protocol Sets Reps per Set Load Objective
PWR 6 3 30% 1RM Generate maximal repeated mechanical power (F ><Vel)
FOR 6 3 95% 1RM Generate maximal repeated dynamic force (M x<A)
VOL 6 10 80% 1RM Generate maximal number of high-load repetitions (F <D)
CTRL 6 N/A 15 Ibs (bar) Stationary stand for 20 s

Figure 5. Artifact Removal: Before and After Processing. Signals were processed to
remove potential artifacts from facial and eye muscle contractions using spatial and
frequency-based filters.
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Figure 5. Cont.
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4.6. Biomechanical Properties

Data were collected with an integrated force (Fitness Technology 400 series performance force
plate, Australia) and linear transducer (Celesco, Chatsworth, CA, USA) apparatus. All data were
reported using Ballistic Measurement System software (Software Version 2009.0.0). Equipment was
internally and externally calibrated prior to use and data were sampled at 200 Hz. Parallel squat depth
was set to a displacement of zero and confirmed as appropriate.

The PWR protocol incorporated maximal loaded mechanical lower-body power, which is developed
at 30% 1RM in the ballistic Smith squat exercise [37,50]. The mean resistance load used for the PWR
protocol was 52.27 £8.09 kg and the power output was significantly greater than all other protocols.
The FOR protocol incorporated near maximal dynamic loading (95% 1RM); the mean resistance load
used was 164.94 +24.23 kg with significantly greater force than all other protocols. A high VOL
protocol maximized total work and fatigue by incorporating heavy loading over the greatest number of
repetitions (80% 1RM for 6 sets of 10 repetitions). VOL used 138.31 £20.43 kg and had greater total
volume and work than all other protocols. Mean force in the VOL protocol was similar to mean force
in the PWR protocol with the difference in power production attributable to the higher velocity of
PWR. Likewise, mean velocity in the FOR protocol was similar to mean velocity in the VOL protocol
with the difference in power attributable to the higher loads of FOR.
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4.7. Measures of Exertion and Physiological Impact

The CRQ-10 scale [51,52] was used to measure perceived exertion (from 0 to 10 or higher if
appropriate). Blood measures were collected to assess the physiological impact of experimental
protocols. Lactate values were measured using a STAT 2300 (Yellow Springs, Inc., Yellow Springs,
OH, USA) and used as a global indicator of metabolic stress [53].

4.8. EEG Signal Processing and Analysis

Raw, continuous EEG signals were processed to produce final data (Edit, Compumedics Neuroscan,
El Paso, TX, USA). All continuous data files were visually checked for gross artifacts; channels
possessing such artifacts were eliminated (Figure 5). Artifacts created by eye movement and facial
muscle contractions were removed with a spatial filter, which used a spatially conscious covariance
matrix to remove artifacts without negatively attenuating co-varying brain-generated signals
(particularly in pre-frontal and frontal regions).

Continuous data were epoched from the beginning of the eccentric component until the completion
of the concentric component of every repetition. An infinite impulse response filter (set as a 50 Hz low
pass filter with a roll-off of 12 dB/oct) was applied to all data. The mean rectified amplitude of
electrode activity was grouped by region (Premotor—FC3, FCZ, FC4; Primary Motor—C3, CZ, C4;
Sensory—CP3, CPZ, CP4; Parietal—P3, PZ, P4). Previous work has depicted CZ as the
supplementary motor area and C3 as the sensorimotor cortex [9] for clarity, we have described both as
primary motor based on general consensus in the literature [54]. A three-dimensional integral mapping
function was used to spatially depict the most characteristic cortical activity during a repetition in
each protocol.

Few investigations have obtained EEG during dynamic maximal exertion movements so there was a
concern over whether noise might be present in our signals. The native signal-to-noise (SNR) function
of the Neuroscan Edit program was used to compute SNRs for each protocol and overall. For the first
repetition of each set, the noise from —1000 to —500 ms prior to each repetition (during which time the
subjects were standing in the rack with the full load on their back) was compared to the signal of the
entire repetition itself for all electrodes in our analysis. The average signal-to-noise ratio across all
protocols was 8:1.

4.9. Statistical Analyses

Quantitative values are presented as means and standard deviations (SD). Significance in this study
was set at P < 0.05. A log10 transformation was applied to data and assumptions for linear statistics
confirmed or corrections applied as applicable. A three-way within-group (protocol x set x region)
analysis of variance (ANOVA) with repeated measures (main effects suppressed) was used to detect
significant mean differences. Planned pairwise comparisons of interest with Fisher’s LSD were used to
discern the nature and significance of differences between variables.
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5. Conclusions

We found that increases in functional cortical regions during the fatiguing VOL protocol greatly
overwhelmed increases seen in PWR and FOR. The sensory demands of the PWR protocol were
reflected in high motor and sensory activity during the first set. However, activity in these regions did
not increase as it did in the VOL protocol; if anything, the activity in PWR decreased over time. While
the biomechanical properties of movement were differentially represented in regional cortical activity,
amplitude, and patterns, cortical activity appeared to reflect fatigue. Since fatigue would by definition
appear to reflect the most acute peripheral feedback, it was not surprising to observe the greatest levels
of and increases in sensory cortical activity in the protocols where fatigue was greatest. Fatigue may be
an important stimulus, indicator, and goal for exercise prescriptions. These data may provide
additional insight into the relationship between muscle performance and motor/sensory activity in
cortical regions of the brain.

Acknowledgments

The authors would like to thank Ronnie Abi-Raad and Robert Simon for their assistance in the
development and analysis of our electroencephalogram methodology. We wish to thank the following
individuals for their assistance with phlebotomy: Brian R. Kupchak; Jennifer F. Klau;
Linda M. Yamamoto. We wish to thank the anonymous reviewers for their comments as our work
improved greatly because of it. We wish to thank the following research volunteers for their assistance
during data collection: Kurt Gustafson; Brittany Wilson; Colin Walter; Patrick Austin; and
Elena Kozlova. Finally, the authors would like to thank the subjects who completed the considerable
demands of this protocol.

Conflict of Interest
The authors declare no conflict of interest.
References

1. Ratey, J.J.; Hagerman, E. Spark: The Revolutionary New Science of Exercise and the Brain,
1st ed.; Little, Brown and Company: New York, NY, USA, 2008; p. 294.

2. Cotman, C.W.; Berchtold, N.C. Exercise: A behavioral intervention to enhance brain health and
plasticity. Trends Neurosci. 2002, 25, 295-301.

3. Pascual-Leone, A. Disrupting the brain to guide plasticity and improve behavior. Prog. Brain Res.
2006, 157, 315-329.

4. Brummer, V.; Schneider, S.; Struder, H.K.; Askew, C.D. Primary motor cortex activity is elevated
with incremental exercise intensity. Neuroscience 2011, 181, 150-162.

5. De Luca, C.J.; LeFever, R.S.; McCue, M.P.; Xenakis, A.P. Behaviour of human motor units in
different muscles during linearly varying contractions. J. Physiol. 1982, 329, 113-128.

6. Henneman, E. Relation between size of neurons and their susceptibility to discharge. Science
1957, 126, 1345-1347.



Brain Sci. 2012, 2 664

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Desmedt, J.E.; Godaux, E. Ballistic contractions in man: Characteristic recruitment pattern of
single motor units of the tibialis anterior muscle. J. Physiol. 1977, 264, 673-693.

Desmedt, J.E.; Godaux, E. Fast motor units are not preferentially activated in rapid voluntary
contractions in man. Nature 1977, 267, 717-719.

Siemionow, V.; Yue, G.H.; Ranganathan, V.K.; Liu, J.Z.; Sahgal, V. Relationship between motor
activity-related cortical potential and voluntary muscle activation. Exp. Brain Res. 2000, 133,
303-311.

Do Nascimento, O.F.; Nielsen, K.D.; Voigt, M. Relationship between plantar-flexor torque
generation and the magnitude of the movement-related potentials. Exp. Brain Res. 2005, 160,
154-165.

Slobounov, S.M.; Ray, W.J. Movement-related potentials with reference to isometric force output
in discrete and repetitive tasks. Exp. Brain Res. 1998, 123, 461-473.

Slobounov, S.M.; Ray, W.J.; Simon, R.F. Movement-related potentials accompanying unilateral
finger movements with special reference to rate of force development. Psychophysiology 1998,
35, 537-548.

Donoghue, J.P.; Sanes, J.N. Motor areas of the cerebral cortex. J. Clin. Neurophysiol. 1994, 11,
382-396.

Ikeda, A.; Shibasaki, H. Invasive recording of movement-related cortical potentials in humans.
J. Clin. Neurophysiol. 1992, 9, 509-520.

Liu, J.Z.; Shan, Z.Y.; Zhang, L.D.; Sahgal, V.; Brown, R.W.; Yue, G.H. Human brain activation
during sustained and intermittent submaximal fatigue muscle contractions: An FMRI study.
J. Neurophysiol. 2003, 90, 300-312.

Muellbacher, W.; Ziemann, U.; Wissel, J.; Dang, N.; Kofler, M.; Facchini, S.; Boroojerdi, B.;
Poewe, W.; Hallett, M. Early consolidation in human primary motor cortex. Nature 2002, 415,
640-644.

Neshige, R.; Luders, H.; Friedman, L.; Shibasaki, H. Recording of movement-related potentials
from the human cortex. Ann. Neurol. 1988, 24, 439-445.

Wieser, M.; Haefeli, J.; Butler, L.; Jancke, L.; Riener, R.; Koeneke, S. Temporal and spatial
patterns of cortical activation during assisted lower limb movement. Exp. Brain Res. 2010, 203,
181-191.

Yang, Q.; Wang, X.; Fang, Y.; Siemionow, V.; Yao, W.; Yue, G.H. Time-dependent cortical
activation in voluntary muscle contraction. Open Neuroimag J. 2011, 5, 232-239.

Benwell, N.M.; Mastaglia, F.L.; Thickbroom, G.W. Reduced functional activation after fatiguing
exercise is not confined to primary motor areas. Exp. Brain Res. 2006, 175, 575-583.

Korotkov, A.; Radovanovic, S.; Ljubisavljevic, M.; Lyskov, E.; Kataeva, G.; Roudas, M.;
Pakhomov, S.; Thunberg, J.; Medvedev, S.; Johansson, H. Comparison of brain activation after
sustained non-fatiguing and fatiguing muscle contraction: A positron emission tomography study.
Exp. Brain Res. 2005, 163, 65-74.

Shibasaki, H. Human brain mapping: Hemodynamic response and electrophysiology. Clin.
Neurophysiol. 2008, 119, 731-743.

Johnston, J.; Rearick, M.; Slobounov, S. Movement-related cortical potentials associated with
progressive muscle fatigue in a grasping task. Clin. Neurophysiol. 2001, 112, 68-77.



Brain Sci. 2012, 2 665

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Post, M.; Steens, A.; Renken, R.; Maurits, N.M.; Zijdewind, I. Voluntary activation and cortical
activity during a sustained maximal contraction: An fMRI study. Hum. Brain Mapp. 2009, 30,
1014-1027.

Freude, G.; Ullsperger, P. Changes in Bereitschaftspotential during fatiguing and non-fatiguing
hand movements. Eur. J. Appl. Physiol. Occup. Physiol. 1987, 56, 105-108.

Schillings, M.L.; Kalkman, J.S.; van der Werf, S.P.; Bleijenberg, G.; van Engelen, B.G,
Zwarts, M.J. Central adaptations during repetitive contractions assessed by the readiness potential.
Eur. J. Appl. Physiol. 2006, 97, 521-526.

Lardon, M.T.; Polich, J. EEG changes from long-term physical exercise. Biol. Psychol. 1996, 44,
19-30.

Falvo, M.J.; Sirevaag, E.J.; Rohrbaugh, J.W.; Earhart, G.M. Resistance training induces
supraspinal adaptations: Evidence from movement-related cortical potentials. Eur. J. Appl.
Physiol. 2010, 109, 923-933.

Adkins, D.L.; Boychuk, J.; Remple, M.S.; Kleim, J.A. Motor training induces experience-specific
patterns of plasticity across motor cortex and spinal cord. J. Appl. Physiol. 2006, 101, 1776-1782.
Karni, A.; Meyer, G.; Rey-Hipolito, C.; Jezzard, P.; Adams, M.M.; Turner, R.; Ungerleider, L.G.
The acquisition of skilled motor performance: Fast and slow experience-driven changes in
primary motor cortex. Proc. Natl. Acad. Sci. USA 1998, 95, 861-868.

Shibuya, K.; Kuboyama, N. Decreased activation in the primary motor cortex area during
middle-intensity hand grip exercise to exhaustion in athlete and nonathlete participants. Percept.
Mot. Skills 2010, 111, 19-30.

Boutros, N.; Galderisi, S.; Pogarell, O.; Riggio, S. Standard Electroencephalography in Clinical
Psychiatry: A Practical Handbook; Wiley-Blackwell: Chichester, UK, 2011; p. 184.

Kropotov, J. Quantitative EEG, Event-Related Potentials and Neurotherapy; Academic Press:
Waltham, MA, USA, 2008.

Botteron, G.W.; Cheney, P.D. Corticomotoneuronal postspike effects in averages of unrectified
EMG activity. J. Neurophysiol. 1989, 62, 1127-1139.

Dunn-Lewis, C.; Flanagan, S.D.; Comstock, B.A.; Maresh, C.M.; Volek, J.S.; Denegar, C.R,;
Kupchak, B.R.; Kraemer, W.J. Recovery patterns in electroencephalographic global field power
during maximal isometric force production. J. Strength Cond. Res. 2011, 25, 2818-2827.

Mechau, D.; Mucke, S.; Weiss, M.; Liesen, H. Effect of increasing running velocity on
electroencephalogram in a field test. Eur. J. Appl. Physiol. Occup. Physiol. 1998, 78, 340-345.
Duchateau, J.; Enoka, R.M. Human motor unit recordings: Origins and insight into the integrated
motor system. Brain Res. 2011, 1409, 42-61.

Liu, J.Z.; Dai, T.H.; Sahgal, V.; Brown, R.W.; Yue, G.H. Nonlinear cortical modulation of muscle
fatigue: A functional MRI study. Brain Res. 2002, 957, 320-329.

McCaulley, G.O.; McBride, J.M.; Cormie, P.; Hudson, M.B.; Nuzzo, J.L.; Quindry, J.C,;
Travis Triplett, N. Acute hormonal and neuromuscular responses to hypertrophy, strength and
power type resistance exercise. Eur. J. Appl. Physiol. 2009, 105, 695-704.

Willardson, J.M.; Burkett, L.N. The effect of different rest intervals between sets on volume
components and strength gains. J. Strength Cond. Res. 2008, 22, 146-152.



Brain Sci. 2012, 2 666

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

ol.

52.

53.

54.

French, D.N.; Kraemer, W.J.; Volek, J.S.; Spiering, B.A.; Judelson, D.A.; Hoffman, J.R;
Maresh, C.M. Anticipatory responses of catecholamines on muscle force production. J. Appl.
Physiol. 2007, 102, 94-102.

Beneke, R.; Boning, D. The limits of human performance. Essays Biochem. 2008, 44, 11-25.
Boning, D.; Maassen, N. Last word on point:counterpoint: Lactic acid is/is not the only
physicochemical contributor to the acidosis of exercise. J. Appl. Physiol. 2008, 105, 368.

Boning, D.; Maassen, N. Point: Lactic acid is the only physicochemical contributor to the acidosis
of exercise. J. Appl. Physiol. 2008, 105, 358-359.

Place, N.; Bruton, J.D.; Westerblad, H. Mechanisms of fatigue induced by isometric contractions
in exercising humans and in mouse isolated single muscle fibres. Clin. Exp. Pharmacol. Physiol.
2009, 36, 334-339.

Robergs, R.A. Science vs. personal bias in acid-base physiology. J. Appl. Physiol. 2008, 105, 363.
Robergs, R.A.; Ghiasvand, F.; Parker, D. Biochemistry of exercise-induced metabolic acidosis.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 2004, 287, R502-R516.

Jasper, H.H. The ten-twenty electrode placement system of the International Federation.
Electroencephalogr. Clin. Neurophysiol. 1958, 10, 418-424.

Barry, R.J.; Clarke, A.R.; Johnstone, S.J.; Magee, C.A.; Rushby, J.A. EEG differences between
eyes-closed and eyes-open resting conditions. Clin. Neurophysiol. 2007, 118, 2765-2773.
Thomas, G.A.; Kraemer, W.J.; Spiering, B.A.; Volek, J.S.; Anderson, J.M.; Maresh, C.M.
Maximal power at different percentages of one repetition maximum: Influence of resistance and
gender. J. Strength Cond. Res. 2007, 21, 336-342.

Noble, B.J.; Borg, G.A.; Jacobs, I.; Ceci, R.; Kaiser, P. A category-ratio perceived exertion scale:
Relationship to blood and muscle lactates and heart rate. Med. Sci. Sports Exerc. 1983, 15,
523-528.

Borg, G. Borg’s Perceived Exertion and Pain Scales; Human Kinetics: Champaign, IL, USA,
1998; p. 104.

Kraemer, W.J.; Marchitelli, L.; Gordon, S.E.; Harman, E.; Dziados, J.E.; Mello, R.; Frykman, P.;
McCurry, D.; Fleck, S.J. Hormonal and growth factor responses to heavy resistance exercise
protocols. J. Appl. Physiol. 1990, 69, 1442-1450.

Spape, M.M.; Serrien, D.J. Interregional synchrony of visuomotor tracking: Perturbation effects
and individual differences. Behav. Brain Res. 2010, 213, 313-318.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



