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A B S T R A C T   

Aerobic fitness is consistently and robustly associated with superior performance on assessments of cognitive 
control. One potential mechanism underlying this phenomenon is activation of the locus-coeruleus. Specifically, 
individuals with greater aerobic fitness may be better able to sustain engagement in a cognitively demanding task 
via a superior ability to meet the metabolic demands of this neural system. Accordingly, the present investigation 
examined 1) the relationship between aerobic fitness and phasic activation of the locus-coeruleus (indexed using 
pupillometry) and 2) the potential mediating influence of locus-coeruleus activity on the relationship between 
aerobic fitness and cognitive task performance. Participants performed an inhibition task while their pupillary 
responses were measured using an infrared eye tracker. A VO2max test was then performed to determine in-
dividuals’ aerobic fitness levels. Consistent with previous research, higher levels of aerobic fitness were related to 
shorter reaction time. However, phasic activity of the locus-coeruleus did not mediate this relationship – nor did 
it relate to aerobic fitness level. These results suggest that aerobic fitness does not relate to differences in locus- 
coeruleus activity in the context of cognitive control in college-aged adults.   

The health-related attribute of aerobic fitness – the body’s ability to 
sustain aerobic physical activity (American College of Sports Medicine, 
2018) – is related not only to optimal functioning of the body but also to 
optimal functioning of the brain. Across the lifespan, individuals who 
are more-aerobically-fit evidence superior cognitive processing in a 
variety of domains, including: academic achievement (see Donnelly 
et al., 2016 for a review), memory (Bunce and Murden, 2006; Pontifex 
et al., 2014b; Raine et al., 2013), and attention (Luque-Casado et al., 
2016; Pontifex et al., 2009, 2012). However, this relationship presents 
perhaps most consistently and robustly in the area of cognitive control 
(Brassell et al., 2015; Buck et al., 2008; Hillman et al., 2009; Pontifex 
et al., 2011; Voss et al., 2011; Westfall et al., 2017, 2018), which refers 
to a class of operations that facilitate goal-oriented actions via planning, 
problem-solving, exerting control, and/or resisting impulses (Meyer and 
Kieras, 1997; Norman and Shallice, 1986). Meta-analysis of aerobic 
fitness training studies has suggested a general yet selective relationship 
such that the largest effects are observed for tasks requiring aspects of 
cognitive control (Colcombe and Kramer, 2003). Accordingly, the extant 
literature examining cross-sectional differences between higher- and 
lower-aerobically-fit individuals has primarily focused on this domain of 
cognition, and in particular, inhibitory aspects of cognitive control. 

Using inhibitory control tasks such as the Eriksen flanker task or Stroop 
tasks, investigations in this area have observed that higher-fit in-
dividuals exhibit superior performance (as indexed by greater response 
accuracy or faster reaction time) than their lower-fit counterparts 
(Alderman and Olson, 2014; Buck et al., 2008; Hillman et al., 2009; 
Huang et al., 2015; Mora-Gonzalez et al., 2020; Pontifex et al., 2011; 
Pontifex et al., 2014a; Westfall et al., 2018). Task-related parameters 
(stimulus duration speed, intertrial interval, etc.) have been speculated 
to contribute to whether the association manifests for response accuracy 
or reaction time. Although a more general relationship between fitness 
and task performance has been observed across trial types of these 
inhibitory control tasks, individuals with greater aerobic fitness appear 
better able to flexibly modulate cognitive control in response to more 
demanding situations and task instructions (Pontifex et al., 2011; The-
manson et al., 2008; Westfall et al., 2017) and exhibit greater efficiency 
of neural networks associated with cognitive control (Voss et al., 2011). 

As these high-level cognitive operations associated with cognitive 
control require substantial neural resources to maintain engagement, 
one potential mechanism for this superior level of performance is that 
individuals with greater levels of aerobic fitness may be better able to 
meet the metabolic demands imposed by sustained engagement. 
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Accordingly, individuals with greater aerobic fitness may exhibit greater 
capacity to sustain activation of the locus-coeruleus—a collection of 
neurons in the brainstem involved with alertness and attention (Kino-
mura et al., 1996; Sara and Bouret, 2012). As the locus-coeruleus is 
involved in attentional filtering to facilitate task-relevant behaviors, this 
sustained activation may thus serve to optimize task performance. The 
purpose of the present investigation was therefore to examine the rela-
tionship between aerobic fitness and activation of the locus-coeruleus 
and to determine the mediating influence of locus-coeruleus activity. 

The locus-coeruleus comprises a series of projections to the cerebral, 
cerebellar, and hippocampal cortices, providing the primary source of 
norepinephrine to these regions (Aston-Jones and Cohen, 2005). 
Research in non-human animal models has shown that the locus- 
coeruleus has direct inputs from the anterior cingulate cortex and the 
orbitofrontal cortex — both areas that are associated with cognitive 
control processes (Aston-Jones and Cohen, 2005). Interestingly, a robust 
body of literature suggests that there are aerobic-fitness-related differ-
ences in the activation of these cognitive control areas: specifically, 
higher-fit individuals exhibit increased activation of the anterior 
cingulate cortex and other neural areas associated with cognitive control 
relative to their lower-fit peers (Chaddock et al., 2012; Colcombe et al., 
2004). Beyond these alterations in areas underlying cognitive control, 
non-human animal models demonstrate altered expression of a neuro-
peptide called galanin in the locus-coeruleus of exercising mice selec-
tively bred to be high-capacity runners (Murray et al., 2010). Given the 
neuromodulatory role of galanin, the increased expression of this neu-
ropeptide associated with elevated fitness may serve to alter the firing 
pattern of neurons in the locus-coeruleus and the associated release of 
norepinephrine (Wrenn and Crawley, 2001) – which in turn may enable 
superior performance on tasks requiring high-level cognitive operations. 
Because galanin expression in the locus-coeruleus appears to be age- 
dependent, with decreased galanin signaling as we age, the present 
study used college-aged adults to reduce potential confounds associated 
with age (de Bilbao et al., 1991). 

During tasks requiring focused attention, neurons in the locus- 
coeruleus exhibit a characteristic pattern of phasic bursting that is 
coupled with the execution of a response to task-relevant stimuli (Aston- 
Jones and Cohen, 2005). In non-human animal models, direct re-
cordings of cells in the locus-coeruleus have demonstrated that this 
phasic activity is positively associated with the latency of the behavioral 
response to target cues (Aston-Jones et al., 1994). Modern theoretical 
accounts of the locus-coeruleus suggest that the phasic activity of the 
locus-coeruleus and concurrent release of norepinephrine serves to 
facilitate the entrainment of other neural systems to limit responsiveness 
to irrelevant stimuli. This process thereby prevents spurious distractions 
and allows for facilitations in goal-directed behaviors and more rapid 
on-line adjustments in behavioral responses (Aston-Jones and Cohen, 
2005; Bouret and Sara, 2005). Because neurons in the locus-coeruleus 
are involved not only in higher-order cognitive operations but also in 
vital neurophysiological functioning, the phasic activation of locus- 
coeruleus neurons has a high bioenergetic cost (Bekar et al., 2012; 
Mather and Harley, 2016). As such, sustained phasic activity of the 
locus-coeruleus is difficult to maintain. For example, sustained firing of 
neurons in the locus-coeruleus for a period of just 10 min results in 
decreased levels of norepinephrine in brain areas such as the prefrontal 
cortex – and it has been observed that locus-coeruleus neurons projec-
ting to the prefrontal cortex are unable to maintain norepinephrine 
release over extended periods of time (Bellesi et al., 2016; Carter et al., 
2010). Accordingly, individuals with greater levels of aerobic fitness 
may be better able to meet the metabolic demands imposed by such 
periods of high phasic activity of the locus-coeruleus, enabling superior 
behavioral performance. 

Given the difficulty in directly assessing the activity of the locus- 
coeruleus, pupillometry has emerged as the predominant means of 
conducting noninvasive assessments (Gilzenrat et al., 2010; Murphy 
et al., 2014). Indeed, there appears to be a strong correlation between 

the firing rate of noradrenergic neurons in the locus-coeruleus and the 
moment-to-moment fluctuations in pupil size — with changes in 
neuronal activity reliably preceding changes in pupil diameter (Costa 
and Rudebeck, 2016; Joshi et al., 2016). Further, while changes in 
luminance provide a potent extrinsic driver of pupil size — such as in the 
case of the light-evoked pupillary reflex – when task-related stimuli are 
matched in novelty and luminance, task-evoked pupillary reactivity has 
been observed to modulate in response to the magnitude of mental load/ 
conflict (Causse et al., 2016; Geva et al., 2013; Heitz et al., 2008; 
Scharinger et al., 2015). Within the context of an inhibitory control task 
such as the Stroop task, greater pupillary reactivity is observed in 
response to incongruent trials that require the suppression of the 
dominant response (Laeng et al., 2011; Scharinger et al., 2015). 
Conversely, mental fatigue – and corresponding cognitive task perfor-
mance declines – coincides with lower levels of pupillary reactivity 
(Hopstaken et al., 2015). 

Taken together, given the link between phasic activity of the locus- 
coeruleus and superior online attentional filtering leading to enhanced 
performance, the present investigation sought to determine the extent to 
which alterations in phasic activity of the locus-coeruleus might mani-
fest across the continuum of aerobic fitness. With the well-established 
findings that higher-fit individuals evidence superior performance on 
cognitive control tasks and that non-human animal models demonstrate 
altered galanin expression in the locus-coeruleus (thereby influencing 
activation of the noradrenergic locus-coeruleus system), it was hy-
pothesized that aerobic fitness would be related to greater phasic ac-
tivity of the locus-coeruleus. Additionally, it was hypothesized that the 
phasic activity of the locus-coeruleus would mediate the relationship 
between aerobic fitness and behavioral performance on a test of 
cognitive control. 

1. Method 

1.1. Participants 

The present investigation utilized a sample of 126 college-aged 
young adults (19.1 ± 1.1 years old) recruited from Michigan State 
University. All participants provided written informed consent in 
accordance with the Human Research Protection Program at Michigan 
State University and reported being free of any neurological disorder, 
psychological condition, previous history of head trauma, cardiovascu-
lar disease, physical disabilities, and indicated normal or corrected-to- 
normal vision. Demographic and fitness data for all participants are 
provided in Table 1. 

1.2. Procedure 

Using a cross-sectional design, participants visited the laboratory on 
a single day. Upon arrival, participants provided informed consent and 
completed both a health history and demographics questionnaire and 
the Physical Activity Readiness Questionnaire (PAR-Q) (Thomas et al., 
1992) to screen for any existing health issues that might be exacerbated 
by performing the aerobic fitness assessment. Participants were fitted 

Table 1 
Participant demographic and aerobic fitness characteristics (mean ± SD).  

Measure All participants [Range] 

N 126 (100 female)  
Age (years) 19.1 ± 1.1 [18–25] 
Education (years) 13.0 ± 1.2 [12–17] 
Nonwhite (%) 30%  
Percent body fat (%) 30.2 ± 7.9 [13.1–54.3] 
VO2max (ml/kg/min) 42.3 ± 9.0 [20.0–70.2] 
VO2max percentile 48.8 ± 33.5 [3–97] 

Note: VO2max percentile based on normative values for VO2max from Shvartz and 
Reibold (1990). 
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with a wireless heart rate monitor and had their height, weight, and 
body composition measured using a stadiometer and an Omron HBF-510 
digital scale, respectively. They were then seated in a chair equipped 
with a chin rest (Earthlite Avila II, Earthlite, LLC, Vista, CA) to keep their 
head in a fixed position and were provided an introduction to the 
inhibitory control task, with a goal of achieving at least 70% overall 
accuracy. If 70% overall accuracy was not achieved, the practice task 
was re-administered until this criterion was reached. Following the 
practice task, the EyeTribe infrared eye tracker (The Eye Tribe, Copen-
hagen, Denmark) was calibrated and participants were instructed to 
stare straight ahead at the screen, minimizing blinks, while black and 
white screens flashed in an alternating order to measure participants’ 
light- and dark-evoked pupillary responses. One hundred sixty test trials 
of the task were then administered while participants’ pupillary re-
sponses were measured using the eye tracker. Following completion of 
the cognitive task, participants’ aerobic fitness was assessed using a 
maximal oxygen consumption (VO2max) test. 

1.2.1. Inhibitory control task 
Inhibitory control was assessed using a letter version of the Eriksen 

flanker task (Eriksen & Eriksen and Eriksen, 1974; McGowan et al., 
2019), which is classified as a behavioral response selection construct of 
the inhibition/suppression focus and the performance monitoring focus 
of cognitive control according to the NIMH Research Domain Criteria 
classification system. Participants were instructed to attend to an array 
of letters and to respond as accurately as possible to the centrally pre-
sented letter, ignoring the flanking stimuli. These arrays were either 
congruent (e.g., “M M M M M” or “N N N N N”) or incongruent (e.g., “M 
M N M M” or “N N M N N”). Participants completed 40 practice trials 
followed by 160 test trials grouped into two blocks of 80 trials, each 
consisting of equiprobable congruency and directionality. For each 
block of trials, participants were presented with perceptually similar 
letter pairs (practice block: B – D, block 1: M – N, block 2: E – F) and were 
instructed to respond by pressing the button assigned to the centrally- 
presented target stimulus. To ensure a high degree of task difficulty, 
response compatibility was manipulated at the midpoint of each block 
by switching the stimulus-response mapping for each set of letters (e.g., 
left button press for “M” through the first 40 trials of block 1, then right 
button press for “M” through the last 40 trials of block 1). Flanking 
letters were presented 300 ms prior to target letter onset, and all five 
letters remained on the screen for a subsequent 100 ms (for a total 
stimulus duration of 400 ms) with a response window of 1000 ms and a 
variable inter-trial interval of 2300, 2400, 2500, 2600, or 2700 ms using 
PsychoPy, 1.85.2 (Peirce, 2009). Prior to completing the test block, 
participants completed a task introduction with a total of 40 practice 
trials in which the first 12 trials gradually decreased the target letter 
stimulus duration from 300 ms to 100 ms. All stimuli were 1.5 cm tall 
white block letters with a mean luminance of 129.1 cd/m2. Stimuli were 
presented on a black background on an Asus 144 Hz LCD monitor (45.1 
cd/m2) at a distance of approximately 50 cm. Throughout the task, a 
central fixation dot was present on the screen and participants were 
instructed to minimize eye blinks. 

1.2.2. Pupillometric measures 
While participants performed the flanker task, pupillary activity was 

recorded using a table-mounted infrared eye tracker (The Eye Tribe, 
Copenhagen, Denmark) at a sampling rate of 60 Hz. Prior to beginning 
the cognitive task, the distance between the participant and the eye 
tracker was recorded and a 9-point calibration procedure was conducted 
to ensure quality and precision of the recorded signal. Pupil diameter 
was recorded in arbitrary units and then imported into EEGLAB 
(Delorme and Makeig, 2004), where it was then scaled to micrometers 
(McGowan et al., 2019). Dilation speed outliers and eyeblinks were 
removed including a 150 ms window prior to and following each arti-
fact. After linear interpolation of discontinuities in the data, the pupil-
lary response following the eyeblink and potential light reflexes were 

then corrected using Finite Impulse Response deconvolution and the 
continuous data was filtered using a 0.02 to 4 Hz bandpass Butterworth 
IIR filter (Knapen et al., 2016; McGowan et al., 2019). Phasic (task- 
evoked) pupillary reactivity was stimulus-locked using task-evoked 
epochs for correct trials from − 1000 to 1800 ms around the stimulus 
and baseline corrected using the − 200 to 0 ms pre-stimulus period (van 
Steenbergen and Band, 2013). To ensure the integrity of the signal, all 
epochs were visually inspected blind to fitness and congruency prior to 
computing mean waveforms across both left and right pupils (mean 
number of included trials: congruent = 105.2 ± 28.2 and incongruent =
102.6 ± 27.8). Phasic pupillary reactivity (as an index of phasic activity 
of the locus-coeruleus) was quantified as the peak pupil size within 0 to 
1800 ms surrounding the stimulus (Murphy et al., 2011). 

1.2.3. Aerobic fitness assessment 
Following completion of the behavioral and pupillometric assess-

ments, maximal oxygen consumption (VO2max) was measured using a 
computerized indirect calorimetry system (ParvoMedics True Max 
2400) to index aerobic fitness. Following a brief warm-up period, par-
ticipants walked or ran on a motor-driven treadmill (Trackmaster 
TMX425C) at a constant speed with a 2.5% increase in grade every 2 min 
until maximal effort (i.e., the participant was no longer able to maintain 
the exercise intensity). A Polar heart rate monitor (Polar WearLink +31; 
Polar Electro, Finland) provided a continuous measure of heart rate 
throughout the test and ratings of perceived exertion values were 
assessed every 2 min with the OMNI scale (Pfeiffer et al., 2002). Relative 
peak oxygen consumption was expressed in milliliters per kilogram per 
minute (ml/kg/min) and was based on maximal effort as evidenced by 
attainment of at least two of four confidence criteria: 1) a plateau in 
oxygen consumption corresponding to an increase of less than 2 mL/kg/ 
min despite an increase in workload, 2) a peak heart rate ≥ 190 bpm, 3) 
respiratory exchange ratio (RER) ≥ 1.1, and/or 4) ratings on the OMNI 
scale of perceived exertion >7 (McGowan et al., 2019; Pontifex et al., 
2009). Aerobic fitness percentiles were extracted from normative data 
from Shvartz and Reibold (1990), accounting for both age and biological 
sex. 

1.3. Statistical analysis 

Hierarchical linear regression analyses were performed to determine 
the independent contribution of aerobic fitness (as assessed using 
VO2max percentile) for explaining variance in: mean reaction time, mean 
response accuracy, and phasic activity of the locus-coeruleus (as 
assessed using phasic pupillary reactivity) after accounting for statisti-
cally significant descriptive factors (i.e., Age, Biological Sex [0 = Fe-
male, 1 = Male], Race [0 = White, 1 = Nonwhite], and Percent Body 
Fat) and Congruency (0 = Congruent trials, 1 = Incongruent trials) 
(Pontifex et al., 2016; Pontifex et al., 2014b). For each analysis, a for-
ward stepwise approach based upon Akaike Information Criterion 
(Akaike, 1974) was utilized to determine if including the interaction 
between aerobic fitness and task congruency improved the model fit. 

All variables and analysis residuals were screened for normality and 
homoscedasticity using histograms, Q-Q plots, Shapiro-Wilk tests (Sha-
piro and Wilk, 1965), and Studentized Breusch-Pagan tests (Koenker, 
1981). Although reaction time, response accuracy, and pupillary reac-
tivity were not normally distributed, the analysis residuals were nor-
mally distributed and homoscedastic. Of note, all findings remained the 
same even when using logarithmic transformation. As such, the results 
presented below reflect use of the raw data. All data analyses were 
performed in R Version 4.0 (R Core Team, 2019) utilizing a familywise 
alpha level of p = 0.05. Given a sample size of 126 participants and a 
beta of 0.20 (i.e., 80% power), the present research design theoretically 
had sufficient sensitivity to detect the independent contribution of aer-
obic fitness if it exceeded an effect size of f2 = 0.06 as computed using 
G*Power 3.1.2 selecting the “F tests” for “Linear multiple regression: 
Fixed model, R2 increase” accounting for six total predictors (Faul et al., 
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2007). 

2. Results 

2.1. Initial relationships with aerobic fitness 

2.1.1. Reaction time 
Hierarchical regression analysis indicated that individuals with 

greater aerobic fitness exhibited shorter reaction time (B = − 0.35 [95% 
CI: − 0.62 to − 0.07], SE B = 0.14, Beta = − 0.18) after accounting for the 
influence of demographic factors and task congruency, R2

change = 0.02, 

Fchange(6, 243) = 6.1, p = 0.014, f2 = 0.02 [95% CI: 0.0 to 0.07] (see 
Fig. 1a). The inclusion of an interaction term between fitness and con-
gruency did not improve model fit (R2

change < 0.01, p = 0.7). 

2.1.2. Response accuracy 
Analysis indicated that aerobic fitness was unrelated to response 

accuracy (B = 0.02 [95% CI: − 0.02 to 0.05], SE B = 0.02, Beta = 0.08) 
after accounting for the influence of demographic factors and task 
congruency, R2

change < 0.01, Fchange(6, 243) = 1.1, p = 0.3, f2 < 0.01 
[95% CI: 0.0 to 0.02] (see Fig. 1b). The inclusion of an interaction term 
between fitness and congruency did not improve model fit (R2

change <

0.01, p = 0.8). 

2.1.3. Phasic activity of the locus-coeruleus 
Replicating the existing pupillometry literature (van der Wel and van 

Steenbergen, 2018), the difference between phasic pupillary reactivity 
on congruent (51.9 ± 37.5 μm) and incongruent (63.2 ± 42.5 μm) trials 
was statistically significant: t(125) = 4.3, p < 0.001, drm = 0.28 [95% CI: 
0.15 to 0.41] (see Fig. 2). However, hierarchical regression analysis 
indicated that aerobic fitness was unrelated to phasic activity of the 
locus-coeruleus (B = − 0.01 [95% CI: − 0.18 to 0.17], SE B = 0.09, Beta 
= − 0.01) after accounting for the influence of demographic factors and 
task congruency, R2

change < 0.01, Fchange(6, 243) < 0.1, p = 0.9, f2 < 0.01 
[95% CI: 0.0 to 0.01] (see Fig. 1c). The inclusion of an interaction term 
between fitness and congruency did not improve model fit (R2

change <

0.01, p = 0.9). 

2.2. Mediating influence of phasic activity of the locus-coeruleus 

Although the initial model failed to observe a relationship between 
aerobic fitness and phasic activity of the locus-coeruleus (as assessed 
using task-evoked pupillary reactivity), the a priori analytical plan was 
to examine the extent to which phasic activity of the locus-coeruleus 
mediated the relationship between aerobic fitness and behavioral 
indices of inhibitory control (reaction time and response accuracy). 
Accordingly, secondary analyses were performed by comparing a series 
of linear regression models using the “mediation” (version 4.4.7) 
(Tingley et al., 2014) and “Rmimic” (version 1.0.3) (Pontifex, 2020) R 
packages with unstandardized indirect effects computed using 1000 
quasi-Bayesian approximation based samples. 

Analysis observed that the relationship between aerobic fitness and 
reaction time was not mediated by phasic activity of the locus-coeruleus 
(Proportion Mediated <0.01%; Average Causal Mediation Effect = − 0.0 
[95% CI: − 0.02 to 0.02], p > 0.99; Average Direct Effect = − 0.34 [95% 
CI: − 0.61 to − 0.06], p = 0.014), while accounting for the influence of 
demographic factors and task congruency. Similarly, the relationship 

Fig. 1. Scatterplots depicting the relationship between aerobic fitness and a) 
mean reaction time, b) response accuracy, and c) phasic pupillary response. 
Congruent trials are depicted with a circle. Incongruent trials are depicted with 
a triangle. 

Fig. 2. Grand average waveforms showing the difference in pupillary dilation 
between congruent and incongruent trials of the flanker task. 
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between aerobic fitness and response accuracy was not mediated by 
phasic activity of the locus-coeruleus (Proportion Mediated = 0.2%; 
Average Causal Mediation Effect = − 0.0 [95% CI: − 0.01 to 0.01], p >
0.99; Average Direct Effect = 0.02 [95% CI: − 0.02 to 0.05], p = 0.3), 
while accounting for the influence of demographic factors and task 
congruency. Of note, the results of the mediation analysis remained the 
same even when using different baseline approaches (i.e., baseline 
corrected using the − 1000 to 0 ms pre-stimulus window), and different 
quantification approaches (i.e., mean amplitude and peak interval 
amplitude). 

3. Discussion 

Replicating a robust body of literature (Alderman and Olson, 2014; 
Buck et al., 2008; Hillman et al., 2009; Huang et al., 2015; Mora-Gon-
zalez et al., 2020; Pontifex et al., 2011; Pontifex et al., 2014a; Westfall 
et al., 2018), aerobic fitness was associated with superior performance 
on a behavioral assessment of inhibitory aspects of cognitive control. 
Specifically, greater aerobic fitness was associated with faster respond-
ing to the target stimulus of the flanker task of inhibitory control, with 
no such fitness-related associations for response accuracy. The lack of a 
relationship for response accuracy is perhaps unsurprising given the use 
of a high-functioning population and the prolonged inter-trial interval to 
allow sufficient time for the phasic pupillary response, which served to 
reduce the variability in response accuracy and potentially mitigated the 
opportunity for aerobic fitness to exert an influence over this criterion of 
performance. As only a single task was implemented, the ability of the 
present investigation to make broad statements regarding a selective 
relationship between fitness and inhibitory control/cognitive control is 
tempered — particularly given the finding of only an overall relation-
ship with reaction time. Nevertheless, the overarching aim of the present 
investigation was to examine the extent to which phasic activation of the 
locus-coeruleus might mediate (either fully or partially) the association 
between aerobic fitness and superior performance on inhibitory aspects 
of cognitive control. Accordingly, the findings of the present investiga-
tion replicated this well-established pattern of results to enable exami-
nation of phasic activation of the locus-coeruleus as a potential 
mediator. 

Due to the high bioenergetic cost of neurons in the locus-coeruleus – 
and the difficulty of maintaining high levels of phasic activity in this 
system over time – it was expected that higher-fit individuals would 
have had larger pupillary reactivity throughout the task, indicating a 
higher level of task engagement. Given a robust and consistent body of 
neuroimaging work indicating higher levels of task engagement, varying 
as a function of the level of cognitive control required, for higher- 
relative to lower-aerobically-fit individuals (e.g., Kao et al., 2019; 
Pontifex et al., 2009, 2012), this hypothesis had considerable empirical 
support. In addition, higher levels of aerobic fitness are related to 
increased cerebral blood flow velocity across the lifespan (Ainslie et al., 
2008) – and so an increased ability to sustain phasic activity of the locus- 
coeruleus would certainly make sense in the context of this 
phenomenon. 

Contrary to our a priori hypotheses, however, phasic locus-coeruleus 
activity was not observed to mediate the relationship between aerobic 
fitness and performance on inhibitory aspects of cognitive control, nor 
was phasic locus-coeruleus activity even observed to relate to aerobic 
fitness. Thus, such findings provide preliminary evidence to suggest that 
fitness does not alter activity levels of the locus-coeruleus. Despite a 
relatively robust sample size, the ability to detect small effect sizes, and 
the use of a well-established assessment of cognition in the present 
investigation with findings that replicated the extant literature, it is 
important to note that participants in this investigation were college- 
aged young adults. As this population is quite high-functioning, it may 
be that the contribution of differences in locus-coeruleus activity may 
only be apparent in developing populations, cognitively impaired 
adults, or other populations with sub-optimal levels of cognitive 

functioning. Further, while the activity levels of the locus-coeruleus 
exhibited typical patterns of modulation in response to the greater 
level of inhibitory control required for the incongruent trials of the 
flanker task (van der Wel and van Steenbergen, 2018), it may be that a 
relationship between aerobic fitness and activity levels of the locus- 
coeruleus may only become apparent in response to tasks with a 
greater level of difficulty. In addition, the cross-sectional nature of the 
present investigation does not allow for causal conclusions to be drawn. 
Thus, further research – especially randomized, controlled trials exam-
ining how changes in fitness are related to changes in pupillary reac-
tivity and/or cognitive task performance – is necessary to better 
characterize the nature of this relationship. 

Collectively, despite the lack of a relationship between aerobic 
fitness and phasic activation of the locus-coeruleus, this work contrib-
utes towards a broader understanding of those neural differences that 
may underlie the manifestation of superior behavioral performance on 
tests indexing aspects of cognitive control for those with superior levels 
of aerobic fitness. As the acquisition of the attribute of aerobic fitness is 
in large part a consequence of the chronic and habitual engagement in 
physical activity of an aerobic nature, investigating such relationships 
with regard to aerobic fitness provides insight into the potential benefit 
of accumulating such physical activity behaviors over the course of 
many years or even decades. Understanding the mechanisms that un-
derlie superior behavioral performance might therefore enable the 
development of physical activity interventions optimized to promote 
and sustain enhancements in cognitive health and function. Accord-
ingly, it is essential that future investigations in this area continue to 
investigate the potential mechanisms underlying these relationships as 
well as to what extent these mechanisms respond to changes in physi-
cally active behaviors. 
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