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Objectives:  To  examine  the  neurophysiological  correlates  and  brain  network  organization  underlying
physical  and  cognitive  exertion  in  active  young  adults.
Design:  Repeated  measures.
Methods:  Thirteen  healthy  adults  completed  three  exertion  tasks  in  a counterbalanced  order:  a graded
working  memory  task  (anti-saccade  and  serial  addition  task  (ASAT)),  a  graded  exercise  task  (cycling  on
a stationary  bicycle)  (EX)  and a  combined  graded  working  memory  and  exercise  task  (ASAT  +  EX).  All
three  tasks  were  performed  under  five  levels  of  increasing  difficulty.  Continuous  EEG  was  recorded  in
each  session.  Heart  rate,  perceived  exertion  and  accuracy  on  the  working  memory  task  were  recorded
throughout.  Power  spectrum  analysis  and  graph  theoretical  analysis  was  applied  to  the  EEG data.
Results:  Heart  rate  and  perceived  exertion  increased  with  exercise  load  and  in both  the  EX  only  and
ASAT  +  EX  tasks.  Overall  accuracy  was  equally  high  for  the  ASAT  and ASAT  + EX  tasks.  Analysis  of  EEG data
showed  there  was  an  increase  in theta  power  associated  with  the  ASAT  + EX  task  and  increase  in  functional
connectivity  in  the frontal  regions  of  the  brain  compared  with  ASAT  only  task.  Accuracy  decreased  in  the

last two  blocks  when  the  task  was  most  difficult.  This decrease  in  accuracy  was  associated  with  a  decrease
in  theta  power  and  a decrease  in  functional  connectivity.
Conclusions:  Combined  physical  and  mental  exertion  results  in  significant  changes  in perceived  exertion,
EEG  theta  power  and  network  organization  in healthy  adults  and  will  be valuable  in  revealing  residual
neurocognitive  deficits  after  sports  related  concussion.

© 2018  Sports  Medicine  Australia.  Published  by Elsevier  Ltd.  All  rights  reserved.
. Introduction

Canadians between the ages of 15 and 34 years have the high-
st participation in sports and are at a greater risk of sport-related
oncussion.1 After an initial concussion, there is an increased risk
or repeat concussions, with prolonged recovery.2 To prevent pre-

ature return to play, current expert consensus guidelines advise
hat athletes who sustain a concussion should gradually progress

hrough a stepwise return to sport, beginning with light aerobic
xercise.3 Athletes who experience re-emergence of symptoms
re returned to the previous stage until their symptoms sub-

∗ Corresponding author.
E-mail address: naznin.virji-babul@ubc.ca (N. Virji-Babul).

ttps://doi.org/10.1016/j.jsams.2018.09.233
440-2440/© 2018 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserve
side again. This focus on subjective symptom reporting can be
problematic as athletes can be asymptomatic at rest but have a
re-emergence of symptoms following both physical and mental
exertion. Microstructural and functional brain abnormalities per-
sist after an athlete is asymptomatic.4

In order to help inform return to play decisions, standardized
provocative exercise protocols have been developed for children5

and adults.6 They involve asking the athlete about worsening
symptoms during a graded physical exertion. There are several
fundamental problems with this approach. Foremost, it relies
on subjective symptoms despite strong evidence that symptom

7
reporting is affected by factors such as mood and motivation,
and can normalize before objective biomarkers such as electroen-
cephalography (EEG). Second, using provocative aerobic exercise
to determine whether an athlete is recovered is based on the

d.
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ssumption that cardiovascular challenge is the sole mechanism
or exertion intolerance. Mental exertion (e.g., sustained con-
entration) can also elicit post concussion symptoms.8 However,
imple cognitive tasks have repeatedly demonstrated an inabil-
ty to detect impairment beyond the acute phase of recovery from
oncussion.9 We  therefore chose the Anti-Saccade and Serial Addi-
ion Task (ASAT) to probe mental exertion. The ASAT is a more
omplex cognitive task that blends two behavioural tasks, the Paced
erial Auditory Test (PASAT)10 and antisaccade test.11 Each indi-
idual task shows relative sensitivity to the lingering effects of
oncussion12,13 and we hypothesized that using the combined task
ould improve the sensitivity of either task used alone. Our aim
as to combine physical and mental exertion into a more appropri-

te provocation test that closely resembles sport participation14,15

nd is capable of exposing residual neurobehavioral deficits after
ports related concussion. In addition to traditional measures of
erformance and EEG metrics, we used a network perspective to
nderstand how the underlying organization of the brain is altered
nder these different tasks.

In recent years graph theory has emerged as promising tool for
nderstanding the brain using a network perspective.16,17 Brain
etworks consist of spatially distributed brain regions that are

unctionally connected and the functional interactions between
oth local and distant brain regions can be evaluated using func-
ional connectivity. Functional connectivity refers to the statistical
nterdependencies between time series recorded from different
rain regions.18 Using this approach, the brain is characterized
s a network that contains nodes and edges. Nodes represent the
ifferent brain regions and edges represent the connecting path-
ays between those regions.19 The relationship between nodes and

dges provides information about the functional organization and
fficiency of the network.19 Information processing is proposed to
e optimal in “small-world” networks that achieve a balance local
pecialization and global integration.20

The objective of this paper is to examine the association between
EG power and brain network organization and the relationship
ith performance during the following conditions: cognitive load-

ng only (ASAT only), physical loading only (EX only) and combined
hysical and cognitive loading (ASAT + EX) in healthy athletes.
iven the increased demands involved in the ASAT + EX task we
ypothesize that: (a) overall accuracy will be lowest for the com-
ined ASAT + EX task, (b) increased cognitive load will result in

ncreased EEG power in both ASAT only and ASAT + EX tasks and
c) only the ASAT + EX task will be associated with changes in local
unctional connectivity measures (i.e. degree, clustering coefficient,
etweenness) within the frontal regions of the brain.

. Methods

Thirteen healthy right-handed volunteers participated in this
tudy (22.5 ± 0.65 years/5 females). All denied a history of prior
oncussion or head injury, history of drug or alcohol abuse and
iagnosis of learning disability or other neurological disorders. The
odin Leisure Questionnaire was used to ensure all individuals
ere moderately active with a score of greater than 14, as famil-

arity with exercise and fitness level is known to influence the
ffect of exercise on cortical activity.21 The study was approved by
he University of British Columbia’s Clinical Research Ethics Board
H15-02714). All participants independently provided written and
erbal informed consent, in accordance with the principles outlined
y the Declaration of Helsinki.
In a repeated measures design, participants were asked to come
o the laboratory on three (3) different days within a 7-day period,
t the same time of day, in order to account for the effect of cir-
adian rhythm on cognition. On the testing days the participants
dicine in Sport 22 (2019) 397–402

performed one of the three tasks: Anti-Saccade and Serial Addition
Task (ASAT), EX or ASAT + EX task. The order in which the partici-
pants performed each of the three tasks was randomized to account
for order effects.

During the first visit, physical activity level was  quantified using
the Recent Physical Activity Questionnaire (RPAQ).22 The partic-
ipant then completed the ASAT task training. The total learning
period took 30 min. Following the task training, the EEG cap was
placed on the participants’ head, after which they were instructed
to sit still with eyes closed while 5 min  of baseline EEG was
recorded.

The study procedure was composed of the three testing condi-
tions. After the EEG cap was placed on the head, each participant
was instructed to sit on a stationary bicycle (Zhejiang Everbright
Industry, Inc, Taichung City, Taiwan). The participants were then
instructed to complete one of the three (3) task conditions.

The ASAT began with a fixation point in the middle of the screen,
followed by a distractor stimulus (red dot) shown for 100 ms  at a
fixed distance to the left or right of the center (in random sequence).
In the opposite direction to the distractor stimulus, the target stim-
ulus (single digit) was presented for 200 ms  (Fig. 1-top).

The task required the participant to mentally track and verbally
add the sequentially presented digits. The participants also had to
ignore the distractor stimulus, or else they would miss the target
stimulus as a result of the time cost attributed to the erroneous
pro-saccade. The ASAT was  presented with E-Prime (E-Prime 2.0,
Psychology Software Tools). The task consisted of 5 blocks. “Block”
refers to a discrete portion of the task (time epoch) in which the task
difficulty was  held constant. The blocks increased in difficulty from
Block 1 to Block 5. Difficulty was  changed by increasing the stimulus
offset on the horizontal plane (making saccadic errors more costly)
and shortening the inter-stimulus interval (enhancing processing
speed demands). Participants were instructed to respond verbally
following each stimulus.

A Polar Heart rate monitor band (Polar Electro, Oy, Kempele,
Finland) was  used to measure heart rate. The participant was asked
to sit quietly for 5 min  to record their resting HR. Using age, the max
HR was  calculated using Eq. (1). Their target HR was then calculated
using Eq. (2).

HRMax = 208 − 0.7 × Age (1)

TRHR = (HRMax − HRRest) × % + HRRest (2)

The exercise task was divided into 5 separate blocks of increas-
ing intensity. Participants were asked to begin biking at 30% of their
heart rate reserve. The research coordinator monitored the par-
ticipant’s heart rate and modulated the intensity of the exercise
appropriately by increasing or decreasing the resistance. The par-
ticipant was  asked to maintain a steady RPM of 60 throughout the
task. Once a steady state HR was obtained, the participant contin-
ued for 5 min. After 5 min  the experimenter increased the resistance
on the bike to increase the participant’s heart rate — first to 40%
and then to 50%, 60% and finally 70%. Steady state HR was defined
as within ±5 beats per minute and was constantly monitored by
the research administrator to ensure compliance and adjust the
necessary settings.

During the last 30 s of each exercise block the participants were
shown a Borg intensity scale and asked to rate their perceived
exertion using the scale. Following the final exercise block, the
participants were instructed to cool down for 5 min.

For the combined physical and cognitive exertion (ASAT + EX)
task participants followed the same procedure as described

in the conditions above. ASAT difficulty and exercise intensity
were increased simultaneously. Participants were not explicitly
instructed to prioritize one task over the other; however, partic-
ipants were instructed to maintain their pedaling cadence during
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Figs. 1–3. Anti-Saccade and Serial Addition Task (ASAT) display example (Top) and task accuracy (Bottom).
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he physical exertion task. The specific instructions to the partic-
pants were: “try to do your best on the mental math task while

aintaining your pedaling speed.” No minimum performance cri-
erion was set for the ASAT.

EEG data was  recorded using a 32 channels EEG ASAlab system
ith Waveguard Technology cap (Advanced Neuro Technology,

nschede, Netherlands). EEG data was continuously recorded using
 500 Hz sampling frequency. The ground electrode (AFz) and com-
on  average reference was positioned between Fpz and Fz to

nsure low impedance values (<5 k�). The 32 electrodes were dis-
ributed along the scalp according to the 10/5 system.23 The cap
as fixed with a chinstrap to prevent shifting during the exercise

rials and was permeable to air in order to prevent an increase in
eat during exercise. Each electrode was filled with OneStep EEG-
el (H + H Medizinprodukte GbR, Münster, Germany) for improved
ignal transduction. To ensure consistent cap placement, the ver-
ex (Cz) electrode was placed midway between ears, and midway
etween the nasion and inion.

The EEG data was imported into Brain Electrical Source
nalysis

®
Research (BESA) for analysis (Version 6.1 MEGIS Software

mbH, Graefelfing, Germany). The EEG signals were first filtered
sing a band-pass filter (4–50 Hz) and a notch filter (60 Hz) to
emove signal drift, line noise and motion artifacts. Independent
omponent Analysis (ICA) was used to decompose the signal and

dentify eye blinks, which were removed from analysis, as were
hannels with excessive noise. An automated artifact scan was
erformed to check signal for noise. Trials in which the partici-
ant responded incorrectly were removed from further analysis
n = 131.1, % = 32.5). The data from the accurate trials for each task
nd block were averaged using 1.24 s epoch (−0.24–1000 ms). A
0–10 average virtual montage was applied to the data, resulting

n 27 channels. This data was then exported into MATLAB (Version
2013b, The Mathworks, Inc., Natick, MA,  USA).

Fast Fourier Transforms (FFT) was then applied to EEG signal,
hich transforms the data from the time domain to the frequency
omain. Power was calculated at the following frequency bands:
heta (4–8 Hz), low alpha (8–10 Hz), high alpha (10–13 Hz), beta
13–30 Hz) and gamma  (30–45 Hz).

We used the Brain Connectivity Toolbox17 in Matlab (Natick,
A)  to carry out the graph theoretical based analysis. We  used

raditional global graph theoretical calculations to characterize dif-
erent features of the network of interest such as density, global
fficiency, clustering coefficient, and modularity. Density (cost) is
etermined by the ratio of the present connections to all possi-
le connections. Modularity of the network is used to measure the
egree to which the network tends to divide into modules or sub-
nit within the network and reflects the stability of sub-networks
ithin the global network.16 Clustering coefficient is used to mea-

ure the overall clustering levels in the network.16

We  constructed the brain functional connectivity networks
sing the EEG signals and an error-rate controlled network learn-

ng algorithm. This was used to perform the graph theoretical
nalysis. Surface EEG signals that were transformed into 27 chan-
els were used to construct the brain connectivity networks with
ach channel representing one brain region in the network. The
onnectivity network graphs were then computed for each indi-
idual subject using false discovery rate controlled PC (PCFDR)
lgorithm, which is a statistical model that tests the conditional
ependence/independence between any two regions based on all
ther brain regions.24 We  used partial correlation to evaluate the
onditional independence, which estimates the directed interac-
ions between any two brain regions after removing the effects

f all other brain areas. The PC algorithm starts from a complete
raph and tests for conditional independence in an efficient way.
he PCFDR algorithm enables to asymptotically control the false
iscovery rate (FDR) below the predefined levels which evaluates
dicine in Sport 22 (2019) 397–402

the proportion between the connections that are falsely detected
to all those detected. Compared to the traditional Type-1 and Type-
2 error rates, FDR has more conservative error rate criteria for
modeling brain connectivity due to its direct relation to the uncer-
tainty of the networks of interest.25 The FDR threshold was set at
the 5% level. The learned connectivity networks are binary undi-
rected graph with the inferred functional connections at the 5%
significance level. The binary undirected networks were computed
for each individual for all frequencies, task conditions and blocks
independently.

All statistical tests were performed using IBM SPSS Statistics
(Version 23.0.0.0, IBM Corporation, Armonk, New York, USA). The
dependent variables included accuracy, absolute power, and the
connectivity measures. A linear mixed model (LMM)  was  used to
model the effect of task condition, levels, regions, and interactions
on the task accuracy and the EEG measures.

For the EEG data, the model included Task, Level and Region
as fixed effects. Participant and Task type were used as random
effects. Task type was considered a random effect as participants
performed each task on a separate day. Day to day differences
within each of the participants was thereby accounted for within
the model.

In this model, Y is the dependent variable, either power ampli-
tude or graph theory measure of the EEG signal. � represents
the average dependent variable baseline value. ˇ1Task, ˇ2Level,
and ˇ3Region represents the average task, level, and region effects
on the slope of the model. ai, biTask, and biParticipant represents
the random variation in the intercept and slope of the model. ∈
represents the residuals of the model. Residuals from the model
were tested for symmetry. A reference for substantial departure
from normality was  suggested to be an absolute skew of 2.26 If
the residuals surpassed the skew threshold the data underwent a
logarithmic transformation and re-run through the model. Only sig-
nificant main effects and interactions present in both models are
reported. Significance was set at 0.05 and all significant pairwise
comparisons were corrected for multiple comparisons through a
Bonferroni correction.

3. Results

The average total leisure activity score for all participants was
48.0 (5.6) from the Godin Leisure-Time Exercise Questionnaire,
indicating the group was very active.27 The participants’ physical
activity level was  confirmed by the RPAQ, which revealed a mean
of 1.38 h (0.22) of moderate to vigorous active per day.

Both HR and RPE showed no significant effect of task condi-
tion. There was  a significant effect for Level for both HR and RPE, F
(17.9, 107) = 1143.5, p = <0.001, F (52.7, 95.05) = 165.88, p = <0.001.
Post hoc analyses using Bonferroni correction for multiple com-
parisons revealed significant increase in HR and RPE between each
level (p < 0.001) as both values gradually increased from Block A to
Block E.

Overall, there was no statistical difference in accuracy between
the ASAT+EX and ASAT only tasks (F (30.5, 55.35) = 3.71, p = 0.078)
(Fig. 1A). Both task conditions were then combined to assess
changes by level of difficulty (Fig. 1B). There was  a significant
main effect of Level, F (30.5, 95.3) = 63.7, p < 0.001. Post hoc analy-
sis revealed accuracy was stable during Blocks A–C but showed a
significant decrease in the final two  blocks.

The power spectrum showed that the theta frequency band was

singularly impacted by task condition with a significant Main Effect,
F (268.2, 359.7) = 10.68, p = 0.001. Post hoc analysis revealed sig-
nificantly higher power during the Exercise only (p < 0.001) and
ASAT + EX (p = 0.042) task compared to the ASAT only task condi-
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9. Karr JE, Areshenkoff CN, Garcia-Barrera MA. The neuropsychological outcomes

of  concussion: a systematic review of meta-analyses on the cognitive sequelae
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ion. For this paper we focus on results from the ASAT and ASAT + EX
onditions only.

Of all frequency bands, only theta power showed a significant
ifference between conditions reflected in an increase in theta
ower during the ASAT+EX task. Fig. 2 shows the change in theta
ower as a function of condition and level. Theta power increased
rom rest during the ASAT only condition and remained stable
cross conditions with a slight decrease in the last level. Theta
ower was significantly higher in the ASAT + EX task and remained
igh as the combined load increased, followed by a slight decrease

n the last, most difficult block.
No significant differences were found in any of the global con-

ectivity measures. The local connectivity analysis was therefore
ocused entirely on the frontal brain regions: frontal left (FL), frontal

idline (FM) and frontal right (FR), as these areas are known to be
nvolved in the ASAT. Theta degree showed a significant region by
ask interaction, (F (12, 348) = 4.18, p = 0.016), with higher values of
egree in FL and FR in the ASAT + EX task. Post-hoc analysis showed

 significantly higher value in the ASAT only task (p = 0.014) in the
rontal midline region.

Clustering coefficient in theta showed a step wise increase in
he first three levels of both tasks and then a significant decrease in
he last two levels as the tasks became more difficult. There was a
ignificant effect in clustering coefficient between task level, when
ll tasks were considered together, (F (12, 336) = 2.59, p = 0.037. F
12, 336) = 2.59, p = 0.037). Post hoc analysis revealed Block D to be
ignificantly lower than Blocks B (p = 0.011) and C (p = 0.005) (Fig. 3).

. Discussion

To our knowledge, this is the first study to evaluate brain-
ehaviour relationships during graded cognitive and physical
xertion in healthy, active adults. We  studied EEG metrics, network
onnectivity and task performance with a focus on evaluating the
ifferences in a graded cognitive task compared with a combined
raded cognitive and exercise task. Although there were no dif-
erences in accuracy between the ASAT and ASAT + EX tasks, EEG
nalysis revealed that there were a number of significant changes
n brain activity and connectivity in the frontal regions. First, overall
heta power was higher in the frontal regions during the ASAT+EX
ask suggesting increased neural activation associated with per-
orming the combined task in comparison with the cognitive task
lone. Importantly, we  observed a significant decrease in accu-
acy in the last two most difficult levels for the cognitive task; this
ecrease was associated with a decrease in theta power. Increase in
EG power in the frontal regions during high intensity cycling was
eported by Enders et al.,28 however they did not examine changes
uring a graded cycling. Recently, Zhao et al.29 showed that during
n n-back working memory task with two different load condi-
ions, theta power in the frontal regions decreased as memory load
ncreased. Taken together, our results expand on this previous work
howing that the combined task was associated with greater neural
ctivation in the frontal regions and this was reflected in high accu-
acy scores; as the task became more difficult, accuracy decreased
nd there was  a decrease in theta power.

The connectivity analysis adds further insights into how the net-
ork organization shifted as a result of increased load. During the
rst three blocks, we observed an increase in theta degree for the
SAT + EX task in the right and left frontal regions combined with a
ignificant decrease in the mid  frontal regions. Degree is a measure
f network connectedness and nodal importance to the network.

he higher the value of degree of a particular node, the more central
nd important the node is to the network as a whole. The observed
hanges in overall theta degree during the ASAT + EX task suggests
hat with the addition of exercise, the frontal network becomes

1

1
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more connected/central or important during performance of the
tasks. This increased connectivity was  also reflected in the mea-
sure of clustering coefficient, which also increased during the first
three blocks. Interestingly, in the last two  blocks both theta degree
and theta clustering coefficient decreased as the task became more
difficult. It should be noted that we computed graph theory analy-
sis only in the frontal regions. This provides a limited window, as
we do not know the effects on other brain regions. Further work
should examine changes in functional connectivity over the whole
brain.

Given that asymptomatic athletes continue to show persistent
alterations in functional brain activity as measured by EEG (see Con-
ley et al. for a recent review),30 exertion testing combined with EEG
may  can provide a sensitive measure of assessing recovery from
brain injury.

5. Conclusion

Combined physical and mental exertion results in significant
changes in perceived exertion, EEG theta power and network orga-
nization in healthy adults. This preliminary work will be valuable
in revealing residual neurocognitive deficits after sports related
concussion.

Practical implications

• Combined physical and mental exertion was associated with
increased neural activation and changes in brain network orga-
nization in the frontal regions.

• Combined physical and mental exertion more closely resembles
sport participation.

• Comparing the brain responses and network organization to
combined physical and mental exertion in individuals with con-
cussion in future research could clarify the potential of EEG during
exertion as a concussion biomarker.
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