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Birmingham, United Kingdom

This study examined acute cerebral hemodynamic and circulating neurotrophic factor
responses to moderate intensity continuous exercise (MICT), guideline-based high
intensity interval exercise (HIIT), and sprint interval exercise (SIT). We hypothesized that
the pattern of middle cerebral artery velocity (MCAv) response would differ between
interval and continuous exercise, with SIT inducing the smallest increase from rest,
while increases in neurotrophic factors would be intensity-dependent. In a randomized
crossover design, 24 healthy adults (nine females) performed three exercise protocols:
(i) MICT (30 min), (ii) HIIT (4 × 4 min at 85% HRmax), and (iii) SIT (4 × 30 s supramaximal).
MCAv significantly increased from rest across MICT (113.1 ± 8.5 cm·s−1, p < 0.001)
and all bouts of HIIT (115.2 ± 9.8 cm·s−1, p < 0.001), but only for the initial bout
of SIT (117.3 ± 11.6 cm·s−1, p < 0.001). Immediately following each interval bout,
MCAv increased (i.e., rebounded) for the SIT (9–14% above rest, p ≤ 0.04), but not HIIT
protocol. SIT alone induced significant elevations from rest to end-exercise in vascular
endothelial growth factor (VEGF; 128 ± 36%, p = 0.017) and brain-derived neurotrophic
factor (BDNF, 1149% ± 162%, p < 0.001) and there were greater increases in lactate
than in either other protocol (>5-fold greater in SIT, p < 0.001), alongside a small
significant reduction at the end of active recovery in insulin-like growth factor 1 (IGF-
1, 122 ± 21%, p = 0.002). In conclusion, while the nature of the response may differ,
both guideline-based and sprint-based interval exercise have the potential to induce
significant changes in factors linked to improved cerebrovascular and brain health.
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INTRODUCTION

Physical activity is unique in its ability to positively impact human health and promote wellbeing
across a lifespan (Pedersen and Saltin, 2015; O’Donovan et al., 2017; Kraus et al., 2019). These
benefits are clearly seen within the brain, with higher physical fitness positively correlated with
brain health and a reduction in risk and progression rate of a number of neurological diseases
(Kramer et al., 2006; Bailey et al., 2013; Burley et al., 2016).
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Traditional guidelines, typified by moderate intensity, and
continuous efforts of 30 min, elicit beneficial changes in resting
cerebral blood flow, cognitive function, cardiovascular health,
and all-cause mortality (Garber et al., 2011; Cai et al., 2017;
Alfini et al., 2019). However, poor adherence to traditional
exercise strategies, often characterized by a lack of time (Costello
et al., 2011), has resulted in increased interest in high intensity,
interval-based strategies, which have shown similar health and
fitness benefits compared to moderate intensity steady-state
exercise (Stork et al., 2017; Gibala and Little, 2020). Despite
this, studies focusing on the cerebrovascular responses to
these strategies are limited in number. While current evidence
indicates comparable middle cerebral artery velocity (MCAv)
responses between continuous and interval-based moderate
intensity exercise (Klein et al., 2019), MCAv has been shown
to be suppressed over the course of a single 30 s all-out
sprint bout, followed by a marked elevation in MCAv during
recovery (Curtelin et al., 2018; Labrecque et al., 2020). This
reduction in response to high intensity interval-based strategies
is in contrast to responses within the peripheral vasculature
(Ramos et al., 2015), likely driven by the unique response
of the cerebrovasculature to exercise-induced hyperventilatory
hypocapnia (Ogoh and Ainslie, 2010), as well as differences in
the regulatory responses to elevated systemic flow and blood
pressure (Brassard et al., 2017; Ogoh et al., 2018; Calverley et al.,
2020). Regardless of the mechanisms driving these differences, it
is essential that we understand how choice of exercise strategy
can alter hemodynamic responses, as acute elevations in blood
flow are likely pivotal in determining the adaptive benefits of
longer training periods (Green et al., 2017). Understanding this
relationship is particularly important as research increasingly
supports short (30–60 s) sprint interval training (SIT) protocols
at supramaximal intensities, rather than longer (∼4 min) high
intensity efforts performed in guideline-based high intensity
interval training (HIIT) (Weston et al., 2014). While the
current literature demonstrates the complex relationship between
SIT and measures of cerebral hemodynamics (Curtelin et al.,
2018; Labrecque et al., 2020), it is not clear whether these
responses change over multiple bouts as is typical in training
interventions, nor how SIT- and HIIT-based strategies may differ
in their response.

Exercise also has the capacity to alter the profile of
circulating signaling factors, including neurotrophic factors with
the potential to act within the brain (Voss et al., 2013b).
Amongst these, brain-derived neurotrophic factor (BDNF),
insulin-like growth factor 1 (IGF-1), and vascular endothelial
growth factor (VEGF) are particularly relevant due to their
ability to elicit a comprehensive profile of responses within the
cerebrovasculature, blood-brain barrier, and in brain plasticity
(Voss et al., 2013b; Basso and Suzuki, 2017). Increases in all three
of these factors have been demonstrated under a single exercise
bout, with responses appearing to be intensity-dependent (Wahl
et al., 2010, 2014; Jeon and Ha, 2017; Reycraft et al., 2020).

While the origin and brain-specific changes in many of
these factors is not fully understood, particularly in relation to
BDNF (Rasmussen et al., 2009; Klein et al., 2011), the impact
that exercise can have on these factors is increasingly clear. In

both animal models and humans, increases in BDNF have been
associated with improvements in brain function, acute post-
exercise cognitive function, and subsequent adaptive benefits
within the brain (Voss et al., 2013a; Basso and Suzuki, 2017;
Kujach et al., 2020). Similarly, although acute changes in IGF-
1 do not appear to correlate with changes in cognition (Tsai
et al., 2014), more chronically it has been suggested that IGF-1
is central to healthy cognitive aging, due to its role in regulating
metabolism and insulin resistance in the brain (Lewitt and Boyd,
2019). Further, IGF-1 signaling is essential to the maturation
of BDNF and so may play a secondary role in stimulating its
release (Carro et al., 2000). VEGF is most widely studied in terms
of vascular endothelial regulation, stimulating angiogenic signal
pathways and vascular adaptation to alterations in flow (Olsson
et al., 2006). A number of animal studies have also demonstrated
its role within the brain, promoting angiogenesis within the
cerebrovasculature (Morland et al., 2017; Geiseler and Morland,
2018) and exhibiting neuroprotective effects when upregulated
(Jin et al., 2002; Góra-Kupilas and Jośko, 2005).

The evolving role of lactate as a signaling molecule raises
interesting prospects within the brain, particularly considering its
exponential increases seen at higher intensities (Hughson et al.,
1987). Increases in lactate alone have the capacity to significantly
increase BDNF (Schiffer et al., 2011) and have been associated
with exercise-induced changes in circulating BDNF, IGF-1, and
VEGF (Kujach et al., 2020). Furthermore, lactate has been shown
to modulate brain signaling pathways, crossing the blood-brain
barrier and binding to HCAR1 receptors that are highly expressed
within the brain (Lauritzen et al., 2014), driving responses
relating to cerebral angiogenesis and stimulating cerebral VEGF
expression (Morland et al., 2017).

Given the potential impact of exercise intensity and protocol
on cerebrovascular function, this study aimed to examine
the MCAv response to moderate intensity continuous exercise
(MICT), guideline-based high intensity interval exercise (HIIT),
and sprint interval exercise (SIT). Secondly, we aimed to explore
how these exercise protocols may differentially alter the acute
profile of key neurotrophic markers, which have previously
been linked to exercise-induced changes in brain health. It
was hypothesized that the pattern of middle cerebral artery
velocity (MCAv) response would differ between interval and
continuous exercise, with SIT inducing the smallest increase from
rest. In addition, we hypothesized that increases in circulating
neurotrophic factors would be intensity-dependent, with SIT
inducing the greatest response.

MATERIALS AND METHODS

Participants
Twenty-four regularly active participants were recruited for
this study (see Table 1 for participant characteristics). All
participants were healthy, with no history of cardiovascular,
cerebrovascular, or respiratory disease, and were not taking
any medication (with the exception of oral contraception
in female participants). Visits were carried out within an
hour of the same time of day for each participant, with a
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TABLE 1 | Baseline characteristics and resting values for participants taking part
in three different exercise protocols.

Baseline characteristics
(n = 24; 9 female)

Mean SD

Age (years) 23 5

Body Mass (kg) 73.0 11.1

VO2peak (mL·min−1) 3,185 544

VO2peak (mL·kg−1
·min−1) 43.9 6.4

Resting values

MICT

MCAv (cm·s−1) 72.0 13.6

PETCO2 (mmHg) 33.8 3.6

HR (beats·min−1) 68 10

BDNF (pg·mL−1) 112.5 75.8

IGF-1 (ng·mL−1) 1,960 1,350

VEGF (pg·mL−1) 456.5 980.6

Lactate (mM) 1.1 0.2

HIIT

MCAv (cm·s−1) 70.4 11.4

PETCO2 (mmHg) 33.6 3.6

HR (beats·min−1) 67 12

BDNF (pg·mL−1) 134.0 91.6

IGF-1 (ng·mL−1) 1,905 1,160

VEGF (pg·mL−1) 404.9 770.8

Lactate (mM) 1.1 0.3

SIT

MCAv (cm·s−1) 70.5 11.8

PETCO2 (mmHg) 33.4 3.2

HR (beats·min−1) 71 10

BDNF (pg·mL−1) 134.8 104.5

IGF-1 (ng·imL−1) 2,101 1,444

VEGF (pg·mL−1) 369.2 740.1

Lactate (mM) 1.3 0.9

SD, standard deviation; MICT, moderate intensity continuous training; HIIT, high
intensity interval training; SIT, sprint interval training; MCAv, middle cerebral artery
velocity; PET CO2, partial pressure of end-tidal carbon dioxide; HR, heart rate;
BDNF, brain-derived neurotrophic factor; IGF-1, insulin-like growth factor 1; VEGF,
vascular endothelial growth factor.

minimum of 48 h between sessions. The study was approved
by the University of Birmingham Ethics Committee (ERN-
17_1570) and all participants gave written, informed consent
prior to enrolling in the study, in adherence with the
Declaration of Helsinki.

Experimental Protocol
Following enrolment, participants attended the laboratory on
four separate occasions to carry out: (1) a ramp-increment
aerobic capacity test (VO2peak test); (2) 30 min of moderate-
intensity steady-state exercise (MICT); (3) four 4 min high
intensity interval (HIIT) workouts based on a clinical
intervention model (Weston et al., 2014); and (4) four 30 s
all-out sprints (SIT) (Figure 1). Participants were asked to
refrain from vigorous exercise or consuming alcohol for 24 h and
from consuming caffeine within 12 h of each visit. In addition,
participants were asked to record any food consumed on each

FIGURE 1 | Participants took part in three separate exercise visits in a
randomized order, consisting of 30 min of moderate, steady-state exercise at
65% VO2peak (MICT); four 4 min high intensity intervals at 85% HRmax (HIIT);
and four 30 s supramaximal sprint intervals at 200% Wmax (SIT). All protocols
were preceded by 5 min of seated rest and a 5 min warm-up, and followed by
3 min of active recovery at 50 W and 15 min of seated passive recovery. The
timing of blood sampling (red droplet), data averaging windows, and labels for
analysis (green boxes) and the period used in area under the curve (AUC)
analysis (pink bracket) are included for all protocols. Averaging was carried out
over 30-second windows across the course of each exercise protocol (Ex)
and during the initial and final minute of recovery (Reco) following each HIIT
and SIT bout. The final 30-second recovery window in both HIIT and SIT was
taken as the active recovery timepoint, in conjunction with the active recovery
window (Active) in MICT. VO2peak , maximum oxygen consumption; HRmax,
maximum heart rate; Wmax, maximum aerobic power.

visit day and to refrain from consuming food within 2 h of
testing beginning, with the same foods being consumed prior to
subsequent sessions.

Maximal Oxygen Consumption Test
(VO2peak)
VO2peak was assessed using a ramp-incremental exercise protocol
on a cycle ergometer (Excalibur Sport, Lode, Netherlands). This
test consisted of a 5 min warm up until the participant indicated
a rate of perceived exertion (RPE) of 11 on a Borg Visual Scale
(Borg, 1982), followed by a 3 min ramp protocol in which
resistance was increased by 30 W every 3 min until volitional
fatigue was reached, or the participant was not able to maintain
a consistent cadence above 50 RPM. Oxygen consumption
was continuously measured (Vyntus CPX, Vyaire Medical,
United Kingdom) and VO2peak was defined as the highest 30
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s average achieved during the test. Continuous measures of
HR (Polar H9 HR Sensor, Polar, Finland) were collected for
determination of HRmax. Maximal power output Wmax was
determined as the power output achieved during the final stage
of the VO2peak test.

Experimental Visits
All three experimental visits were carried out in a randomized,
cross-over fashion, with the order of experimental visits
for all participants determined a priori using customized
R script (R Core Team, 2019). On arrival, an intravenous
catheter (20G, BD Venflon, United Kingdom) was placed in
the antecubital vein of the forearm to enable blood sample
collection during exercise; participants then rested in a supine
position for a minimum of 10 min before resting blood
samples were collected. Participants were instrumented for
cerebrovascular and cardiorespiratory measures (detailed below)
and sat quietly for 5 min while resting measures of middle
cerebral artery velocity (MCAv), heart rate (HR), and end-
tidal carbon dioxide (PETCO2) were collected. All exercise
protocols were carried out at a self-selected cadence, included
a 5 min warm up identical to that used during VO2peak
testing, and ended with 3 min of active recovery at 50 W and
a seated 15 min passive recovery period (Figure 1). Verbal
encouragement was given throughout all exercise protocols
and participants were given information about elapsed time at
regular intervals.

MICT Protocol
During MICT, participants carried out 30 min of continuous
exercise at 65% of VO2peak. Resistance on the cycle ergometer
was initially set between 55 and 60% of Wmax and adjusted
once cycling had commenced in order to attain 65% of VO2peak.
Oxygen consumption was continuously monitored across the
duration of the 30 min period to ensure this intensity was
maintained and cycling resistance was adjusted as required.

HIIT Protocol
HIIT consisted of four 4 min intervals at 85% HRmax, separated
by 3 min of active recovery at 50 W, based on guideline
recommendations and definitions of HIIT in clinical settings
(Weston et al., 2014). Initial workload during interval bout 1 was
set at ∼70% Wmax, and monitored and adjusted to achieve 85%
HRmax in a similar manner to the MICT workload. For remaining
bouts, the initial intensity was set at the power output during the
final 30 s of the preceding 4 min bout and adjusted as necessary
to maintain intensity at 85% HRmax.

SIT Protocol
SIT intervals consisted of four 30 s intervals at 200% of Wmax,
separated by 4.5 min of active recovery at 50 W, with the
exception of the final recovery which was matched to MICT and
HIIT at 3 min at 50 W. Following warm-up, the workload was
reduced to 50 W for 30 s in order to ensure that the change
in workload from pre-interval to sprint was matched across all
four intervals. Workload was ramped up 5 s prior to each sprint
interval in order to account for a ∼5–7 s delay in resistance on
the cycle ergometer and intensity was dropped to 50 W as soon as
the 30 s bout ended.

Measurements
Cerebral Blood Velocity
MCAv was assessed bilaterally using a 2 MHz transcranial
doppler (TCD) ultrasound system (Multi Dop X, DWL,
Compumedics Ltd., Germany). Ultrasound probes were attached
to a fully adjustable headset (DiaMon, DWL) to allow for
continuous measurement during exercise. The MCA was located
via the temporal window using standardized search techniques,
with depth, gain, and filter settings matched within participants
across visits (Willie et al., 2011). Resting values for right and left
MCAv were compared during rest to maximize comparability
between sessions, with the most consistent MCA (right/left)
signal across all three sessions used for data analysis.

Respiratory Gases and Ventilation Rate
Breath-by-breath measures of respiratory gases were measured
by collection of expired air through a facemask (Hans Rudolph,
United States) and analyzed continuously via a metabolic cart
(Vyntus CPX, Vyaire Medical). Measures of minute ventilation
(VE), oxygen consumption (VO2), and PETCO2 were exported
for later analysis.

Data Acquisition
MCAv and HR data were recorded through an analog-to-digital
converter (Powerlab, ADInstruments, New Zealand) and stored
for further analysis using dedicated signal analysis software
(LabChart Pro v7, ADInstruments). PETCO2 data were aligned
with other signal data and processed alongside MCAv to match
time course and data averaging periods between the two.

Blood Sampling and Analysis
Blood samples were drawn from the antecubital vein and
collected into two 6 mL vacutainers for the isolation of plasma,
one containing K2EDTA and one lithium heparin (LH) as an
anticoagulant (both BD Vacutainer, United Kingdom). Samples
were collected at rest, at the end of each exercise protocol, end
of active recovery, end of passive recovery, and in the case of
HIIT and SIT an additional aliquot was taken following the initial
interval bout (Figure 1). Samples were immediately centrifuged
at 5,000 g, for 10 min at 4◦C, carefully aliquoted to avoid
disruption of buffy coat, and frozen at −80◦C for future analysis.
All analyses were conducted using plasma isolated with LH as an
anticoagulant, with the exception of VEGF, which was analyzed
using plasma isolated in K2EDTA.

Plasma levels of VEGF, IGF-1, and BDNF were analyzed
by DuoSet ELISA according to manufacturer’s instructions
(#DY293B, #DY291, #DY248, respectively, all R&D Systems,
United Kingdom), with each sample run in duplicate on a single
plate. Sample concentration was determined using standard
curves produced by 4-parameter logistic curve-fitting and
automated concentration analysis (AssayFit Pro, Assay Cloud,
Netherlands). In the eventuality that all samples from a single
visit showed no detectable protein-of-interest, samples were re-
run, using a new sample aliquot on a second plate alongside
samples that reported reproducible levels of the given protein-
of-interest. All sample aliquots used within these analyses were
subject to a single freeze-thaw cycle.
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Circulating levels of blood lactate were analyzed using an
automated photometric-based chemical analyzer (RX+ Daytone,
Randox, United Kingdom), using purpose made assay kits,
standards, and reagents, according to the manufacturer’s
guidelines (Randox).

Data Processing and Statistical Analysis
Data Processing
Power output data was collected across all three experimental
visits and averaged over 5 min periods across the duration
of MICT and over the duration of each bout of HIIT and
SIT. Additionally, average power output was calculated over the
complete duration of each protocol.

Hemodynamic and respiratory data were averaged over the
penultimate 30 s of rest, warm-up, and active and passive
recovery. During the exercise efforts, data were averaged over 30
s at four time points (7.5 min intervals) during MICT, over the
penultimate 30 s of HIIT bouts, and across the full 30 s duration
of SIT bouts. In addition, 30 s averages were obtained in the initial
and final minute of recovery following each HIIT and SIT bout
(RECO 1–4; see Figure 1).

MCAv data were also exported at 1 Hz continuously from the
start of warm-up to the end of active recovery to plot time-course
data for the duration of each study visit, alongside quantification
of area-under-curve (AUC) for the same time-course, using Pulse
Analysis software within Labchart (ADInstruments). AUC was
calculated as total blood velocity (cm·s−1) over the total time
period (s) and so is presented as a measure of displacement
(cm·s−1

· s = cm).

Statistical Analysis
Assumptions of normality were assessed by graphical
interpretation of density distribution and Q-Q plots, as well as by
analysis of skewness, kurtosis, and Shapiro-Wilk’s Test statistics.
Resting baseline data and power output data were compared by
one-way analysis of variance (ANOVA); if sphericity assumptions
were not met under Mauchly’s Test then Greenhouse-Geisser
corrections were utilized for ANOVA results.

Comparison of repeated-measures outcome data was carried
out using linear mixed effects models (LMEM), with time and
protocol included as fixed factors and participant ID as a random
factor. Inclusion of sex and fitness (VO2peak) as factors was
assessed using Akaike’s Information Criteria (AIC) to determine
inclusion and weighting of model errors for each outcome
variable (Symonds and Moussalli, 2011). Post hoc testing for
interactions within ANOVA and LMEM were carried out with
pairwise comparison and Tukey Test adjustments for multiple
comparison. All results are presented as mean ± standard
deviation (mean ± SD) unless otherwise stated.

RESULTS

Exercise Intensity During Acute Exercise
Mean power output across the duration of MICT was 148 ± 28 W
and did not differ significantly across the duration of the protocol
(p > 0.05). During HIIT, average power output was 198 ± 45 W

and remained consistent across bouts 1–3 (201 ± 44 W; 201 ± 46
W; 198 ± 46 W, respectively), although a significant decline was
seen in bout 4 compared to the other 3 bouts (194 ± 47 W,
p ≤ 0.02). Due to the design of the SIT condition, average power
output was matched across all four bouts (503 ± 103 W). Average
power output was significantly lower in MICT than in either
other condition (p < 0.001), and significantly greater in SIT than
in HIIT (p < 0.001).

Oxygen consumption was significantly elevated from resting
baseline across all three protocols (p < 0.001, Table 2). During
MICT, V̇O2 remained relatively stable across the course of
30 min, although there was a small significant increase in the
third time point (2,063 ± 367 mL·min−1, p ≤ 0.03) compared
with time points one and two (1,975 ± 354 mL·min−1 and
2,006 ± 384 mL·min−1, respectively). Oxygen consumption
during both HIIT and SIT was significantly greater than MICT
at all exercising time points (p ≤ 0.046, Table 2). During HIIT,
V̇O2 was significantly lower in bout 1 (2,327 ± 574 mL·min−1)
than either bout 2 (2,447 ± 511 mL·min−1, p = 0.04) or
bout 3 (2,483 ± 511 mL·min−1, p = 0.007). Similarly, SIT
bout 1 (2,291 ± 392 mL·min−1) was significantly lower than
bout 2 (2,512 ± 470 mL·min−1, p ≤ 0.001) and bout 4
(2,473 ± 502 mL·min−1, p < 0.03).

Hemodynamics Responses to Acute
Exercise Interventions
Baseline characteristics and resting values for MCAv, PETCO2,

and HR during seated rest are displayed in Table 1. No
significant differences were seen between any of these measures
at rest (p > 0.05). Within-participant variability (coefficient of
variability) among intervention visits was 5.5% for MCAv, 4.8%
for PETCO2, and 7.2% for HR.

Assessment of model fit validated the inclusion of sex in
linear modeling of MCAv, PETCO2, and HR. While significant
interactions were seen between time and protocol across all
outcome measures and data sets, inclusion of sex as a fixed factor
did not reveal any significant main effect or interaction between
sex and the time-by-protocol interaction effect. For this reason,
all further analysis and interpretation of these data were carried
out including male and female participants as a complete cohort.

Significant increases in MCAv from rest during warm up
(p < 0.001) were comparable across all exercise protocols
(MICT: 116.7 ± 10.1 cm·s−1, HIIT: 115.5 ± 12.3 cm·s−1, SIT:
115.3 ± 9.3 cm·s−1, p > 0.05 between protocols). During MICT
a sustained and uniform elevation in MCAv was seen across
all time points (mean across time points: 85.1 ± 16.2 cm·s−1),
with no significant changes across the 30 min time course
(Figure 2). While all HIIT bouts showed a sustained, significant
elevation in MCAv from rest (19–21%, p< 0.001), bout 1 showed
significantly greater elevation in comparison to both HIIT bout 2
(16.3 ± 6.4 cm·s−1, p = 0.043) and time point one during MICT
(14.8 ± 9.0 cm·s−1, p = 0.047). End-tidal CO2 showed similar
patterns in response across both MICT and HIIT, with significant
elevations from baseline that were sustained across warm up and
all exercising time points in both protocols (Figure 2). HIIT bout
1 also showed significantly greater increases in PETCO2 than
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TABLE 2 | Measures of oxygen consumption, minute ventilation, and heart rate at rest and across the duration of three different exercise protocols.

Rest Ex 1 Ex 2 Ex 3 Ex 4

MICT

VO2 (mL·min−1) 293 ± 112 1,975 ± 354*$† 2,006 ± 384*$† 2,063 ± 367*$† 2,023 ± 383*$†

VE (L·min−1) 9.4 ± 3.1 55.1 ± 10.9*$† 56.1 ± 12.2*$† 57.7 ± 11.9*$† 57.4 ± 13.6*$†

HR (beat·min−1) 68 ± 10 144 ± 14*$† 147 ± 13*$† 150 ± 13*$† 151 ± 14*$†

HIIT

VO2 (mL·min−1) 287 ± 69 2,327 ± 574* 2,447 ± 511* 2,484 ± 511* 2,396 ± 631*

VE (L·min−1) 9.5 ± 2.1 70.0 ± 21.2* 76.9 ± 20.1* � 78.8 ± 21.3* � 77.9 ± 22.9* �

HR (beat·min−1) 67 ± 12 159 ± 10* 167 ± 10* 170 ± 12* 172 ± 11*

SIT

VO2 (mL·min−1) 316 ± 69 2,291 ± 392* 2,512 ± 470* 2,448 ± 529* 2,473 ± 502*

VE (L·min−1) 10.7 ± 2.4 83.3 ± 20.3* 101.3 ± 27.6* 106.0 ± 26.4* 109.8 ± 28.8*

HR (beat·min−1) 71 ± 10 164 ± 14* 169 ± 15* 171 ± 13* 171 ± 11*

SD, standard deviation; MICT, moderate intensity continuous training; HIIT, high intensity interval training; SIT, sprint interval training; VO2, oxygen consumption; VE ,
minute ventilation; HR, heart rate. Significance (analyzed by linear mixed model, p < 0.05) between resting values and subsequent time points is denoted by *. Significant
differences between protocols are denoted by $ between MICT and HIIT; † between MICT and SIT; and � between HIIT and SIT.

all other HIIT bouts (≥2.6 mmHg, p < 0.001), whilst a small
significant difference was seen between bouts 3 and 4 and the
comparable timepoints during MICT (11.4 ± 2.8 mmHg and
11.8 ± 2.9 mmHg respectively, p ≤ 0.04).

Compared to resting values, there was a significant elevation
in MCAv following the first 30 s SIT bout (117.3 ± 11.6 cm·s−1,
p < 0.001), accompanied by a significant increase in PETCO2
at the same time point (14.5 ± 4.8 mmHg, p < 0.001).
These changes were comparable to those seen during MICT
and HIIT in terms of MCAv (both p > 0.05), however,
PETCO2 was significantly lower in SIT than in both MICT
(12.3 ± 3.9 mmHg, p = 0.004) and HIIT (13.3 ± 3.0 mmHg,
p < 0.001). During subsequent SIT bouts, significant reductions
in MCAv were seen in comparison to bout 1 (≥11.7 cm·s−1,
p < 0.001; Figure 2), with no further elevations above baseline
across bouts 2–4 (p > 0.05). Significant reductions in PETCO2
were also seen with repeated bouts, resulting in a significant
suppression in PETCO2 below resting baseline from bout 2
onwards (p ≤ 0.004; Figure 2). During recovery from sprint
intervals, a pattern of elevated MCAv and PETCO2 was seen
within the first minute of recovery following each SIT bout,
which was not seen in the same window of time during HIIT
(Figure 3). This “rebound” was only found to be significant in
comparison to the related sprint bout following bout 1 (Bout
vs. Recovery = 110.0 ± 7.9 cm·s−1, p < 0.001), although
smaller significant elevations above baseline were seen across all
subsequent rebounds (9–14% above rest, p≤ 0.04). All four bouts
showed significant elevations in PETCO2 during the rebound
phase both in comparison to the preceding sprint bout and to
baseline measures (≥5.6 mmHg, p < 0.001).

Analysis of VE measures showed an intensity-dependent
pattern across all three protocols, mirroring changes seen in
PETCO2. Specifically, significant elevations were seen in all three
protocols (p ≤ 0.001, Table 2), but with lower elevations in
MICT than either other protocol at all time points (p ≤ 0.01),
and significantly greater VE in SIT than in HIIT from bout
2 onwards (p ≤ 0.002). While VE remained relatively stable
across MICT, significant differences were seen between bout 1

of HIIT (70.0 ± 21.2 L·min−1) and all subsequent HIIT bouts
(minimum 76.9 ± 20.1 L·min−1, p ≤ 0.001). Similarly, bout 1
of SIT (83.3 ± 20.2 L·min−1) was lower than all subsequent
bouts (minimum 101.3 ± 27.6 L·min−1, p ≤ 0.001), and bout
2 was lower than 4 (101.3 ± 27.6 and 109.8 ± 28.7 L·min−1;
respectively, p = 0.03).

Area under the curve analysis of blood displacement across
all sessions was carried out in eighteen participants; four
participants were not included in this analysis due to temporary
signal drop out during one or more sessions, making the
analysis of area under the curve across the full session unreliable.
Displacement over the course of MICT was significantly higher
than both HIIT (1.66 × 105

± 3.12 × 104 cm vs. 1.36 ×

105
± 2.23 × 104 cm, p < 0.001) and SIT (8.14 × 104

± 1.46
× 104 cm, p < 0.001) exercise protocols. Figure 4 shows
the mean MCAv across the period used in AUC analysis, in
comparison to resting values, demonstrating the difference in
average response between the three exercise protocols and the
unique pattern of response between sprint bouts and immediate
recovery period.

Heart rate data showed a clear pattern that was dependent
on the intensity of the exercise stimulus within each of the
protocols. Significant increases were seen from rest to the end
of the warm up across all exercise protocols (all p < 0.001,
Table 2), whilst the elevation in heart rate was significantly
higher during the warm up in SIT than in MICT (126 ± 15
vs. 118 ± 12 beat·min−1, p = 0.003), but not in comparison
to HIIT (121 ± 12 beat·min−1, p = 0.057). All three protocols
saw a significant increase in HR from warm up to exercise (all
p < 0.001), with significantly lower HR in MICT across all
time points than both HIIT (minimum difference of 116 ± 12
beats·min−1, p < 0.001) and SIT (minimum 121 ± 14
beat·min−1, p < 0.001). Within each protocol, no change was
seen across time points in MICT or SIT, however, HIIT bout 1
exhibited significantly lower HR (159 ± 10 beats·min−1) than
in the subsequent bouts (bout 2: 167 ± 10 beats·min−1; bout
3: 170 ± 12 beats·min−1; bout 4: 172 ± 11 beats·min−1, all
p < 0.04 from bout 1).
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FIGURE 2 | (A) MCAv was determined continuously by transcranial doppler
ultrasound (TCD) and presented as change in MCAv from rest in each protocol
for each participant. (B) PETCO2 was determined through breath-by-breath
respiratory gas exchange and ventilation. Data were averaged over 30 s of
rest (rest); 5 min warm up (warm up); 3 min active recovery (active); and 15
min seated passive recovery (passive) in all protocols. Exercising averages (Ex
1–4) were taken every 7 min during 30 min of moderate intensity (65%
VO2peak ) steady state exercise (MICT); in the final minute of the four 4 min high
intensity (85% HRmax) interval bouts (HIIT) and across the duration of four 30 s
supramaximal (200% Wmax) sprint intervals (SIT). Data are presented as
mean ± SD (n = 24; except SIT–Passive: n = 23) and were analyzed by linear
mixed models. Significant differences (analyzed by linear mixed model,
p < 0.05) between resting values and subsequent time points are denoted
by *. Significant differences between protocols are denoted by $ between
MICT and HIIT; † between MICT and SIT; and � between HIIT and SIT.

Protocol-Dependent Changes in
Circulating Factors
Blood samples were drawn from all 24 participants across all
time points, with the exception of the final time point in
MICT for one participant (cannula blockage). Of these, samples
fell outside the limit of detection for the given test in three
participants for BDNF (n = 21), seven participants for IGF-1
(n = 17), nine participants for VEGF (n = 15), and none for
lactate (n = 24). Sample loss post collection for one participant
for the SIT protocol resulted in a reduction in sample number
for the analysis of VEGF (SIT: n = 14) and blood lactate
(SIT: n = 23). No significant differences were seen in baseline
measures for any of the blood markers (p > 0.05, Table 1).
Model validation resulted in the inclusion of sex as a fixed factor
in linear mixed modeling for BDNF alone, whilst analyses of
data for IGF-1, VEGF, and blood lactate were carried out using
base models alone.

FIGURE 3 | (A) MCAv was determined continuously by transcranial doppler
ultrasound (TCD) and presented as change in MCAv from rest in each
protocol for each participant. (B) PETCO2 was determined by measurement of
breath-by-breath respiratory gas exchange and ventilation. Data were
averaged for 1 min during seated rest (Rest); over 30 s during the final minute
of four 4 min high intensity (85% HRmax) interval bouts (HIIT; Ex 1 – 4); across
the duration of four 30 s supramaximal (200% Wmax) sprint intervals (SIT; Ex 1
– 4), and over a 30 s period, 15 s into the recovery following each bout in both
interval protocols (Reco 1 – 4). Data are presented as mean ± SD (n = 24).
Significance (analyzed by linear mixed model, p < 0.05) between time points
is denoted by ∗ for differences from resting values; c for differences between
interval (ex) and recovery (reco). Significant differences between protocols are
denoted by �.

Within the full cohort, significant changes in BDNF were seen
in SIT alone, with a significant elevation from rest at all later time
points, peaking at the end of exercise (1149 ± 162% from rest,
Figure 5) and remaining significantly elevated through to the
end of passive recovery (all p ≤ 0.040). While baseline measures
of BDNF did not differ significantly between male and female
participants, significant differences were seen between sexes in
both MICT and SIT exercise protocols (Figure 6). Females
exhibited significantly greater increases in BDNF compared to
males during active (p = 0.021) and passive recovery (p < 0.001)
in MICT and from the end of exercise onwards in SIT (p< 0.001).
Marked differences in the response to each protocol were also
seen between sexes. Within the female subgroup, increases in
BDNF from rest were seen following active recovery (p = 0.052),
reaching significance at the end of passive recovery (p = 0.028)
during MICT; significant elevations were also seen from the end
of exercise onwards, peaking at active recovery (p≤ 0.002) during
SIT. Whereas within the male cohort, changes in BDNF levels
were only significant between rest and end of exercise in the SIT
protocol (p = 0.005).
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FIGURE 4 | MCAv was determined continuously by transcranial doppler
ultrasound (TCD) and exported at 1 Hz frequency from the onset of each
protocol after warm-up had been completed. Exercise protocols were: 30 min
of moderate intensity (65% VO2peak ) steady state exercise (MICT); four 4 min
high intensity (85% HRmax) interval bouts (HIIT) separated by 3 min active
recovery at 50 W and four 30 s supramaximal (200% Wmax) sprint intervals
(SIT) separated by 4.5 min active recovery at 50 W, with all protocols followed
by 3 min of active recovery at 50 W. Data are presented as average ± 95%
confidence intervals (n = 18), across the duration of each protocol including
active recovery periods, with resting values averaged over 30 s of seated rest
presented for comparison. These time periods were identical to those used in
calculation of area under the curve (AUC). Continuous effort during MICT and
the timing of the four interval periods in HIIT and SIT are highlighted in pink.

Changes in IGF-1 across the duration of visits were only found
to be significant in the SIT protocol, with a pattern of reduction
across the exercise period reaching significance at the end of
active recovery (p = 0.002, Figure 5). While not significantly
elevated from baseline values, changes in IGF-1 for both MICT
and HIIT were relatively higher than SIT at the end of active
(p < 0.001) and passive recovery (MICT vs. SIT; p = 0.023 and
HIIT vs. SIT; p = 0.011), and at the end of exercise for MICT
compared to SIT (p = 0.018).

Significant changes in VEGF from baseline were only observed
for the SIT protocol, with significant elevations in VEGF seen
from the end of exercise onwards (>23%; p ≤ 0.015, Figure 5).
Specifically, a significant difference in VEGF was seen between
the immediate impact of a single SIT bout and further elevations
in VEGF at the end of exercise (p = 0.017) and active recovery
(p< 0.001). At all three of these time points, fold-change in VEGF
was significantly greater than that of either MICT (p ≥ 0.036) or
HIIT (p ≥ 0.026).

All three protocols increased blood lactate levels, but
the magnitude of these changes varied between protocols.
Specifically, while a significant elevation was seen in MICT at
the end of exercise alone (p = 0.005), changes in HIIT and
SIT were significant at all time points during and following the
exercise stimulus (Figure 5). Further, whilst similar increases in
lactate from rest were seen following the first bout of both HIIT
(13.47 ± 1.47 mM, p < 0.001) and SIT (13.84 ± 2.97 mM,

p < 0.001), significant divergence between these exercise
protocols was seen after this time point. Elevations in blood
lactate after the final bout of SIT were more than 2-fold greater
than those seen in HIIT (115.51 ± 6.14 vs. 16.95 ± 2.35 mM,
p < 0.001), with lactate peaking from rest in SIT at the end
of active recovery (118.81 ± 4.91 mM, p < 0.001) before
declining during passive recovery in both the HIIT and SIT
protocols (Figure 5).

DISCUSSION

The primary purpose of this study was to compare how
differences in exercise strategy may alter acute cerebrovascular
responses and impact key circulating signaling factors with
neurotrophic potential. Our main findings show that: (a)
significant elevations in MCAv during MICT were matched by
similar elevations in cerebral blood velocity for each bout of
HIIT; (b) SIT elicited a unique response in MCAv, with only the
initial bout inducing significant elevations in blood velocity from
rest and a rebound in MCAv occurring immediately following
each SIT bout; and (c) SIT alone drove significant changes
in circulating levels of all investigated markers (BDNF, IGF-1,
VEGF, and blood lactate). These data demonstrate that both the
cerebrovascular and circulating signal factor responses to exercise
are highly dependent on the protocol that is being undertaken. As
a result, it is essential that we consider the relative contribution
that hemodynamic and circulating factor responses have on the
brain and its vasculature to fully understand the efficacy of
different exercise strategies.

Hemodynamic Responses to Acute
Exercise Protocols
Our findings demonstrate that both MICT and HIIT exercise
protocols elicited a similar magnitude of increase in cerebral
blood velocity, although the pattern, duration, and total blood
displacement over these two protocols varied (as demonstrated
in Figure 4). The importance of the total shear stimulus in
comparison to peak changes has been demonstrated over short
time periods (up to 60 s) in brachial artery flow mediated
dilatory (FMD) responses (Pyke and Tschakovsky, 2007), but
to the best of our knowledge has not been investigated over
longer time periods, such as that represented here. While Hoiland
et al. (2017) demonstrated the capacity for transient periods
of hypercapnia (30 s) to induce an FMD response within the
cerebrovasculature, a recent comparison of brachial and internal
carotid artery FMD showed that the magnitude and pattern of
dilatory responses was distinctly different between the two vessels
(Carr et al., 2020) and as such the impact of peak and total
shear stimulus within the cerebrovasculature may be distinct
from that seen within the periphery. Therefore, whether exercise-
induced observations, both acute and chronic, based on FMD
responses in the periphery are translated to FMD responses in
the cerebrovasculature remain to be determined. This distinction
is particularly pertinent in relation to the SIT protocol, as total
blood displacement was the lowest overall (as reflected by AUC),
yet changes over the first sprint interval and immediate post-bout
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FIGURE 5 | Blood plasma samples were taken during seated rest (Rest); immediately after the first interval exercise bout (Ex 1; HIIT and SIT only); at the end of
exercise (Ex 4, end of active recovery (Active); and the end of passive recovery (Passive). Brain-derived neurotrophic factor (BDNF; n = 21), insulin-like growth factor
1 (IGF-1; n = 17), and vascular endothelial growth factor [VEGF; n = 15 (14 in SIT)] were analyzed by ELISA. Blood lactate [n = 24 (23 in SIT)] was analyzed using
automated photometric analysis. Data are presented as mean ± SD. Significance (analyzed by linear mixed model, p < 0.05) between resting values and
subsequent time points is denoted by *. Significant differences between protocols are denoted by $ between MICT and HIIT; † between MICT and SIT; and
� between HIIT and SIT. ND, not determined.

FIGURE 6 | Blood plasma samples were taken were taken during seated rest (Rest); immediately after the first interval exercise bout (Ex 1; HIIT and SIT only); at the
end of exercise (Ex 4); end of active recovery (Active)’ and end of passive recovery (Passive). Brain-derived neurotrophic factor (BDNF; n = 21, 7 female) was
analyzed by ELISA. Data are presented as mean ± SD. Significance (analyzed by linear mixed model, p < 0.05) between resting values and subsequent time points
is denoted by *. Significant differences between sexes at a given time point are denoted by §. M, Male; F, Female; ND, not determined.
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were among the largest changes at any time point across all three
protocols (see Figure 4).

The similarity in the acute responses between MICT and HIIT
within this study have clear clinical ramifications, as these data
indicate that an interval-based approach has the potential to
elicit comparable beneficial changes in the cerebrovasculature.
Additionally, the slight differences seen in the initial bout of HIIT
are likely linked to the lower heart rate within this bout, resulting
from an underestimation of the required exercise intensity to
elicit 85% HRmax, suggesting that a greater response may be
seen at a lower intensity. This adds to a growing body of
evidence supporting the utilization of interval-based exercise
to target both general and vascular health outcomes (Weston
et al., 2014; Pedersen and Saltin, 2015), and complements
the recent findings of Klein et al. (2019) who demonstrated
comparable responses to 10 min of work-matched continuous
compared to intermittent exercise. This is an important step in
increasing our understanding of how differences in the exercise
protocol may affect cerebrovascular function (Calverley et al.,
2020). Future work is essential to understand the impact that
acute differences in exercise protocol response may have on
changes in cerebrovascular function over a training period,
particularly given the potential for acute responses to act as
markers of possible adaptive benefits (Dawson et al., 2018;
Voss et al., 2020).

As expected, suppression of exercise-induced increases in
MCAv across the SIT protocol matched the overall lowering
of PETCO2, consistent with the hyperventilatory hypocapnia
associated with high intensity exercise (Ogoh and Ainslie, 2010)
and the central role of changes in arterial CO2 in regulating
cerebral blood flow (reviewed in Smith and Ainslie, 2017).
Interestingly, the rebound in MCAv immediately following
each SIT bout also matched changes in PETCO2 (Figure 3),
while the greatest increases in both MCAv and PETCO2 were
observed within the first bout. Thus, MCAv responses during
each bout and across all bouts appear to be strongly influenced
by the changes in PETCO2. While not investigated within the
current study, oxidative-nitrosative stress has previously been
linked to reductions in brachial artery endothelium-dependent
vasodilation (Goto et al., 2003) and impaired dynamic cerebral
autoregulation (Bailey et al., 2011) following high intensity
exercise, and as such may also play some role in the MCAv
response we observed with the SIT protocol. However, further
research is needed to determine the oxidative-nitrosative stress
response to interval-based high intensity exercise and the role
that this plays within the cerebrovasculature.

Labrecque et al. (2020) previously demonstrated a similar
rebound response with a single 30 s sprint bout and suggested
that delays in the cerebral autoregulation may also contribute
to this MCAv rebound, which, given the large elevations in
blood pressure with SIT exercise, seems likely. Unfortunately,
we were not able to accurately determine blood pressure during
sprint intervals at the intensity utilized within the current study.
Interestingly, rebound responses were not observed with the
longer intervals used in the HIIT protocol. Therefore, future
research is needed to fully understand the potential for differences
in both intensity and duration of the interval to maximize

the potential benefits of sprint-interval exercise, including with
reliable measuring of blood pressure during such sprint efforts.

Sprint-Based Intervals Elicit Unique
Patterns in Neurotrophic and Signaling
Factor Response
Contrasting the changes seen in MCAv, SIT alone induced
significant changes in all assessed neurotrophic factors. Given
the potential interaction between changes in these factors and
exercise-induced improvements in cognitive function (Lista and
Sorrentino, 2010; Skriver et al., 2014), these findings raise the
possibility that exercise protocol choice may alter the profile of
exercise-related benefits in brain health. Whilst a clear response
was seen in blood lactate across all protocols, those seen in SIT
were greater than in either the MICT or HIIT exercise protocols,
and this may have widespread benefits as lactate serves as a
signaling molecule (Nalbandian and Takeda, 2016; Morland et al.,
2017). Additionally, elevations in lactate have been shown to
drive subsequent elevations in circulating VEGF (Sameer Kumar
et al., 2007) and BDNF (Schiffer et al., 2011), and as such may be
key to changes in VEGF and BDNF being seen primarily within
the SIT protocol alone.

The potential for lactate to stimulate VEGF release, alongside
intensity-dependent upregulation within the skeletal muscle
(Hoier and Hellsten, 2014), may help to explain the significant
elevations in SIT alone. The lack of VEGF modulation by either
MICT or HIIT adds to previous literature showing contrasting
findings across a range of exercise protocols and cohorts, likely
due to the influence of confounding factors (Kraus et al., 2004;
Skriver et al., 2014; Basso and Suzuki, 2017). While it was
beyond the scope of this study to determine the influence
of all confounding factors, both sex and fitness were taken
into consideration for model fitting and neither resulted in
improved model fit. Based on previous research, low basal levels
of VEGF in combination with high interindividual variability
may explain why a number of samples were found to fall below
the limit of detection during analysis (Jelkmann, 2001). Despite
this reduction in sample size, significant increases were seen
with SIT, indicating that SIT may induce a more consistent
response in VEGF compared to lower intensity exercise. These
findings add to a growing body of evidence that high intensity,
interval-based conditions can have a significantly greater impact
on transient responses in circulating VEGF (Wahl et al., 2011;
Kujach et al., 2020).

Significant decreases in IGF-1 during SIT, alongside a pattern
of suppression in HIIT, add to inconsistent responses in IGF-1
seen in previous research in which studies have demonstrated
both a lack of response (Wahl et al., 2010) and significant
elevation in IGF-1 with sprint-based exercise (Kujach et al.,
2020). Interestingly, within the current study, IGF-1 does appear
to be rising during the recovery period of both interval-based
protocols. Previous research has demonstrated dichotomous
results in measures of IGF-1 taken during recovery, with those
showing increases during recovery finding peak changes within
an hour of exercise (Kraemer et al., 2017). The relationship
between IGF-1 and its binding proteins in regulating signaling
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(Kraemer et al., 2017); alongside the capacity for peripheral
IGF-1 to be regulated by and transported into the brain in
animal models (Fernandez and Torres-Alemán, 2012; Vecchio
et al., 2018) adds further complexity to exercise associated
responses. For this reason, it is essential that future studies
explore the role that exercise protocol choices play in modulating
IGF-1 and associated binding proteins, particularly over longer
periods of recovery.

Responses in BDNF within the current study are consistent
with previous research in relation to the response to SIT
(Kujach et al., 2020) and the relative lack of response at lower
intensities (Nofuji et al., 2012; Reycraft et al., 2020). One possible
explanation for this lack of response at lower intensities is the
relatively short half-life of BDNF in the circulation of ∼2.7 min
reported by some authors (Pardridge et al., 1994), which would
necessitate very high levels of release in order for accumulation
of BDNF to be detected in plasma. However, more recent studies
have disputed this half-life time, demonstrating half-lives as long
as 60 min (Pan et al., 1998; Khalin et al., 2016). In addition, the
potential for lactate to upregulate BDNF in a similar manner
to VEGF (Schiffer et al., 2011) also raises the potential role
that intensity-related elevations in lactate may play in BDNF
elevations. Interestingly, a significant difference was seen between
male and female participants within the current study, with
female participants showing greater responses in the recovery
period during SIT and significant elevations in MICT that were
not seen in male participants or the cohort as a whole (Figure 6).
Previous studies have highlighted the potential for sex differences
both at rest (Lommatzsch et al., 2005; Piccinni et al., 2008) and
during exercise (Serra-Millàs, 2016; Dinoff et al., 2017). While
in a recent meta-analysis, Dinoff et al. (2017) found significant
elevations in BDNF in males alone, the authors highlighted that
this may be due in part to a relative lack of studies including
female cohorts. In combination with the contrasting findings of
the present study and a general lack of studies across different
exercise protocols, there is a clear need for further research into
the potential role of sex differences in exercise-related BDNF
responses. Within the current study female participation was not
restricted by oral contraceptive use or menstrual cycle phases, so
the role that cycle phase plays in these differences cannot be fully
understood. This is particularly pertinent given the significant
variations across the menstrual cycle highlighted by Begliuomini
et al. (2007), thus further research is needed to explore the
influence that this basal variability may play in exercise-induced
responses within females and in comparison to male cohorts.
The lack of BDNF modulation by HIIT also raises interesting
questions for future study as to the role of exercise duration and
intensity in stimulating changes in BDNF, with consideration as
to how plasma half-life may dictate the capacity for exercise to
drive accumulation within circulation.

Limitations and Future Directions
While growing evidence supports the utilization of interval-
based exercise, it is important to consider the potential risks
of these strategies against the physiological benefits they may
provide (Lucas et al., 2015; Labrecque et al., 2020). Encouragingly,
recent studies into the risk between interval-based and traditional
continuous exercise protocols for cardiovascular disease cohorts

have shown that the two are of similar risk (Rognmo et al., 2012;
Wewege et al., 2018). Our findings, alongside the limited risk that
clinical guideline-based intervals appear to pose, do suggest that
interval-based exercise can be safely used to positively impact
cerebrovascular health. However, it is still important that the
safety of such interventions are considered before they are applied
across a broader population, including at-risk cohorts.

The utilization of TCD to measure blood velocity as a
proxy of cerebral blood flow has been widely debated (Ainslie
and Hoiland, 2014). The potential for the MCA to change
in diameter during exercise has significant ramifications for
the use of TCD, particularly as the nature of the diameter
change may depend on the specific exercise stimulus and
these concerns must be taken into consideration when utilizing
TCD (Hoiland and Ainslie, 2016; Verbree et al., 2017). While
alternative methods such as MRI, fNIRS, and duplex ultrasound
may present a more accurate or in depth examination of the
cerebrovasculature, at present these methods cannot be employed
across the range of exercise protocols examined in the current
study (Ainslie and Hoiland, 2014).

The potential influence of changes in hemoconcentration as
a result of fluid shift during exercise was not considered within
the current study. While previous research has shown greater
levels of hemoconcentration at higher intensities (Wahl et al.,
2010; Bloomer and Farney, 2013), the lack of responses in
either MICT or HIIT, alongside significant reductions in IGF-
1, contradict the potential for circulating responses to be purely
hemoconcentration-dependent. Additionally, measures of BDNF
were taken in plasma samples alone and not in serum, which
the latter previously has been shown to generate significantly
higher yields of BDNF due to the contribution of platelet-derived
BDNF (Serra-Millàs, 2016). However, our aim within the current
study was to identify responses within the circulating levels of
neurotrophic factors and their release from tissue and as such
plasma-based measures of BDNF were chosen. While care was
taken in the preparation of plasma samples, so as to avoid the
inclusion of platelets within the final sample, we did not include
a second centrifugation step to eliminate any residual platelets
from samples and as such this may have affected BDNF and other
measures sensitive to platelet activity. However, preparation of
plasma was carried out at higher speeds in a similar manner to a
recently validated protocol for the removal of platelets by single-
step centrifugation (Rikkert et al., 2020), although this protocol
utilized a 20-minute centrifugation, compared to the 10-minute
period used within the current study.

As already discussed, female participants were included
regardless of oral contraceptive usage and menstrual phase. While
this limits our ability to determine the influence of sex hormones
or menstrual cycle, this decision was made to address the
studies aims in including free-living individuals and to maximize
recruitment of female participants (Stanhewicz and Wong, 2020).
Furthermore, while numerous strategies have been suggested to
control for the menstrual cycle within studies, the variability
between individuals makes many of these strategies unreliable
(Häggström, 2014; Sims and Heather, 2018). Nevertheless, our
findings demonstrate the potential for sex differences to influence
acute exercise responses within the vasculature, warranting
further exploration of this interaction.
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While this study demonstrates the clear difference in acute
responses, it is not yet clear whether the differences between these
acute bouts result in significant differences in a chronic context.
As such, although growing evidence supports the concept that
acute responses are often indicative of the chronic impact of
interventions (Dawson et al., 2018; Voss et al., 2020), the
exploration of the response to a prolonged training period across
all three exercise approaches is clearly warranted. Similarly, the
population studied within the current work were healthy, young,
and active, and so future work is required to identify how
differences across the population may alter this response.

CONCLUSION

In conclusion, similar acute hemodynamic responses are seen
between traditional continuous and more recent guideline-
based interval exercise strategies (4 × 4 min bouts at
85% HRmax), indicating that this type of interval-based
exercise approach may also be capable of inducing similar
changes in cerebrovascular function over chronic training
periods. While sprint-based intervals drove relatively limited
changes in blood velocity compared to guideline-based interval
and traditional continuous exercise strategies, these intervals
induced large changes in circulating factors with a potential
to significantly impact cerebrovascular health and function.
This dichotomy in response between exercise strategies may
provide an alternate or adjunct means for improving brain
health through combining approaches to physical activity
within interventions.
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