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Exercise-induced elevations in cerebral blood velocity are greater
in running compared to cycling at higher intensities
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INTRODUCTION

Effective regulation of blood to and within the brain is vital
for optimal brain function. Regular exercise and higher
cardiorespiratory fitness has been positively linked with
improved cerebral blood flow (CBF) and its regulation (in-
cluding cerebrovascular resistance, compliance and reactivity
(Bailey et al., 2013; Zimmerman et al., 2014), shown to offset
the natural age-related decline in CBF (Ainslie et al., 2008),
and lower the risk of stroke (Lee, Folsom, & Blair, 2003;
Pandey et al., 2016) and neurodegenerative diseases (e.g.,
dementia (Larson et al., 2006)). However, the mechanisms
driving the vasoprotective benefits of exercise remain to be
established, meaning that the effectiveness of various exer-
cise parameters, such as mode, intensity, frequency, and du-
ration, are not yet fully understood (Lucas, Cotter, Brassard,
& Bailey, 2015). Improved understanding of how different
exercise strategies induce the stimulus for positive cerebro-
vascular adaptation will allow a more targeted approach to
optimize brain vascular health through exercise (Burley,
Bailey, Marley, & Lucas, 2016).

Exercise-induced increases in blood flow are a key com-
ponent of the mechanism driving vascular adaptation in re-
sponse to exercise (Lu & Kassab, 2011; Tinken et al., 2010).
Specifically, changes in the hemodynamic forces acting on
the vessel wall, due to elevated friction (shear stress) and
distension (cyclic strain) as flow increases, stimulate the re-
lease of nitric oxide (NO) and a cascade of signaling events
mediating positive structural and functional vascular adap-
tation (reviewed in (Green, Hopman, Padilla, Laughlin, &
Thijssen, 2017)). Similarly, shear stress and cyclic strain
have been identified as potential drivers of vascular change
within the cerebrovasculature (Bolduc, Thorin-Trescases, &
Thorin, 2013; Padilla et al., 2011). However, to date the basis
of this assertion has primarily come from animal-based and
cell culture studies, or inferred from the peripheral vascula-
ture of humans. Given this, and the knowledge that the reg-
ulation of the cerebrovascular is distinct from the peripheral
vasculature (Ogoh & Ainslie, 2010), the effect of exercise on
CBEF requires specific investigation. Furthermore, the regula-
tion of CBF during exercise is complex and the interaction of
key regulatory variables (e.g., arterial partial pressure of car-
bon dioxide, blood pressure, cardiac output) may differ with
different exercise types (Smith & Ainslie, 2017). Thus, it is
unclear how we might best optimize exercise intensity and
modality in order to maximize CBF and subsequent hemody-
namic stimuli for cerebrovascular adaptation.

The typical pattern of CBF reported in the literature de-
scribes an inverted-U response with increasing exercise
intensities, where CBF peaks at ~65% of maximal aerobic
capacity (i.e., VO,,,,) before returning toward resting val-
ues at higher exercise intensities—with this profile coupled
to comparable changes in end-tidal carbon dioxide (reviewed

in (Smith & Ainslie, 2017)). However, the vast majority of
studies to date have used cycling to illustrate this relation-
ship (e.g., Brugniaux, Marley, Hodson, New, & Bailey, 2014;
Hellstrom, Fischer-Colbrie, Wahlgren, & Jogestrand, 1996;
Moraine et al., 1993)), in spite of variation in the CBF-
exercise intensity relationship in the few studies that have
used alternative exercise modalities (e.g., rowing (Faull,
Cotter, & Lucas, 2015; Pott et al., 1997), running (Lyngeraa
et al., 2013)). For example, the hyperventilation-induced hy-
pocapnia attributed to lowering CBF at high exercise intensity
during cycling (Hellstrom et al., 1996) is not observed during
high-intensity rowing (Faull et al., 2015), while both rowing
and running display oscillatory patterns in CBF (Lyngeraa
et al., 2013; Pott et al., 1997) that are not observed with cy-
cling. Furthermore, the only study to date that has examined
CBEF patterns during running did not test a full range of inten-
sities, only comparing responses at intensities of 50, 65, and
75% of heart rate reserve (Lyngeraa et al., 2013). Moreover,
no single study has compared CBF responses between ex-
ercise modes, across a full range of exercise intensities. For
this reason, the aim of the present study was to compare the
impact of running and cycling on CBF [as indexed by tran-
scranial Doppler (TCD) measures of middle cerebral artery
blood velocity (MCAv)] across a full range of exercise in-
tensities. In line with previous research, we hypothesized
that exercise-induced increases in MCAv for cycling would
peak at 65% VO,,,,,, While running would elicit a unique and
markedly different profile compared to cycling due to the
whole-body nature of the exercise.

2 | METHODS

2.1 | Ethical approval

This study was approved by the Science, Technology,
Engineering and Mathematics Ethical Review Committee,
University of Birmingham (ERN_17-1570) and adhered to
the principles of the Declaration of Helsinki (2013). All vol-
unteers provided written informed consent.

2.2 | Participants

Twenty-six physically active male (14) and female (12) (age
26 + 8 years, height 171 + 9 cm, body mass 69 + 11 kg,
running VO,,.. 463 + 6.3 mL/min/kg, cycling VO, .,
41.3 + 7.8 mL/min/kg, see Table 1) volunteers took part
in this study. Participants were accustomed to both run-
ning and cycling exercise, including running on a treadmill.
Participants were not taking any medication (with the excep-
tion of oral contraception in females), were nonsmokers, and
had no history or symptoms of cardiovascular, respiratory,
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TABLE 1 Overall and subgroup baseline characteristics
Overall Fit Unfit

Variable (n = 26) (n =16) n=17)

Sex (male: female) 14:12 10:6 2:5

Age (years) 26+ 8 22+5 26 + 10

Body Mass (kg) 69.0 + 10.9 67.4+93 68.3 +6.9

Height (cm) 171+ 9 172 +9 171 = 10

Running VO, .« 463 +6.3 534425 375+19
mL/min/kg

Cycling VO, 413 +78 453+69 34.1+34
mL/min/kg

Note: VO,,,,., maximal oxygen consumption. Values are mean + SD.

or neurological disease. Participants were excluded if they
self-reported as sedentary (as defined by the Department
of Health General Practise Physical Activity Questionnaire
(2006)). Female participants could participate at any point
during their menstrual cycle. All participants were instructed
not to consume a large meal 4 hr before arrival (a light meal
was permitted up to 2 hr prior and participants were advised
to consume 0.5 L of water in the 4 hr preceding each exercise
session), caffeine 6 hr before and alcohol 24 hr prior to the
visit. Participants were also instructed to avoid vigorous ex-
ercise in the 24 hr prior to each experimental visit.

2.3 | Study design and protocol

A repeated-measures, randomized crossover design was em-
ployed; requiring each participant to attend a total of four
separate experimental exercise sessions. The first two exer-
cise sessions involved the completion of modality-specific
VO, tests on a treadmill and bike ergometer, carried out in
a randomized order. These tests began with a 5-min graded
warm-up, whereby treadmill speed or resistance load was in-
creased every minute until they rated a score of 11 on the
Borg perceived exertion scale. Following the warm-up partic-
ipants were given the opportunity to stretch, before complet-
ing a standardized ramp protocol to determine VO,, ... The
standardized ramp protocol consisted of increased workload
(treadmill speed/gradient or cycling ergometer resistance)
in 3 min stages until VO, .. was reached. Participants were
considered to have reached VO, if they achieved at least
two of following criteria: respiratory exchange ratio > 1.1;
a clear plateau in VO, measures over a 30-s period, or voli-
tional fatigue. The remaining two exercise sessions involved
two incremental exercise sessions; one running and one cy-
cling, carried out in a randomized order. The incremental
protocol involved running or cycling for 3-min intervals at
35%, 50%, 65%, 80%, and 95% of VO,,,,, determined from
the VO,,., test. All exercise sessions were preceded by a
5-min warm-up and succeeded by a 3-min cool down.

e . . 3of 11
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Bilateral middle cerebral artery velocity (MCAv) was meas-
ured as an index of CBF using TCD (Multi-Dop X, DWL,
Germany), with 2-MHz probes placed above the zygomatic
arch on the left and right side of the head. Probes were pre-
pared with ultrasound gel and held in place with a headset
(DiaMon®, DWL), with the neoprene strapping that held the
face mask fitted over the top of the headset to help main-
tain this fixed position throughout the exercise. Search and
identification procedures were performed in accordance with
established guidelines (Willie et al., 2011) with settings kept
constant between exercise sessions. The TCD filter was set
at 350 for all sessions, as pilot testing established that the
high-frequency noise and electrical interference associated
with heel strike during running was removed at this setting
without affecting the waveform derived from the spectral
trace. Beat-to-beat MCAv and HR measurements were re-
corded via an analog-to-digital converter (Powerlab 8/30,
ADInstruments Ltd, New Zealand) and displayed in real
time and stored for offline analysis using Lab Chart software
(LabChart v7, ADInstruments Ltd). Time point markers were
inserted during acquisition at the start of each increment dur-
ing the protocol, with these markers used for temporal align-
ment with the respiratory data.

Oxygen consumption (VO,) and respiratory variables
(ventilation rate, ventilation volume, partial pressure of end-
tidal CO,) were measured by indirect calorimetry (VyntusTM
CPX, Carefusion, Germany), and the data recorded via
Sentrysuite™ software (Version 2.19, Carefusion, Germany).
These data were displayed in real time during testing and
used to confirm each target intensity. Time point markers
were inserted during data acquisition to allow for the tempo-
ral alignment with the data collected within Lab Chart soft-
ware. During the last minute of each stage of all VO,,,., and
incremental protocols, participants rated perceived exertion
(RPE) via the 15-point Borg scale (Borg, 1982). Treadmill
running was performed on a standard treadmill (Cosmos,
Quaser, Germany) and cycling on a cycle ergometer (Sport
Excalibur, Lode, The Netherlands).

2.5 | Data analysis

Resting measures of mean MCAv (MCAv,...). PerCO,,
VO, and HR were averaged from the final 30 s of quiet seated
rest, which was preceded by at least 10 min of sitting during
equipment instrumentation and Doppler signal optimization.
Exercising measures of these same variables were averaged
over the final 30 s of each incremental stage. Systolic MCAv
(SMCAv) and diastolic MCAv (dMCAVv) data were obtained
via the MCAv waveform trace (maximum and minimum val-
ues of the wave form, respectively), with pulsatility index
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(PI) calculated from these data (PI = sMCAv — dMCAv /M
CAV,ean)- The MCAvV measurements were obtained from the
Doppler probe that provided the cleanest signal throughout
the whole exercise session, which varied between partici-
pants but remained constant within participants across their
two visits. MCAv data reported are presented as a change
from rest.

In order to allow for assessment of the impact of fitness
on the exercise-induced cerebrovascular responses, data
from treadmill VO,,,, tests were used to categorize fitness
level as either lower (n = 7; male: <40 mL/min/kg, female:
<35 mL/min/kg) or higher fitness (n = 16; male: >45 mL/
min/kg, female: >40 mL/min/kg). These fitness thresholds
were based on ACSM guidelines (Riebe, Ehrman, Ligouri,
& Magal, 2018).

2.6 | Statistical analysis

Statistical analyses were performed using R (R Core
Team, 2019 ; Singmann, Bolker, Westfall, Aust, & Ben-
Shachar, 2019). Factorial mixed-model ANOVA were
used to examine the within-and-between-modality dif-
ferences in the dependent variables of interest, alongside
consideration of sex as a between-subjects factor, with
post hoc pairwise comparisons (Bonferroni corrected)
used to identify the location of main and interaction ef-
fects present between modalities. Comparison of the exer-
cise intensity response in relation to participant fitness was
assessed using factorial mixed-model ANOVA, with post
hoc pairwise comparison (Bonferroni corrected) in the
same manner as above. Data are presented as mean + SD,
comparisons as estimated marginal mean with 95% confi-
dence intervals, with the threshold for statistical signifi-
cance set at p < .05.

3 | RESULTS

Twenty-seven participants completed all four sessions, how-
ever, due to a poor Doppler signal quality in one participant
during exercise trials only 26 participants were included in
the statistical analysis. Table 2 shows the average resting
baseline data across the two incremental exercise sessions for
participants with full data sets, since there was no difference
in resting baseline measures between these two sessions (all
p > .05). Similarly, no significant main effects were seen be-
tween male and female participants for any primary outcome
measure and as such all data were assessed and interpreted
as a combined sex cohort (all p > .05). Figure 1 shows a
representative trace of the beat-to-beat MCAv profiles during
cycling and running exercise at rest and during exercise (at
95%V 0500
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ociety
TABLE 2 Resting baseline measures

Baseline
Variable (n =26)
HR b/min 66 + 11
MCAVv (cm/s) 65+ 13
SMCAvV (cm/s) 98 + 19
dMCAVv (cm/s) 46 + 9
PI (cm/s) 0.81 +£0.11
PETCO, (mm Hg) 33+3

Note: dMCAV, diastolic middle cerebral artery blood velocity; HR, heart rate;
MCAVv, middle cerebral artery blood velocity; PpCO,, Partial pressure of end-
tidal CO,; PI, pulsatility index; SMCAY, systolic middle cerebral artery blood
velocity.

Values are mean + SD.

3.1 | Whole group comparison between
running and cycling exercise

Mean MCAVv increased from rest for both modalities during
the incremental exercise protocol, although the pattern of
change across the five intensities was different (interaction
effect: p = .01, Figure 2). Post hoc analysis revealed that cy-
cling MCAv,,.,, values peaked at 65% VO, significantly
declining from this peak by the end of the protocol (65 vs.
95%, p < .01). However, MCAv,,.,, during running contin-
ued to increase from resting values across the full range of in-
tensities, leading to a significant difference (p = .01) between
the modalities at 95% VO,,,,« (change from rest: 12 + 13 vs.
7 + 8 cm/s for running vs. cycling).

In contrast, although there was significant interac-
tion (p = .01) between running and cycling in measures of
Pg1CO,, an inverted-U pattern in the data was seen in both
modalities, significantly increasing from baseline at lower
intensities before returning toward baseline values by 95%
VO,,..« (Figure 2). The interaction effect was mediated by an
earlier peak during running (at 50% VO,,,..), Which resulted
in significantly lower PCO, values at 65% and 80% VO,,,,«
(both p < .05) compared to cycling. However, while signifi-
cant, these differences were relatively small (1.6 mmHg and
1.1 mmHg, respectively) in comparison to the increase from
baseline in either modality (i.e., all >4 mmHg). Similarly,
while overall Vg increased significantly across the course of
the exercise increments in both modalities (p < .01, Table 3),
significant differences were seen between modalities at the
same intensities as were seen in PgpCO,, with greater in-
creases seen in running than in cycling at 50%, 65%, and 80%
(p < .03, Table 3).

Table 3 displays sMCAv, dMCAv, and PI data for both
modalities across the full range of intensities tested. For
all three parameters there was a significant interaction ef-
fect between modalities across the five exercise intensities
(all p < .01). Post hoc analysis revealed that SMCAv was



FURLONG ET AL.

amencm\sv

Physiological ReportsJﬂ

physilogical
Sockty

Cycling

Running

1501

100

(5]
o

o

150y

1501

MCAvV (cm.s™")

100

501

%56

0 10 20

30

0 10 20 30

Time (s)

FIGURE 1

Representative beat-to-beat middle cerebral artery velocity (MCAv) profiles associated with cycling (left) and running (right),

both at rest (top) and during exercise at 95% of VO,,,.. These data illustrate the stable beat-to-beat MCAv profile during cycling, compared to the

oscillating profile seen in running. Data presented are taken from a single participant, across the full duration of the 30-s averaging window

~8-20 cm/s higher during running than cycling for all exer-
cise intensities (all p < .05), while IMCAv was ~6—-15 cm/s
lower during running than cycling at 50%, 65%, and 80%
VO, (all p < .05). Correspondingly, PI was greater during
running than cycling for all exercise intensities (all p < .01,
Table 3).

3.2 | Fitness-dependent variation in
running response

Analysis of MCAv, .., responses in relation to participant fit-
ness showed a significant interaction between fitness level
and the MCAv,,.,, response to incremental exercise (p = .04,
see Figure 3). Specifically, while an inverted-U pattern for
the MCAv, .., response was similar between fitness groups
for incremental cycling, differences between the two fitness
groups were observed at intensities above 65% VO,,,,, when
running. While MCAv,.,, continued to increase in the high
fitness group as intensity increased, MCAv,,.,, in the low fit-
ness group decreased, with blood velocity 9 cm/s (95% CI |3,
15]; p=.01)and 11 cm/s (95% CI [5, 17]; p < .01) greater in
the high fitness group at 80% and 95%, respectively. The con-
tinued elevation in the high fitness subgroup also resulted in a
significantly higher MCAv,.,, at 95% VO, in comparison
to the same intensity during cycling for this group (14 + 11
vs. 7 + 9 cm/s, respectively, p < .01).

As with the whole group observations, an inverted-U pat-
tern was seen in both modalities for PrrCO,. Comparison of

responses between the two subgroups during running showed
no significant differences between them, with both exhibiting
similar patterns in response to that seen in cycling (three-way
interaction effect: p = .52; Figure 3). There were significant
differences between modalities at 65% VO,,,,« for both fit-
ness subgroups, and at 80% VO, in the low fitness sub-
group alone (all p < .05).

4 | DISCUSSION

The primary purpose of this study was to complete the first
formal comparison of CBF responses (indexed via MCAv
changes) to running and cycling across a full range of ex-
ercise intensities, within the same participant cohort using
a stepped, incremental protocol. Our main findings were:
a) consistent with our hypothesis, MCAv,,.,, and PzrCO,
during cycling both peaked at 65% VO, before decreas-
ing back toward resting values at the higher intensities; b)
in contrast, MCAv,,.,, during running continued to increase
up to 95% VO, despite a relative decrease in PgrCO,
above 65% VO, although the MCAv, .. responses ap-
peared divergent within the whole cohort tested; (c) subse-
quent subgroup analysis revealed that increases in MCAv ...
above 65% VO, in running were observed in participants
with higher aerobic fitness levels only (male: >45 mL/min/
kg; female: >40 mL/min/kg), whereas the exercise-induced
MCAV, ., response in participants of lower fitness followed
a biphasic response similar to that seen in cycling (for fit and
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FIGURE 2 Comparison of change in partial pressure of end-tidal
carbon dioxide (Pg1CO,) (top panel) and change in middle cerebral
artery velocity (MCAvV) from rest (bottom panel) during incremental
running and cycling exercise (3-min stages at 35%, 50%, 65%, 80%,
95% VO,max). Data are mean + SD for 26 participants. *Significantly
different from resting values (p < .05); ¥Significantly different from
35% VO, values (p < .05); *Significantly different from 80%
VO, values (p < .05); *Significantly different from 95% VO,
values (p < .05); Significantly different between modalities (p < .05)

unfit groups), and (d) the beat-to-beat MCAv profile associ-
ated with running displayed rhythmic oscillations that were
not observed during cycling. Taken together, these findings

demonstrate that exercise-induced increases in MCAV, ..,
during incremental running and cycling differ at higher exer-
cise intensities, with the pattern of the CBF response during
running for fitter individuals dissociating from the regulatory
influence of PCO, at near maximal intensity. Thus, modality-
specific differences in beat-to-beat flow patterns may alter
CBF regulation processes and affect the complex integration
of factors regulating CBF during exercise. Ultimately, this
may lead to modality-specific differences in vascular adap-
tation processes linked to exercise (e.g., shear stress) and
therefore influence how different types of exercise may af-
fect brain vascular health.

41 | Whole group comparison between
running and cycling exercise

A key novel finding from the present study was the different
pattern of exercise-induced increases in MCAv,,.,, between
running and cycling during incremental exercise. Contrary to
the biphasic relation typically reported from cycling-based
studies (reviewed in (Smith & Ainslie, 2017)), we observed
that MCAv,.,, recorded during running increased linearly
up to 95% VO, Furthermore, this linear increase in
MCAV .., occurred despite a biphasic PgCO, response dur-
ing incremental running, similar to that produced with cycling
(see Figure 2). Collectively, this indicates an apparent uncou-
pling of the regulatory influence of PCO, on MCAv at higher
running intensities, which is similar to that reported during
high-intensity (i.e., 30-s all out) rowing (Faull et al., 2015).
As such, the assumption that exercise-induced changes in
CBEF are the same for all exercise modalities is not correct.
One possible explanation for the observed dissociation be-
tween PprCO, and MCAv, ., during high-intensity running

TABLE 3 Measures of systolic and diastolic middle cerebral artery velocity and the calculated pulsatility index, and minute ventilation

volume during incremental running and cycling

Rest 35% VOqmax 50% VOypmax 65% VOspmax 80% VOyax 95% VOspmax

Running

sMCAv (cm/s) 99.7 + 18.3 1215+ 223" 133.0 £ 23.9" 1445 + 253" 1392 +312"7 141443227

dMCAV (cm/s) 46.5+9.8 442 + 113 40.5 + 12.47 332+ 1257 349+ 1207 373+1347

PI (cm/s) 0.82 + 0.10 1.09 +0.16™ 128 + 027" 151+ 028" 1410237 136+026"7

Vy, (L/min) 102+£29° 264 +48" 400+7.17 572 +11.2" 773 +1537  99.6 +20.5"
Cycling

SMCAvV (cr/s) 97.7 +19.2 113.1 £20.7°7 1243 213" 130.1 21477 1273 +2047 1217 +21.271

dMCAv (cm/s) 45.8 £ 8.6 462 +9.8 482 +9.8" 49.0 + 10.0° 46.7 +10.4 442 +11.9°

PI (cm/s) 0.81 +0.11 0.96 +0.15"" 1.03 +0.137 1.07 +£0.12° 1.10+£0.16"77  1.11+0.22"

Vg (L/min) 9.9 +4.6 24.8 +4.7 365+7.5" 5124957 69.6+13.07  965+22.1

Note: Data are mean + SD for 26 participants.

dMCALv, diastolic middle cerebral artery velocity; PI, pulsatility index; sMCAuv, systolic middle cerebral artery velocity; Vg, Minute ventilation.

*Significantly different from resting values (p < .05).
1tSigniﬁcantly different between modalities (p < .05).
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FIGURE 3 Comparison of change in partial pressure of end-tidal carbon dioxide (PgCO,) (top panels) and change in middle cerebral artery
velocity (MCAV) from rest (bottom panels) during incremental running (left) and cycling (right) exercise (3-min stages at 35%, 50%, 65%, 80%,
95% VO,max), between participants characterized as high (male: >45 mL/min/kg; female: >40 mL/min/kg) or low fitness (male: <40 mL/min/
kg; female: <35 mL/min/kg). Significantly different from resting values (p < .05); *Significantly different from 35% VO, values (p < .05);
*Significantly different from 80% VO,,,, values (p < .05); *Significantly different from 95% VO, values (p < .05); SLow fitness significantly
different from high fitness (p < .05); 'Significantly different between modalities (p < .05)

may be related to running-induced oscillations in the beat-
to-beat MCAv profile (Figure 1). Running-induced MCAv
oscillations have been previously observed by Lyngeraa and
colleagues (Lyngeraa et al., 2013). They demonstrated that
pulse pressure oscillations induced via the summation of pres-
sure waves originating in the arterial tree and in response to
heel strike (i.e., the beat phenomenon (Palatini et al., 1989)),
were transferred to the cerebrovasculature while running.
However, Lyngeraa and colleagues did not examine the effect
of near maximal intensities on this response (their maximum
intensity was 75% of heart rate reserve) and did not assess
how MCAv changed relative to the key CBF regulator, PCO,
(as we have done via measures of PrCO,). Unfortunately
we were unable to reliably record blood pressure during the
running exercise, however, one would expect blood pressure
to increase with increasing exercise intensity, in line with the
exercise pressor response (Smith, Mitchell, & Garry, 2006).
This, combined with the beat-to-beat MCAv oscillations,
may have challenged cerebral autoregulation sufficiently
to increase MCAV,.,, at 80% and 95% VO,,,,, despite the
relative hypocapnia. Interestingly, attenuated dynamic ce-
rebral autoregulation has been reported in fitter individuals
(Drapeau et al., 2019; Labrecque et al., 2017; Lind-Holst
et al., 2011), which may explain the observed fitness effect
related to this modality-specific increase in MCAv,,, ob-
served at higher intensities (discussed more below). Further

research exploring how these oscillatory patterns during run-
ning are linked to the regulatory control and long-term vascu-
lar adaptation is needed. Furthermore, while not investigated
within the current study, the potential role of elevated sym-
pathetic activity in controlling cerebrovascular responses to
exercise and the interplay between the sympathetic nervous
system and changes in blood pressure may be relevant for the
differences observed here (see review by: Brassard, Tymko,
& Ainslie, 2017). The complexity of the role that sympathetic
control plays and its potential interaction with both modality-
and intensity-dependent changes in exercise responses war-
rants further study, specifically focussed on the measurement
of sympathetic activity.

4.2 | Impact of physical fitness on running
response to incremental exercise

Although we showed a statistically significant effect be-
tween exercise-induced changes in MCAv, .., between our
incremental running and cycling protocols, we also ob-
served a greater deviation around the mean response during
running compared to cycling (see Figure 2). Anecdotally
it seemed that participants’ cardiorespiratory fitness lev-
els may have mediated this variation. To explore this
potential interaction, two subgroups were investigated
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within our cohort to explore a potential fitness effect (i.e.,
VO,,.x > 45 mL/min/kg vs. <40 mL/min/kg in males; and
>40 mL/min/kg vs. <35 mL/min/kg in females). These
data indicated that participants with higher fitness pro-
duced steeper increases in MCAv, ., during the 80% and
95% VO, €Xercise intensities in comparison to less fit
participants, whereas a more homogenous response across
all participants was observed for cycling. Interestingly,
despite a clear MCAv,,.,, response pattern difference be-
tween the two subgroups when running, similar differences
were not seen in measures of PgrCO,, with both fitness
subgroups exhibiting a significant decline above 65%
VO,,..x and similar patterns of response in both running
and cycling. Additionally, while significant differences
were seen in Vg between modalities, these changes were
in line with the slight differences in PgrCO, at the same
intensities and do not demonstrate the level of divergence
needed for changes in ventilation to play a significant role
in modality-specific responses. These observations provide
a rationale to further explore how greater levels of fitness/
training may influence this running-specific MCAv re-
sponse, with differences in running style or efficiency, and/
or breathing rate potentially mediating an altered response
for fitter individuals.

However, as mentioned above, the impact of fitness on
cerebrovascular regulatory control may explain this effect.
As well as attenuated dynamic cerebral autoregulation
(Drapeau et al., 2019; Labrecque et al., 2017), fitter indi-
viduals have been reported to have lower cerebrovascular
reactivity to CO, (Thomas et al., 2013), although this is not
a universal finding (Bailey et al., 2013; Foster, Steventon,
Helme, Tomassini, & Wise, 2020), meaning that relative
hypocapnia may induce less vasoconstriction in these fit-
ter individuals; although it is not obvious why this would
be any different between running and cycling modalities.
Interestingly, Zhou and colleagues have shown that stroke
volume in elite runners increases continuously with in-
creasing running intensities (up to maximal) during tread-
mill exercise (Zhou et al., 2001). Thus, given the regulatory
contribution of cardiac output to CBF, a greater stroke vol-
ume (and therefore cardiac output) may also help explain
the linear relationship between MCAv, .., and running
intensity in fitter individuals. Overall, the combination of
modality-specific responses (e.g., pulse pressure oscilla-
tions, greater stroke volume) together with fitness-induced
adaptative alterations in cerebral blood flow regulation
may produce a situation where the cerebrovasculature is
more pressure passive for fitter individuals when running
at high intensities. While little research has been conducted
into the safety of high-intensity exercise in well-trained
individuals, as recently highlighted with regard to inter-
val-based high-intensity exercise, the potential risk that
changes (especially rapid and large) in blood pressure may

have in the cerebrovasculature if not properly regulated
need to be considered (Calverley et al., 2020).

43 | Limitations

Transcranial Doppler (TCD) ultrasound was used to assess
the CBF response to exercise in this study. While it is well
recognized that TCD only quantifies the velocity of blood
within the insonated artery rather than flow per se (Willie
et al., 2011), obtaining whole-body, ecologically valid exer-
cising CBF data is not possible via other approaches that ad-
dress the TCD velocity-based limitation (Tymko, Ainslie, &
Smith, 2018) (e.g., duplex Doppler or ASL-MRI). To ensure
we interpreted our findings within the context of the meas-
urement (Ainslie & Hoiland, 2014), we followed established
standardized procedures to limit any measurement bias (Willie
etal.,2011), and report change in MCAYv from the session spe-
cific resting value rather than absolute values when compar-
ing the modality and exercise intensity effects. Recent studies
have demonstrated that the diameter of intra-cranial arteries,
such as the MCA, are subject to change in response to ex-
ercise and PaCO, (Coverdale, Badrov, & Shoemaker, 2017;
Coverdale, Gati, Opalevych, Perrotta, & Shoemaker, 2014;
Coverdale, Lalande, Perrotta, & Shoemaker, 2015; Verbree,
Bronzwaer, & van Buchem, 2017; Verbree et al., 2014). As
such, the increases in MCAv observed during the high-inten-
sity incremental running protocol may have been influenced
by this, however, it seems unlikely that this would only apply
here and not during the other high-intensity exercise meas-
ures of MCAv, where a diameter change (i.e., reduction via
hypocapnic-induced vasoconstriction) would only underesti-
mate the true effect on CBF.

We also used PgCO, as an index of PaCO, to as-
sess the PaCO,-CBF relation. At rest, it has been shown
that PgrCO, accurately represents PaCO, (Williams
& Babb, 1997), however, during exercise PgrCO, may
overestimate PaCO, (Benallal & Busso, 2000; Williams
& Babb, 1997). Moreover, differences in breathing pat-
terns between exercise modalities may further influence
this relation between PgrCO, and PaCO, during exercise.
Indeed, ventilatory patterns are different between run-
ning and cycling for maximal exercise (Tanner, Duke,
& Stager, 2014), with tidal volume larger for cycling.
Therefore, running may result in greater blood (and tis-
sue) retention of PCO,, and may be one potential ex-
planation for the differential blood flow pattern we saw
between running and cycling. However, it is not obvious
why this would be differentially affected by fitness level
between modalities, or why fitness-specific differences in
MCAvV are seen during incremental exercise in running
but not cycling, despite similar patterns in end-tidal CO,
across all conditions.
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The inclusion of female participants within the current
cohort at any stage in their menstrual cycle and regardless
of oral contraceptive usage is also a potential limitation,
due to known variations in cerebrovascular function depen-
dent on changes in circulating sex hormone levels (Krause,
Duckles, & Pelligrino, 2006). While this does limit our ca-
pacity to interpret how sex hormones may alter the responses
seen within our data, this decision was made to maximize
inclusion and the order of visits was randomized in order to
reduce the likelihood that findings were affected by female
participants within a single menstrual cycle phase. Although
alternate strategies such as inclusion within a particular
menstrual phase have previously been utilized to control for
sex hormone variations, these approaches limit our under-
standing to a single phase and are problematic due to high
inter-individual variability in sex hormone profiles across the
cycle and the length of said cycles (Higgstrom, 2014; Sims
& Heather, 2018). The influence of sex hormones on cerebro-
vascular function within the context of exercise and modality
warrants further investigation, with the influence of sex hor-
mones at multiple stages of the menstrual cycle and with and
without the use of oral contraceptives.

4.4 | Perspective

This study was the first to formally compare the CBF pro-
files of running and cycling across a full range of exercise
intensities. We demonstrated that running and cycling have
unique profiles for MCAv,,.,, at exercise intensities exceed-
ing 65% VO,,.« during a stepped incremental protocol,
with the regulatory influence of PgCO, uncoupling from
running-induced MCAv,,.,, responses at the near maxi-
mal stage. This running-specific elevation in MCAv,,, at
higher intensities appears to be dependent on participant fit-
ness, with lower fitness participants showing response pro-
files more akin to those seen in cycling. To confirm whether
elevations in MCAVv translate to elevated shear stress and cy-
clic strain stimuli with the capability of driving unique cer-
ebrovascular adaptation between exercise modalities, future
studies are required to quantify the magnitude of adaptive
signaling (e.g., NO) and ultimately the functional change in
brain vascular structure and function with repeated expo-
sure (i.e., training). Such knowledge will help determine the
most effective exercise strategies that enhance positive cer-
ebrovascular adaptation and optimize brain health for both
healthy and clinical populations.

ACKNOWLEDGMENTS

The authors thank the participants for their time and effort.
The results of the study are presented clearly, honestly,
and without fabrication, falsification, or inappropriate data
manipulation.

e . . 9of 11
NBoss 28 Physiological ReportsJ—

CONFLICT OF INTEREST
The authors declare that there is no conflict of interest.

AUTHOR CONTRIBUTIONS

RAIL and SJEL were involved in conception and design.
RJF, RS, CVB, GMI, RAIL, and SJEL were involved in data
collection. RJF and RS were involved in data extraction. RJF,
SRW, and SJEL were involved in data analysis. RJIF, SRW,
and SJEL were involved in statistical analysis, figure prepa-
ration, and draft of manuscript. RJF, SRW, RS, CVB, GMI,
RAIL, and SJEL were involved in revision, critique, and final
approval of the manuscript.

ORCID

Samuel R. Weaver
Claire V. Burley
Rebekah A. I. Lucas
Samuel J. E. Lucas

https://orcid.org/0000-0002-6585-1995
https://orcid.org/0000-0002-7632-5632
https://orcid.org/0000-0002-6644-3838
https://orcid.org/0000-0002-8713-2457

REFERENCES

Ainslie, P. N., Cotter, J. D., George, K. P., Lucas, S., Murrell, C., Shave, R., ...
Atkinson, G. (2008). Elevation in cerebral blood flow velocity with aero-
bic fitness throughout healthy human ageing. The Journal of Physiology,
586(16), 4005-4010. https://doi.org/10.1113/jphysiol.2008.158279

Ainslie, P. N., & Hoiland, R. L. (2014). Transcranial Doppler ultra-
sound: Valid, invalid, or both? Journal of Applied Physiology, 117,
1081-1083.https://doi.org/10.1152/japplphysiol.00854.2014

Bailey, D. M., Marley, C. J., Brugniaux, J. V., Hodson, D., New, K. J.,
Ogoh, S., & Ainslie, P. N. (2013). Elevated aerobic fitness sustained
throughout the adult lifespan is associated with improved cerebral
hemodynamics. Stroke, 44, 3235-3238. https://doi.org/10.1161/
STROKEAHA.113.002589

Benallal, H., & Busso, T. (2000). Analysis of end-tidal and arterial
PCO, gradients using a breathing model. European Journal of
Applied Physiology, 83(4-5), 402-408. https://doi.org/10.1007/
5004210000260

Bolduc, V., Thorin-Trescases, N., & Thorin, E. (2013). Endothelium-
dependent control of cerebrovascular functions through age:
Exercise for healthy cerebrovascular aging. American Journal of
Physiology-Heart and Circulatory Physiology, 305(5), H620-H633.
https://doi.org/10.1152/ajpheart.00624.2012

Borg, G. A. V. (1982). Psychophysical bases of perceived exertion.
Medicine & Science in Sports & Exercise, 14(5), 377-381. https://
doi.org/10.1249/00005768-198205000-00012

Brassard, P., Tymko, M. M., & Ainslie, P. N. (2017). Sympathetic con-
trol of the brain circulation: Appreciating the complexities to better
understand the controversy. Autonomic Neuroscience, 207, 37-47.
https://doi.org/10.1016/j.autneu.2017.05.003

Brugniaux, J. V., Marley, C. J., Hodson, D. A., New, K. J., & Bailey,
D. M. (2014). Acute exercise stress reveals cerebrovascular benefits
associated with moderate gains in cardiorespiratory fitness. Journal
of Cerebral Blood Flow & Metabolism, 34(12), 1873—-1876. https://
doi.org/10.1038/jcbfm.2014.142

Burley, C. V., Bailey, D. M., Marley, C. J., & Lucas, S. J. E. (2016).
Brain train to combat brain drain; focus on exercise strategies that
optimize neuroprotection. Experimental Physiology, 101(9), 1178-
1184. https://doi.org/10.1113/EP085672


https://orcid.org/0000-0002-6585-1995
https://orcid.org/0000-0002-6585-1995
https://orcid.org/0000-0002-7632-5632
https://orcid.org/0000-0002-7632-5632
https://orcid.org/0000-0002-6644-3838
https://orcid.org/0000-0002-6644-3838
https://orcid.org/0000-0002-8713-2457
https://orcid.org/0000-0002-8713-2457
https://doi.org/10.1113/jphysiol.2008.158279
https://doi.org/10.1152/japplphysiol.00854.2014
https://doi.org/10.1161/STROKEAHA.113.002589
https://doi.org/10.1161/STROKEAHA.113.002589
https://doi.org/10.1007/s004210000260
https://doi.org/10.1007/s004210000260
https://doi.org/10.1152/ajpheart.00624.2012
https://doi.org/10.1249/00005768-198205000-00012
https://doi.org/10.1249/00005768-198205000-00012
https://doi.org/10.1016/j.autneu.2017.05.003
https://doi.org/10.1038/jcbfm.2014.142
https://doi.org/10.1038/jcbfm.2014.142
https://doi.org/10.1113/EP085672

The
Ph

10of 11 . .
4‘—Phy5|olog|ca| Reports g8 N\/Hwo

FURLONG ET AL.

Calverley, T. A., Ogoh, S., Marley, C. J., Steggall, M., Marchi, N.,
Brassard, P., ... Bailey, D. M. (2020). HIITing the brain with ex-
ercise: Mechanisms, consequences and practical recommenda-
tions. The Journal of Physiology, 598(13), 2513-2530. https://doi.
org/10.1113/JP275021

Coverdale, N. S., Badrov, M. B., & Shoemaker, J. K. (2017). Impact
of age on cerebrovascular dilation versus reactivity to hypercapnia.
Journal of Cerebral Blood Flow & Metabolism, 37, 344-355.

Coverdale, N. S., Gati, J. S., Opalevych, O., Perrotta, A., & Shoemaker,
J. K. (2014). Cerebral blood flow velocity underestimates cerebral
blood flow during modest hypercapnia and hypocapnia. Journal of
Applied Physiology, 117(10), 1090-1096. https://doi.org/10.1152/
japplphysiol.00285.2014

Coverdale, N. S., Lalande, S., Perrotta, A., & Shoemaker, J. K. (2015).
Heterogeneous patterns of vasoreactivity in the middle cerebral and
internal carotid arteries. American Journal of Physiology-Heart
and Circulatory Physiology, 308(9), H1030-H1038. https://doi.
org/10.1152/ajpheart.00761.2014

Drapeau, A., Labrecque, L., Imhoff, S., Paquette, M., Le Blanc, O.,
Malenfant, S., & Brassard, P. (2019). Six weeks of high-intensity
interval training to exhaustion attenuates dynamic cerebral au-
toregulation without influencing resting cerebral blood velocity
in young fit men. Physiological Reports, 7(15), 1-10. https://doi.
org/10.14814/phy2.14185

Faull, O. K., Cotter, J. D., & Lucas, S. J. E. (2015). Cerebrovascular
responses during rowing: Do circadian rhythms explain morning
and afternoon performance differences? Scandinavian Journal
of Medicine & Science in Sports, 25(4), 467—475. https://doi.
org/10.1111/sms.12273

Foster, C., Steventon, J. J., Helme, D., Tomassini, V., & Wise, R. G.
(2020). Assessment of the effects of aerobic fitness on cerebrovas-
cular function in young adults using multiple inversion time arterial
spin labeling MRI. Frontiers in Physiology, 11, 1-11.

Green, D. J., Hopman, M. T. E., Padilla, J., Laughlin, M. H., & Thijssen,
D. H. J. (2017). Vascular adaptation to exercise in humans: Role
of hemodynamic stimuli. Physiological Reviews, 97(2), 495-528.
https://doi.org/10.1152/physrev.00014.2016

Hiaggstrom, M. (2014). Reference ranges for estradiol, progesterone,
luteinizing hormone and follicle-stimulating hormone during the
menstrual cycle. WikiJournal of Medicine, 1(1), 1-5. https://doi.
org/10.15347/wjm/2014.001

Hellstrom, G., Fischer-Colbrie, W., Wahlgren, N. G., & Jogestrand,
T. (1996). Carotid artery blood flow and middle cerebral blood
flow velocity during physical exercise artery. Journal of Applied
Physiology, 81, 413-418.

Krause, D. N., Duckles, S. P., & Pelligrino, D. A. (2006). Influence
of sex steroid hormones on cerebrovascular function. Journal of
Applied Physiology, 101, 1252-1261.

Labrecque, L., Rahimaly, K., Imhoff, S., Paquette, M., Le Blanc, O.,
Malenfant, S., ... Brassard, P. (2017). Diminished dynamic cere-
bral autoregulatory capacity with forced oscillations in mean arte-
rial pressure with elevated cardiorespiratory fitness. Physiological
Reports, 5(21), 1-12. https://doi.org/10.14814/phy2.13486

Larson, E. B., Wang, L., Bowen, J. D., McCormick, W. C., Teri, L.,
Crane, P., & Kukull, W. (2006). Exercise is associated with re-
duced risk for incident dementia among persons 65 years of age
and older. Annals of Internal Medicine, 144(2), 73-81. https://doi.
org/10.7326/0003-4819-144-2-200601170-00004

Lee, C. D., Folsom, A. R., & Blair, S. N. (2003). Physical activity and
stroke risk: A meta-analysis. Stroke, 34, 2475-2481.

Lind-Holst, M., Cotter, J. D., Helge, J. W., Boushel, R., Augustesen,
H., Van Lieshout, J. J., & Pott, F. C. (2011). Cerebral autoregula-
tion dynamics in endurance-trained individuals. Journal of Applied
Physiology, 110(5), 1327-1333. https://doi.org/10.1152/japplphysi
01.01497.2010

Lu, D., & Kassab, G. S. (2011). Role of shear stress and stretch in vas-
cular mechanobiology. Journal of the Royal Society Interface, 8(63),
1379-1385. https://doi.org/10.1098/rsif.2011.0177

Lucas, S. J. E., Cotter, J. D., Brassard, P., & Bailey, D. M. (2015). High-
intensity interval exercise and cerebrovascular health: Curiosity,
cause, and consequence. Journal of Cerebral Blood Flow &
Metabolism, 35(6), 902-911. https://doi.org/10.1038/jcbfm.2015.49

Lyngeraa, T. S., Pedersen, L. M., Mantoni, T., Belhage, B., Rasmussen,
L. S., van Lieshout, J. J., & Pott, F. C. (2013). Middle cerebral artery
blood velocity during running. Scandinavian Journal of Medicine &
Science in Sports, 23(1), €32-e37. https://doi.org/10.1111/sms.12009

Moraine, J. J., Lamotte, M., Berr, J., Niset, G., Leduc, A., & Naeije, R.
(1993). Relationship of middle cerebral artery blood flow velocity
to intensity during dynamic exercise in normal subjects. European
Journal of Applied Physiology and Occupational Physiology, 67(1),
35-38. https://doi.org/10.1007/BF00377701

Ogoh, S., & Ainslie, P. N. (2010). Cerebral blood flow during exercise:
Mechanisms of regulation. Journal of Applied Physiology, 107(5),
1370-1380.http://doi.org/10.1152/japplphysiol.00573.2009

Padilla, J., Simmons, G. H., Bender, S. B., Arce-Esquivel, A. A.,
Whyte, J. J., & Laughlin, M. H. (2011). Vascular effects of exercise:
Endothelial adaptations beyond active muscle beds. Physiology, 26,
132-145. https://doi.org/10.1152/physiol.00052.2010

Palatini, P., Mos, L., Mormino, P., Di Marco, A., Munari, L., Fazio, G.,
... Dal Palu, C. (1989). Blood pressure changes during running in
humans: The “beat” phenomenon. Journal of Applied Physiology,
67(1), 52-59. https://doi.org/10.1152/jappl.1989.67.1.52

Pandey, A., Patel, M. R., Willis, B., Gao, A., Leonard, D., Das, S. R.,
... Berry, J. D. (2016). Association between midlife cardiorespi-
ratory fitness and risk of stroke: The cooper center longitudinal
study. Stroke, 47, 1720-1726. https://doi.org/10.1161/STROK
EAHA.115.011532

Pott, F. C., Kundsen, L., Nowak, M., Nielsen, H. B., Hanel, B., & Secher,
N. H. (1997). Middle cerebral artery blood velocity during running.
Acta Physiologica Scandinavica, 160, 251-255.

R Core Team. (2019). R: A language and environment for statistical
computing, Vienna, Austria: R Foundation for Statistical Computing.

Riebe, D., Ehrman, J., Ligouri, G., & Magal, M. (2018). ACSM guide-
lines for exercise testing and prescription.

Sims, S. T., & Heather, A. K. (2018). Myths and Methodologies:
Reducing scientific design ambiguity in studies comparing sexes
and/or menstrual cycle phases. Experimental Physiology, 103,
1309-1317. https://doi.org/10.1113/EP086797

Singmann, H., Bolker, B., Westfall, J., Aust, F., & Ben-Shachar, M.
(2019). afex: Analysis of Factorial Experiments. Available at:
https://cran.r-project.org/package=afex.

Smith, K. J., & Ainslie, P. N. (2017). Regulation of cerebral blood flow
and metabolism during exercise. Experimental Physiology, 102,
1356-1371. https://doi.org/10.1113/EP086249

Smith, S. A., Mitchell, J. H., & Garry, M. G. (2006). The mammalian ex-
ercise pressor reflex in health and disease. Experimental Physiology,
91, 89-102.

Tanner, D. A., Duke, J. W., & Stager, J. M. (2014). Ventilatory pat-
terns differ between maximal running and cycling. Respiratory
Physiology & Neurobiology, 191, 9-16.


https://doi.org/10.1113/JP275021
https://doi.org/10.1113/JP275021
https://doi.org/10.1152/japplphysiol.00285.2014
https://doi.org/10.1152/japplphysiol.00285.2014
https://doi.org/10.1152/ajpheart.00761.2014
https://doi.org/10.1152/ajpheart.00761.2014
https://doi.org/10.14814/phy2.14185
https://doi.org/10.14814/phy2.14185
https://doi.org/10.1111/sms.12273
https://doi.org/10.1111/sms.12273
https://doi.org/10.1152/physrev.00014.2016
https://doi.org/10.15347/wjm/2014.001
https://doi.org/10.15347/wjm/2014.001
https://doi.org/10.14814/phy2.13486
https://doi.org/10.7326/0003-4819-144-2-200601170-00004
https://doi.org/10.7326/0003-4819-144-2-200601170-00004
https://doi.org/10.1152/japplphysiol.01497.2010
https://doi.org/10.1152/japplphysiol.01497.2010
https://doi.org/10.1098/rsif.2011.0177
https://doi.org/10.1038/jcbfm.2015.49
https://doi.org/10.1111/sms.12009
https://doi.org/10.1007/BF00377701
http://doi.org/10.1152/japplphysiol.00573.2009
https://doi.org/10.1152/physiol.00052.2010
https://doi.org/10.1152/jappl.1989.67.1.52
https://doi.org/10.1161/STROKEAHA.115.011532
https://doi.org/10.1161/STROKEAHA.115.011532
https://doi.org/10.1113/EP086797
https://cran.r-project.org/package=afex
https://doi.org/10.1113/EP086249

FURLONG ET AL.

Thomas, B. P., Yezhuvath, U. S., Tseng, B. Y., Liu, P., Levine, B. D.,
Zhang, R., & Lu, H. (2013). Life-long aerobic exercise preserved
baseline cerebral blood flow but reduced vascular reactivity to CO,.
Journal of Magnetic Resonance Imaging, 38, 1177-1183.

Tinken, T. M., Thijssen, D. H. J., Hopkins, N., Dawson, E. A., Cable, N.
T., & Green, D. J. (2010). Shear stress mediates endothelial adap-
tations to exercise training in humans. Hypertension, 55, 312-318.
https://doi.org/10.1161/HYPERTENSIONAHA.109.146282

Tymko, M. M., Ainslie, P. N., & Smith, K. J. (2018). Evaluating the
methods used for measuring cerebral blood flow at rest and during
exercise in humans. European Journal of Applied Physiology, 118,
1527-1538.

Verbree, J., Bronzwaer, A. G. T., Ghariq, E., Versluis, M. J., Daemen,
M. J. A. P, van Buchem, M. A., ... van Osch, M. J. P. (2014).
Assessment of middle cerebral artery diameter during hypocapnia
and hypercapnia in humans using ultra-high-field MRI. Journal of
Applied Physiology, 117, 1084—1089. https://doi.org/10.1152/jappl
physiol.00651.2014

Verbree, J., Bronzwaer, A. G. T., & van Buchem, M. A. (2017). Middle
cerebral artery diameter changes during rhythmic handgrip exercise
in humans. Journal of Cerebral Blood Flow & Metabolism, 37(8),
2921-2927. https://doi.org/10.1177/0271678X16679419

Williams, J. S., & Babb, T. G. (1997). Differences between estimates and
measured PaCO2 during rest and exercise in older subjects. Journal
of Applied Physiology, 83(1), 312-316. https://doi.org/10.1152/
jappl.1997.83.1.312

The . . 1of 11
§é§mety 4 =V Physiological ReportsJ—

Willie, C. K., Colino, F. L., Bailey, D. M., Tzeng, Y. C., Binsted, G.,
Jones, L. W., ... Ainslie, P. N. (2011). Utility of transcranial Doppler
ultrasound for the integrative assessment of cerebrovascular func-
tion. Journal of Neuroscience Methods, 196, 221-237. https://doi.
org/10.1016/j.jneumeth.2011.01.011

Zhou, B., Conlee, R. K., Jensen, R., Fellingham, G. W., George, J. D., &
Fisher, A. G. (2001). Stroke volume does not plateau during graded
exercise in elite male distance runners. Medicine and Science in
Sports and Exercise, 33, 1849-1854. https://doi.org/10.1097/00005
768-200111000-00008

Zimmerman, B., Sutton, B. P., Low, K. A., Fletcher, M. A., Tan, C.
H., Schneider-Garces, N., ... Fabiani, M. (2014). Cardiorespiratory
fitness mediates the effects of aging on cerebral blood flow.
Frontiers in Aging Neuroscience, 6, 1—13. https://doi.org/10.3389/
fnagi.2014.00059

How to cite this article: Furlong RJ, Weaver SR,
Sutherland R, et al. Exercise-induced elevations in
cerebral blood velocity are greater in running
compared to cycling at higher intensities. Physiol Rep.
2020;00:e14539. https://doi.org/10.14814/phy?2.14539



https://doi.org/10.1161/HYPERTENSIONAHA.109.146282
https://doi.org/10.1152/japplphysiol.00651.2014
https://doi.org/10.1152/japplphysiol.00651.2014
https://doi.org/10.1177/0271678X16679419
https://doi.org/10.1152/jappl.1997.83.1.312
https://doi.org/10.1152/jappl.1997.83.1.312
https://doi.org/10.1016/j.jneumeth.2011.01.011
https://doi.org/10.1016/j.jneumeth.2011.01.011
https://doi.org/10.1097/00005768-200111000-00008
https://doi.org/10.1097/00005768-200111000-00008
https://doi.org/10.3389/fnagi.2014.00059
https://doi.org/10.3389/fnagi.2014.00059
https://doi.org/10.14814/phy2.14539

