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Transient autonomic responses
during sustained attention in high
and low fit young adults
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everyday activities and highly responsible professional tasks (e.g., driving, performing surgery or
piloting). Here, we investigated the role of aerobic fitness as a crucial factor related to the vigilance
capacity. To this end, two groups of young adult participants (high-fit and low-fit) were compared in
terms of reaction time (RT) performance and event-related heart rate responses in a 60’ version of the
psychomotor vigilance task. The results showed shorter RTs in high-fit participants, but only during the
first 24/ of the task. Crucially, this period of improved performance was accompanied by a decelerative
cardiac response pattern present only in the high-fit group that also disappeared after the first 24/. In
conclusion, high aerobic fitness was related to a pattern of transient autonomic responses suggestive
of an attentive preparatory state that coincided with improved behavioural performance, and that

was sustained for 24/. Our findings highlight the importance of considering the role of the autonomic
nervous system reactivity in the relationship between fitness and cognition in general, and sustained
attention in particular.

Our ability to sustain attention for prolonged periods of time in order to respond to relevant external stimuli is
far from stable. Instead, we know that an extended period of attentional demands on a single task leads to a dec-
rement in performance over time that is usually called time-on-task effect or vigilance decrement*. Numerous
fundamental everyday activities (e.g., attending academic lessons at school® or driving?), and highly responsible
professional tasks (e.g., performing surgery®, piloting®, or handling air-traffic control”) are prone to this vigilance
decrement since they typically require the maintenance of task goals for long periods of time. Thus, investigation
into parameters that might contribute to the capacity to sustain attention is highly relevant.

A factor that seems to positively contribute to vigilance capacity is aerobic fitness®. However, in spite of the
extensive research on the exercise-cognition topic’, few studies to date have addressed the association between
aerobic fitness and sustained attention!-'2. Moreover, the physiological mechanisms underlying this relationship
are far from clear. Here, we considered autonomic nervous system (ANS) reactivity as a key factor to shed new
light into the link between sustained attention and aerobic fitness in young adults.

It is well known that regular physical activity —which results in increased physical fitness level— produces an
enhanced vagal tone as a result of physiological adaptations induced by training®®. At the same time, numerous
studies have shown evidence of the close connection between the central nervous system (CNS) and the ANS™.
Both the CNS and the ANS are reciprocally interconnected and maintain a bidirectional relationship. As a clear
example of this, there are numerous studies showing the role of vagally-mediated heart rate variability (HRV; used
as an index of the ANS control of the cardiovascular system'®), in the regulation of physiological, affective, and
cognitive processes'*1°. It is suggested that individuals with higher resting HRV (indicating an efficient vagal con-
trol on the ANS functioning) are better able to perform tasks that involve executive and inhibitory functions'”'8
or sustained attention'. In addition, certain studies related the increased vagally-mediated ANS functioning in
high-fit individuals (as a result of chronic exercise) to better cognitive performance in executive tasks?>*'. Taken
together, the available evidence suggests that ANS functioning could be a key physiological mechanism involved
in the improved ability to sustain attention in high-fit individuals.
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To the best of our knowledge, only the study by Luque-Casado, Zabala, Morales, Mateo-March, and Sanabria®
has directly investigated the association between ANS functioning and sustained attention performance as a
function of aerobic fitness. This study showed better vigilance performance in a 10’ version of the psychomotor
vigilance task (PVT) indexed by shorter overall reaction times (RTs) in high-fit than in low-fit young adults.
Additionally, a linear decrement in HRV as a function of time-on-task was shown only in low-fit participants,
with HRV remaining steady during task performance in the high-fit group. These results were taken as evidence
of superior sustained attention capacity that was accompanied by an improved functioning of cardiac autonomic
control in high-fit compared to low-fit individuals.

The use of HRV parameters indexing parasympathetic tone does not allow the direct investigation of a pos-
sible relationship between task performance and ANS reactivity on a trial-by-trial basis. To elucidate this rela-
tionship, here we assessed heart rate responses evoked by the preparatory cue stimulus of the PVT to examine
autonomic reactivity. Evoked heart rate responses, also known as Phasic Cardiac Responses (PCRs), have often
been explored using the paired stimulus (S1-S2) paradigm, in which a tri-phasic heart rate response between
warning (S1) and imperative stimuli (S2) has been described®. First, an initial brief heart rate deceleration occurs
after the warning onset, followed by heart rate acceleration over the next several cardiac beats. Subsequently, a
new sustained heart rate deceleration occurs prior to the imperative stimuli. Although the phasic cardiac changes
found in the S1-S2 inter-stimulus interval have been shown to be vagally-mediated®, the parasympathetic nerve
traffic enacts its effects at a much faster rate (<1s) than sympathetic outflow (2.5s for influencing heart rate and
5s in influencing peripheral resistance)?*-6. Thus, by selecting short latency epochs (i.e., 1s) after the stimulus
onset, it is highly likely that the measured heart rate responses are determined primarily by discharges of the
vagus nerve. Consequently, this cardiac autonomic marker is an excellent index to capture any between-groups
differences mediated by vagal reactivity.

To further explore whether the improved performance of high-fit young adults observed in our previous
report is stable or decays as a function of task duration, which is a fundamental feature taxing sustained attention’,
in this study we employed for the first time a long-duration 60’ version of the PVT.

Method

Participants. A minimum sample size of 22 participants per group was required for a power level of 0.80 as
determined by an a priori power analysis based on data from a previous study®. Thus, fifty young adult partici-
pants (twenty-five per group) were recruited from a larger pool of eighty-nine undergraduate students from the
University of Granada and members of local triathlon clubs. The participants in the high and low-fit group met
the inclusion criteria of reporting at least 8 hours of training per week or less than 2 hours, respectively. Six of the
fifty participants were subsequently excluded from the analyses (see data reduction section). Descriptive data
from the remaining 44 participants are reported in Table 1.

The study methods were carried out in accordance with the Declaration of Helsinki 1964 and all experimental
protocols and procedures were approved by the ethical committee of the University of Granada. All participants
were informed about their right to interrupt the experiment at any moment and gave informed consent prior to
their inclusion in the study. They were required to maintain a regular sleep-wake cycle for at least one day before
the study and to avoid caffeine and vigorous physical activity before the visit to the laboratory. All participants’
data were analysed and reported anonymously.

Procedure. All participants received verbal and written information about the experiment upon their arrival
to the laboratory. They were seated in front of a computer in a dimly-illuminated, sound-attenuated Faraday room
and were prepared for electrophysiological measurement. These preliminary steps lasted around 15 minutes in
which the subjects rested in a sitting position, thereby preventing any alteration in the subsequent baseline record-
ing. Initial baseline electrocardiogram (ECG) signal was recorded for 5 minutes in a sitting position. The partici-
pants were encouraged to stay as relaxed as possible during this time period. Then, they received verbal and written
instructions regarding the PV'T and practiced for one minute before completing a 60’ version of the task. ECG sig-
nal was continuously recorded during the experiment. Subsequently, all participants performed a submaximal car-
diorespiratory fitness test to evaluate their fitness level. This test was performed after the PVT in order to avoid the
influence of physical effort on cognitive performance?. The entire experimental session lasted 2 h approximately.

The Psychomotor Vigilance Task. We used a PC with a 19” monitor and E-Prime software (Psychology
Software Tools, Pittsburgh, PA, USA) to control stimulus presentation, response collection, and to generate and
send triggers indicating the condition of each trial for offline sorting, reduction, and analysis of ECG and behav-
ioural data. The centre of the PC screen was situated ~60 cm from the participant’s head and at eye level. The
device used to collect responses was a PC keyboard.

The procedure of the PVT was based on the original version®. This task was designed to measure vigilance by
recording participants’ RT to visual stimuli that occur at random inter-stimulus intervals?®?°. Each trial began with
the presentation of a blank screen in a black background for 2000 ms and subsequently, an empty red circumfer-
ence (i.e., cue stimulus, 6.68° x 7.82° of visual angle at a viewing distance of 60 cm) appeared in a black background.
Later, in a random time interval (between 2000 and 10000 ms), the circumference was filled all at once in a red
colour (i.e., target stimulus). Participants were instructed to respond as fast as they could once they had detected
the presentation of the filled circle. The filled circle was presented for 500 ms and the participants had a maximum
of 1500 ms to respond. They had to respond with their dominant hand by pressing the space bar on the keyboard. A
RT visual feedback message was displayed for 300 ms after response, except in case of an anticipated response (“wait
for the target”) or if no response was made within 1000 ms after target offset (“you did not answer”). Following the
feedback message the next trial began. Response anticipations were considered errors. The task comprised a single
block of 60 minutes of total duration and the mean number of trials per participant was 415 +6.3.
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\ High-fit \ Low-fit

Anthropometrical characteristics

Sample size* 23 21

Age (years) 23 (21, 24] 23 [22,24]

Height (cm) 1.77 [1.75,1.79] 1.78 [1.75,1.81]

Weight (kg) 69.4 [67.0,71.9] 77.3[69.4, 85.9]

Body Mass Index (kg-(m?)~") 22.2[21.5,22.9] 24.2[22.2,26.3]
Baseline cardiac parameters

Average IBI (ms) 1005.1 [931.9,1078.7] | 758.0 [719.3,799.1]

rMSSD (ms) 59.7 [45.0,76.2] 35.9[28.3,44.1]

HF (ms?) 1749.1 [918.4, 2843.3] | 885.6 [526.5, 1319.9]
Fitness test parameters

Time to VAT (s) 1291 [1186.7, 1392.8] 471 [407.4, 536.1]

VO, (mL-min~"kg"!) at VAT 43.8 [40.6, 47.2] 18.8 (167, 21.0]

Relative power output at VAT (W-kg ") 3.46 [3.16,3.77] 1.34[1.18, 1.51]

Table 1. Mean and 95% Confidence Interval (CI) of descriptive and fitness data for the high-fit and

low-fit groups. *Only data of the participants included in the analyses are reported; IBI = inter-beat interval;
rMSSD = the root-mean-square difference of successive normal R-R intervals; HF (ms?) = absolute power of the
high-frequency spectral component (0.15 to 0.40 Hz); VAT = ventilatory anaerobic threshold.

Submaximal cardiorespiratory fitness test. Prior to the start of the fitness test, descriptive anthropo-
metric parameters of weight, height and body mass index (BMI) were obtained for each participant (see Table 1).
Then, all participants were fitted with a Polar RS800 CX monitor (Polar Electro Oy, Kempele, Finland) to record
their heart rate (HR) during the incremental exercise test. We used a ViaSprint 150 P cycle ergometer (Ergoline
GmbH, Germany) to induce physical effort and to obtain power values and a JAEGER Master Screen gas analyser
(CareFusion GmbH, Germany) to provide a measure of gas exchange during the test.

The incremental effort test started with a 3 minutes warm-up at 30 Watts (W), with the power output increas-
ing 10 W every minute. During this warm-up period, each participant set his preferred cadence (between 60-90
rev - min~') and was asked to maintain this cadence throughout the protocol. The test began at 60 W and was fol-
lowed by an incremental protocol with the power load increasing 30 W every 3 minutes. Workload increased pro-
gressively during the third minute of each step (5 W every 10seconds [s]); therefore, each step of the incremental
protocol consisted of 2 minutes of stabilized load and 1 minute of progressive load increase. The oxygen uptake
(VO2ml-min~"kg™), respiratory exchange ratio (RER; i.e., CO, production-O, consumption™), relative load
(W-Kg™!), heart rate (bpm) and time of the test (s) were continuously recorded during the entire incremental test.

We used the ventilatory anaerobic threshold (VAT) as a reference to determine the fitness level of the partici-
pants (see Table 1). VAT is considered to be a sensitive measure for evaluating aerobic fitness and cardiorespira-
tory endurance performance®>! and was defined as the VO, at the power load in which RER exceeded the cut-off
value of 1.0%*%%, The researcher knew that the participant had reached his VAT when the RER was equal to 1.00
and did not drop below that level during the 2 minutes constant load period or during the next load step, never
reaching the 1.1 RER. The submaximal cardiorespiratory fitness test ended once the VAT was reached.

Electrocardiogram (ECG) recordings. Continuous ECG data were acquired using a BioSemi Active Two
amplifier system (Biosemi, Amsterdam, Netherlands). The signal was digitised at a sampling rate of 1024 Hz with
24-bit A/D conversion. Two FLAT active electrodes (Ag/AgCl; Biosemi, Amsterdam, Netherlands) were arranged
at a modified lead I configuration (i.e., right and left wrists). Before attaching the electrodes to the participant,
electrode sites for the measurement of the ECG were prepared by cleaning the skin with ethyl alcohol (70%).
Signa Electro-Gel (Parker Laboratories, Fairfield, NJ, USA) was used to optimize the electrodes signal transduc-
tion. The signal was visualised on a computer screen to check for good electrode contact before starting the data
acquisition. Participants were instructed to avoid body movements as much as possible during the experiment.

Datareduction. The behavioural data analyses were performed on the overall participants’ mean RTs. Trials
with RTs below 100 ms (0.03%), anticipations (i.e., responses prior to the target presentation; 1.34%) and omis-
sions (if no response was made within 1000 ms after target offset; 0.20%) were discarded from the analyses®.
Continuous ECG raw data were filtered offline using a band-pass 0.5-50 Hz filter. R-wave detection and arte-
fact correction were performed with the ECGLab Matlab software®. Six participants (i.e., two high-fit and four
low-fit) were excluded from further analyses due to poor signal quality. We used the KARDIA Matlab software®
and bespoke Matlab scripts (Matlab 2013a, Mathworks Inc.) to analyse the heart period signal at baseline and
during the execution of the PVT. The average inter-beat interval (IBI), the root-mean-square difference of succes-
sive normal R-R intervals (rMSSD) and the absolute power of the high-frequency spectral component (HF ms%
[0.15 to 0.40 Hz]) were obtained during a 5-minute baseline period as indexes of resting vagal tone!® (see Table 1).
To assess the PCR to the cue stimulus (i.e., the empty circumference) in a single trial, we first calculated the
weighted average heart period for a time window of 1 s following cue onset, using the fractional counting procedure’.
We subsequently subtracted the weighted average heart period calculated for a window 0.5 s before the cue onset,
in order to obtain heart period changes with respect to baseline activity. Group average PCRs were obtained by
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averaging across trials and subjects. Trials including questionable IBIs (0.49%) or trials that did not meet the
criteria set for behavioural analyses (1.57%), were rejected and not used in data averages. A minimum of 53 trials
per condition was maintained.

Design and Statistical analysis. Three sets of dependent variables were evaluated in this study: 1)
Participants’ descriptive and fitness data parameters (i.e., anthropometrical, average IBI, rMSSD, HF ms?, and
incremental exercise test); 2) behavioural data (i.e., overall mean RTs); and 3) PCR data during the PVT. Five
temporal blocks of 12 minutes were considered to measure the time-on-task effect on the behavioural and PCR
data. Nonparametric permutation tests were used for statistical analysis®”*%. We followed a general label exchange
procedure for within-participants factorial designs* using a Monte Carlo approach.

The participants’ descriptive and fitness data were analysed using 1-way between-groups design. For the
behavioural and PCR data, we had a factorial design with the between-groups variable of group (high-fit and
low-fit) and the within-groups variable of time-on-task (blockl, block2, block3, block4 and block5). Significant
main effects and interactions were further explored by using pairwise comparisons. Multiple comparisons cor-
rection was accounted for by applying the false discovery rate (FDR) approach. 95% confidence intervals (CI) and
probability threshold values are reported.

Results

Descriptive and fitness data. The permutations tests showed significant differences between groups in the
average IBI, rMSSD, and all the fitness test parameters (i.e., time to VAT (s), relative power output (W-kg™!) at
VAT and VO, (mL-min~-kg™!) at VAT) (all ps <0.01). All data evidenced the difference in fitness level between
groups (see Table 1). No statistically significant differences between groups were shown in HF absolute power at
baseline (p = 0.14) nor in any of the anthropometrical parameters (all ps > 0.08).

Behavioural results.  Participants’ mean RTs results showed significant main effects of group (p < 0.01)
and time-on-task (p < 0.01). Crucially, the interaction between both factors also reached statistical significance
(p <0.01; see Table 2). Pairwise comparisons between groups were performed within each temporal block (FDR
corrected; p-threshold = 0.009). The comparisons showed significant differences between groups at block 1 and
2 (both ps < 0.001) with high-fit being faster than low-fit group. There were no significant differences when com-
paring groups at block 3 and 4 (both ps >0.18). The between groups differences reached again statistical signif-
icance (p=0.009) at block 5, but with the high-fit being slower than the low-fit group in this case (see Table 2).

PCR results. The PCR analyses revealed significant main effects of group (p < 0.01) and time-on-task
(p<0.01). Again, the interaction between group and time-on-task reached statistical significance (p < 0.01; see
Table 2). Pairwise comparisons (FDR corrected; p-threshold = 0.0001) showed significant differences between
groups at blocks 1 and 2 (both ps <0.0001). In both cases, the high-fit group showed greater cardiac deceleration
than the low-fit group (see Table 2). There were no significant differences between groups in the remaining blocks
(all ps >0.04).

Discussion

We examined the relationship between aerobic fitness, behavioural performance and autonomic reactivity of
young adults in a prolonged sustained attention task. To this end, two groups of participants (i.e., high-fit and
low-fit) were compared in terms of RT performance and PCRs elicited by stimulus presentation over time in a 60’
version of the PVT.

High-fit individuals showed greater resting vagal control than low-fit presumably as a result of physiological
adaptations induced by training'®. Therefore, according to previous research®!®, one could have expected better
overall performance of the high-fit group with respect to the low-fit group in the PVT. The behavioural results
reported here are partially in agreement with this previous evidence. Indeed, high-fit individuals showed shorter
RTs than low-fit in the first two blocks of the task (i.e., 24 min), but this improved performance disappeared as a
function of time-on-task. This is a novel finding since no previous study reported differences in the fitness-related
improved performance as a function of task duration in young adults®!2. Here, it is important to note that these
previous studies used experimental tasks that typically last for only a few minutes (i.e., 10 minutes at the most), a
duration that might be insufficient to elicit a significant deterioration in vigilance performance in young adults?.
Thus, the duration of the task appears to be a key factor to pinpoint the link between aerobic fitness and sustained
attention.

The PCR results showed a decelerative response pattern only for the high-fit group. Because PCR magnitude
is positively related to vagal tone?, it is plausible that the enhanced vagal control in high-fit promoted greater
autonomic flexibility, facilitating in turn the observed event-related cardiac decelerations. On the other hand, the
absence of heart rate decelerations in low-fit participants suggests a pervasive lack of parasympathetic modulation
of heart rate not permitting a vagally-mediated dynamic response to transient stimuli. In fact, sedentary lifestyle
is linked to autonomic imbalance and decreased parasympathetic tone***!, which has been related to behavioural
dynamic inflexibility and inefficient attentional regulation®?.

Interestingly, the phasic decelerative cardiac responses were observed in high-fit individuals only during the
first two blocks of the task, coinciding in time with their improved RT performance relative to their low-fit coun-
terparts. This temporal correspondence suggests an association between the transient cue-related vagal discharges
and the performance in the attention task. Given that participants were instructed to focus and maintain attention
to the cue stimulus (to be ready for a fast response to the target), it could be argued that the event-related cardiac
decelerations shown by high-fit individuals in our study were induced by a greater attentive preparatory state.
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Block 1

Block 2

Block 3

Block 4

Block 5

High-fit

RTs (ms)

259.8 [257.6, 262.0]

2742 (271.9, 276.5]

282.1[279.2,285.1]

294.7 [291.6, 298.0]

302.2 [298.9, 305.5]

PCRs (ms)?

2.2710.19, 4.47]

2.7810.42, 5.08]

—1.57 [—4.15,1.14]

—4.05[—6.70, —1.29]

—6.56 [—9.23, —3.81]

Low-fit

RTs (ms)

273.1[270.4, 276.0]

282.5[279.4, 285.6]

285.1 [282.0, 288.4]

292.9 [289.0, 296.9]

295.6 [292.0, 299.3]

PCRs (ms)?

320 [—4.63, —1.71]

—4.47 [—5.85, —2.98]

—4.78 [—6.11, —3.43]

—4.64[—6.28, —3.01]

—5.83 [—7.52, —4.10]

Table 2. Mean and 95% Confidence Interval (CI) for the behavioural and phasic cardiac responses (PCRs)
data as a function of Group and Block. *Weighted heart period (ms) for 1s epochs relative to cue onset and
baseline-corrected taking 0.5s pre-stimulus onset into account. Blockl (0-12 minutes); Block2 (12-24 minutes);
Block3 (24-36 minutes); Block4 (36-48 minutes); Block5 (48-60 minutes).

Indeed, a cardiac deceleration in response to stimulus presentation has been related to attentional processing®,
with greater magnitudes under conditions of high uncertainty and high vigilance demands*.

Maintaining a high attentional state is effortful and it is taxed by time-on-task>*. This could explain why
high-fit participants showed a greater capacity to deploy attention only for the first 24’ of the task. Alternatively, a
habituation effect (i.e., a gradual familiarity effect and reduction of the cue-related heart response with repeated
stimulus presentation), could also have been responsible of the disappearance of the observed cardiac decelera-
tion in higher-fit individuals****4”. However, this habituation process usually occurs within a range of few trials*,
while, in our study, the attenuation of cardiac deceleration appeared after two blocks of the task (i.e., 24 minutes).
Therefore, although this possibility cannot be completely ruled out, it would seem unlikely that mere habituation
was responsible of the disappearance of the event-related heart deceleration. In any case, high-fit participants
showed greater vagally-mediated cardiac responses than low-fit that were related to improved RT performance
in the PVT, whatever the mechanism responsible of the attenuated heart response after the first half of the task.

In summary, higher aerobic fitness was related to stronger transient autonomic responses and improved
behavioural performance indicative of an enhanced attentive preparatory state that was maintained only dur-
ing the first part of the task. In general terms, the current dataset replicates and extends this area of research by
demonstrating, for the first time, an association between aerobic fitness, ANS reactivity, and sustained attention.
Our findings are highly relevant to the topic of fitness and cognition and advice of the importance of considering
the role of the ANS functioning in the relationship between fitness and cognition in general, and attentional per-
formance in particular. Hence, future research would benefit from study designs that combine measurements of
ANS and brain functioning, which would make possible to gain more insight into the physiological mechanisms
involved in fitness-related improvements in cognition.

References

1. Davies, D. R. & Parasuraman, R. The psychology of vigilance (Academic Press, 1982).

2. Grier, R. A. et al. The Vigilance Decrement Reflects Limitations in Effortful Attention, Not Mindlessness. Human Factors: The
Journal of the Human Factors and Ergonomics Society 45, 349-359 (2003).

3. Steinmayr, R., Ziegler, M. & Tréuble, B. Do intelligence and sustained attention interact in predicting academic achievement?
Learning and Individual Differences 20, 14-18 (2010).

4. Larue, G. S., Rakotonirainy, A. & Pettitt, A. N. Driving performance impairments due to hypovigilance on monotonous roads. Accid
Anal Prev 43,2037-2046 (2011).

5. Gawande, A. A., Zinner, M. J., Studdert, D. M. & Brennan, T. A. Analysis of errors reported by surgeons at three teaching hospitals.
Surgery 133, 614-621 (2003).

6. Wiggins, M. W. Vigilance decrement during a simulated general aviation flight. Appl. Cognit. Psychol. 25,229-235 (2011).

7. Loft, S., Sanderson, P, Neal, A. & Mooij, M. Modeling and predicting mental workload in en route air traffic control: critical review
and broader implications. Hum Factors 49, 376-399 (2007).

8. Luque-Casado, A., Zabala, M., Morales, E., Mateo-March, M. & Sanabria, D. Cognitive Performance and Heart Rate Variability: The
Influence of Fitness Level. PLoS ONE 8, €56935 (2013).

9. Guiney, H. & Machado, L. Benefits of regular aerobic exercise for executive functioning in healthy populations. Psychon Bull Rev 20,
73-86 (2013).

10. Ballester, R., Huertas, E, Yuste, E. ], Llorens, F. & Sanabria, D. The Relationship between Regular Sports Participation and Vigilance
in Male and Female Adolescents. PLoS ONE 10, e0123898 (2015).

11. Pontifex, M. B., Scudder, M. R, Drollette, E. S. & Hillman, C. H. Fit and vigilant: the relationship between poorer aerobic fitness and
failures in sustained attention during preadolescence. Neuropsychology 26, 407-413 (2012).

12. Bunce, D. Age differences in vigilance as a function of health-related physical fitness and task demands. Neuropsychologia 39,
787-797 (2001).

13. Aubert, A. E., Seps, B. & Beckers, E. Heart Rate Variability in Athletes. Sports Med 33, 889-919 (2003).

14. Thayer, J. F. & Lane, R. D. Claude Bernard and the heart-brain connection: Further elaboration of a model of neurovisceral
integration. Neurosci. Biobehav. Rev. 33, 81-88 (2009).

15. Malik, M. et al. Heart rate variability. Standards of measurement, physiological interpretation, and clinical use. European Heart
Journal 17, 354-381 (1996).

16. Thayer, J., Hansen, A., Saus-Rose, E. & Johnsen, B. Heart Rate Variability, Prefrontal Neural Function, and Cognitive Performance:
The Neurovisceral Integration Perspective on Self-regulation, Adaptation, and Health. Annals of Behavioral Medicine 37, 141-153
(2009).

17. Johnsen, B. H. et al. Attentional and physiological characteristics of patients with dental anxiety. ] Anxiety Disord 17, 75-87 (2003).

18. Hansen, A. L., Johnsen, B. H. & Thayer, J. F. Vagal influence on working memory and attention. Int J Psychophysiol 48, 263-274
(2003).

19. Suess, P. E., Porges, S. W. & Plude, D. J. Cardiac vagal tone and sustained attention in school-age children. Psychophysiology 31,
17-22 (1994).

SCIENTIFICREPORTS | 6:27556 | DOI: 10.1038/srep27556 5



www.nature.com/scientificreports/

20. Albinet, C. T, Boucard, G., Bouquet, C. A. & Audiffren, M. Increased heart rate variability and executive performance after aerobic
training in the elderly. European Journal of Applied Physiology 109, 617-624 (2010).

21. Hansen, A. L., Johnsen, B. H., Sollers, J. J., Stenvik, K. & Thayer, J. F. Heart rate variability and its relation to prefrontal cognitive
function: the effects of training and detraining. European Journal of Applied Physiology 93, 263-272 (2004).

22. Bohlin, G. & Kjellberg, A. In The orienting reflex in humans (ed. Kimmel, H. D, van Olst, E. H. & Orlebeke, J. F.) 169-197 (Lawrence
Erlbaum Associates, 1979).

23. Porges, S. W. In Attention and information processing in infants and adults: Perspectives from Human and Animal Research (eds
Campbell, B. A., Hayne, H. & Richardson, R.) 201-223 (Psychology Press, 1992).

24. Fowler, A. C. & McGuinness, M. J. A delay recruitment model of the cardiovascular control system. J. Math. Biol. 51, 508-526 (2005).

25. Ottesen, J. T. Modelling of the baroreflex-feedback mechanism with time-delay. ] Math Biol 36, 41-63 (1997).

26. Guyton, A. C. & Harris, J. W. Pressoreceptor-autonomic oscillation; a probable cause of vasomotor waves. Am. J. Physiol. 165,
158-166 (1951).

27. Chang, Y. K., Labban, J. D., Gapin, J. L. & Etnier, J. L. The effects of acute exercise on cognitive performance: A meta-analysis. Brain
Research 1453, 87-101 (2012).

28. Wilkinson, R. T. & Houghton, D. Field test of arousal: a portable reaction timer with data storage. Hum Factors 24, 487-493 (1982).

29. Basner, M. & Dinges, D. F. Maximizing Sensitivity of the Psychomotor Vigilance Test (PVT) to Sleep Loss. Sleep 34, 581-591 (2011).

30. Londeree, B. R. Effect of training on lactate/ventilatory thresholds: a meta-analysis. Med Sci Sports Exerc 29, 837-843 (1997).

31. Wasserman, K. The anaerobic threshold measurement to evaluate exercise performance. Am. Rev. Respir. Dis. 129, $35-40 (1984).

32. Davis, J. A., Vodak, P,, Wilmore, J. H., Vodak, J. & Kurtz, P. Anaerobic threshold and maximal aerobic power for three modes of
exercise. ] Appl Physiol 41, 544-550 (1976).

33. Yeh, M. P, Gardner, R. M., Adams, T. D., Yanowitz, F. G. & Crapo, R. O. ‘Anaerobic threshold’: problems of determination and
validation. J Appl Physiol Respir Environ Exerc Physiol 55, 1178-1186 (1983).

34. de Carvalho, J. L., da Rocha, A., de Oliveira Nascimento, E, Neto, J. S. & Junqueira, J. L. F. Development of a Matlab software for
analysis of heart rate variability. In 2002 6th International Conference on Signal Processing 2, 1488-1491 vol. 2 (2002).

35. Perakakis, P, Joffily, M., Taylor, M., Guerra, P. & Vila, ]. KARDIA: A Matlab software for the analysis of cardiac interbeat intervals.
Computer Methods and Programs in Biomedicine 98, 83-89 (2010).

36. Dinh, T. P, Perrault, H., Calabrese, P., Eberhard, A. & Benchetrit, G. New statistical method for detection and quantification of
respiratory sinus arrhythmia. IEEE Trans Biomed Eng 46, 1161-1165 (1999).

37. Ernst, M. D. Permutation Methods: A Basis for Exact Inference. Statist. Sci. 19, 676-685 (2004).

38. Pesarin, F. & Salmaso, L. The permutation testing approach: a review. Statistica 70, 481-509 (2010).

39. Good, P. 1. Permutation, Parametric, and Bootstrap Tests of Hypotheses (Springer Science & Business Media, 2006).

40. Goldsmith, R. L., Bigger, J. T., Steinman, R. C. & Fleiss, J. L. Comparison of 24-hour parasympathetic activity in endurance-trained
and untrained young men. Journal of the American College of Cardiology 20, 552-558 (1992).

41. Rossy, L. A. & Thayer, J. F. Fitness and gender-related differences in heart period variability. Psychosom Med 60, 773-781 (1998).

42. Thayer, J. E. & Brosschot, J. E. Psychosomatics and psychopathology: looking up and down from the brain. Psychoneuroendocrinology
30, 1050-1058 (2005).

43. Bradley, M. M. Natural selective attention: Orienting and emotion. Psychophysiology 46, 1-11 (2009).

44. Barry, R. J. Significance and components of the orienting response: effects of signal value versus vigilance. International Journal of
Psychophysiology 6, 343-346 (1988).

45. Lim, J. et al. Imaging Brain Fatigue from Sustained Mental Workload: An ASL Perfusion Study of the Time-On-Task Effect.
Neuroimage 49, 3426-3435 (2010).

46. Sokolov, E. N. Higher nervous functions; the orienting reflex. Annu. Rev. Physiol. 25, 545-580 (1963).

47. Thompson, R. F. & Spencer, W. A. Habituation: a model phenomenon for the study of neuronal substrates of behavior. Psychol Rev
73, 16-43 (1966).

Acknowledgements

This research was supported by a predoctoral grant from the Spanish Ministerio de Educacion, Cultura y Deporte
(FPU-AP2010-3630) to the first author, and research grants from the Ministerio de Economia y Competitividad
(PSI2013-46385-P) and the Junta de Andalucia (SEJ-6414) to Daniel Sanabria. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript. We are grateful to
Francesc Llorens for his assistance during the data collection, and to all the participants who took part in the
experiment. We also thank to Human Psychophysiology and Health Research Group (University of Granada) for
allowing us to use their facilities and assessment instruments.

Author Contributions

Conceived and designed the experiments: A.L.-C., D.S. and P.P. Performed the experiments: A.L.-C. Performed
the initial processing of the data: LC. Analysed the data: A.L.-C. and L.C. Wrote the manuscript: A.L.-C. under
the supervision of D.S. and PP. All authors contributed to the scientific discussion and reviewed the manuscript.
Coordinated the research: DS.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Luque-Casado, A. et al. Transient autonomic responses during sustained attention in
high and low fit young adults. Sci. Rep. 6, 27556; doi: 10.1038/srep27556 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images
G o1 other third party material in this article are included in the article’s Creative Commons license,

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:27556 | DOI: 10.1038/srep27556 6


http://creativecommons.org/licenses/by/4.0/

	Transient autonomic responses during sustained attention in high and low fit young adults

	Method

	Participants. 
	Procedure. 
	The Psychomotor Vigilance Task. 
	Submaximal cardiorespiratory fitness test. 
	Electrocardiogram (ECG) recordings. 
	Data reduction. 
	Design and Statistical analysis. 

	Results

	Descriptive and fitness data. 
	Behavioural results. 
	PCR results. 

	Discussion

	Acknowledgements
	Author Contributions
	﻿Table 1﻿﻿. ﻿  Mean and 95% Confidence Interval (CI) of descriptive and fitness data for the high-fit and low-fit groups.
	﻿Table 2﻿﻿. ﻿  Mean and 95% Confidence Interval (CI) for the behavioural and phasic cardiac responses (PCRs) data as a function of Group and Block.



 
    
       
          application/pdf
          
             
                Transient autonomic responses during sustained attention in high and low fit young adults
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27556
            
         
          
             
                Antonio Luque-Casado
                Pandelis Perakakis
                Luis F. Ciria
                Daniel Sanabria
            
         
          doi:10.1038/srep27556
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep27556
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep27556
            
         
      
       
          
          
          
             
                doi:10.1038/srep27556
            
         
          
             
                srep ,  (2016). doi:10.1038/srep27556
            
         
          
          
      
       
       
          True
      
   




