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Effects of Physical Exercise Training on Cerebral Blood Flow
Measurements: A Systematic Review of Human Intervention Studies

Jordi P.D. Kleinloog, Kevin M.R. Nijssen, Ronald P. Mensink, and Peter J. Joris
Department of Nutrition and Movement Sciences, NUTRIM School of Nutrition and Translational Research in Metabolism,

Maastricht University, Maastricht, The Netherlands

The aim of this systematic review was to examine the effects of physical exercise training on cerebral blood flow (CBF), which
is a physiological marker of cerebrovascular function. Relationships between training-induced effects on CBF with changes in
cognitive performance were also discussed. A systematic search was performed up to July 2022. Forty-five intervention
studies with experimental, quasi-experimental, or pre–post designs were included. Sixteen studies (median duration: 14 weeks)
investigated effects of physical exercise training on CBF markers using magnetic resonance imaging, 20 studies (median
duration: 14 weeks) used transcranial Doppler ultrasound, and eight studies (median duration: 8 weeks) used near-infrared
spectroscopy. Studies using magnetic resonance imaging observed consistent increases in CBF in the anterior cingulate cortex
and hippocampus, but not in whole-brain CBF. Effects on resting CBF—measured with transcranial Doppler ultrasound and
near-infrared spectroscopy—were variable, while middle cerebral artery blood flow velocity increased in some studies
following exercise or hypercapnic stimuli. Interestingly, concomitant changes in physical fitness and regional CBF were
observed, while a relation between training-induced effects on CBF and cognitive performance was evident. In conclusion,
exercise training improved cerebrovascular function because regional CBF was changed. Studies are however still needed to
establish whether exercise-induced improvements in CBF are sustained over longer periods of time and underlie the observed
beneficial effects on cognitive performance.
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It is well-known that human aging is associated with an
increased risk to develop subjective cognitive decline, mild cognitive
impairment and ultimately (vascular) dementia (Rabin et al., 2015;
Wahl et al., 2019). Further, it is known that a healthy diet combined
with exercise training may protect against cognitive impairment
(Gorelick et al., 2011; Wahl et al., 2019). Underlying mechanisms
are largely unknown, but lifestyle-induced beneficial effects on
cerebral blood flow (CBF), which is an important physiological
marker of cerebrovascular function in humans, and positively
associated with cognitive performance (Gorelick et al., 2011;
Hays et al., 2016; Joris et al., 2018; Wolters et al., 2017), are
thought to play an important role. In fact, different dietary factors
have already been identified that may beneficially affect CBF and
cognitive performance (Joris et al., 2018). The acute regulation of
CBF during exercise has already extensively been reviewed (Smith
& Ainslie, 2017), while effects of exercise training on mechanisms
maintaining CBF despite changes in blood pressure (i.e., cerebral
autoregulation) have recently been summarized (Claassen et al.,
2021). However, effects of physical exercise training on CBF
measurements have not been systematically reviewed so far. Fur-
thermore, longer term human intervention studies already showed
that physical exercise training improves cognitive performance
(Gates et al., 2013; Northey et al., 2017) potentially via changes
in cerebrovascular function (Zimmerman et al., 2021).

Various techniques can be used to measure CBF, which
makes it difficult to compare results between studies. The most
frequently used imaging techniques are positron emission tomog-
raphy (PET), magnetic resonance imaging (MRI), transcranial
Doppler ultrasound, and near-infrared spectroscopy (NIRS)
(Fantini et al., 2016; Tymko et al., 2018). In brief, CBF as
quantified by PET is considered the gold standard and involves
intravenous injection of a radioactive contrast agent that diffuses
through the blood–brain barrier. However, only a limited number
of studies have used PET due to radiation exposure, while
repeated scans are frequently needed. Perfusion-weighted MRI
requires the intravenous injection of a nondiffusible contrast
agent, such as gadolinium. Another reliable noninvasive alterna-
tive is the MRI perfusion method arterial spin labeling (Xu et al.,
2010), which relies on magnetically labeled water molecules from
the blood flowing through the major arteries toward the brain.
These scans result in a quantitative, three dimensional map of
CBF providing information on the blood flow in a specific region,
or the whole brain. Transcranial Doppler ultrasound is another
technique that noninvasively measures blood flow velocity in the
basal arteries of the brain (e.g., proximal anterior and posterior
cerebral arteries). Finally, NIRS is an optical technique assessing
the concentration of (de)oxygenated hemoglobin in the cerebral
cortex superficially through the scalp, which provides an indirect
measure of brain activity, particularly in the prefrontal cortex. The
aim of this systematic review is to give a comprehensive overview
of the effects of physical exercise training on CBF in humans as
measured by MRI, transcranial Doppler ultrasound and NIRS. In
addition, relationships between exercise-induced changes in
(regional) CBF with physical fitness and cognitive performance
will be discussed.
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Methods

Search Strategy

The Preferred Reporting Items for Systematic Review and Meta-
Analyses (PRISMA) checklist was used to structure the systematic
review. The online databases Medline (PubMed), EMBASE (Sco-
pus), and CENTRAL (Cochrane Central Register of Controlled
Trials) were searched up to July 2022 to identify relevant articles.
The search terms consisted of “exercise [MeSH term]” AND
“cerebrovascular circulation [MeSH term] OR cerebral oxygen-
ation.” The complete search string for the different databases is
presented in Supplementary Material (available online). All articles
were imported into a reference manager (EndNote X9) and checked
for duplicates. Remaining articles were imported into a systematic
review manager (www.covidence.org).

Study Selection

Only original human intervention studies, that investigated the rela-
tionship between exercise training and CBF using experimental
(randomized controlled trials [RCTs]) or non-RCTs, such as quasi-
experimental and pre–post designs, were included. Conference pa-
pers, posters, and reviewswere excluded. Articles describing the same
intervention study in more than one paper were considered as one
study. Only studies with an intervention period of at least 1 weekwere
included. Studies combining exercise training with a dietary and/or
cognitive cointervention were also included. Articles were indepen-
dently assessed for eligibility by two of the authors (Kleinloog and
Joris). When inconclusive, eligibility was discussed until consensus
was reached. Finally, reference lists of the included articles and related
reviews were also checked manually for relevant articles.

Data Collection

Information on the study design (experimental, quasi-experimen-
tal, or pre–post designs), intervention (i.e., type and length of
exercise intervention, frequency and duration of training sessions,
intensity, and modality), and study population (health status, age,
body mass index [BMI], and gender) was extracted, and entered
into a custom-made database. Data on CBF as assessed using MRI,
transcranial Doppler ultrasound, and NIRS were also collected.
Although studies were not required to assess physical fitness levels
and cognitive performance (i.e., global cognition, psychomotor
speed, verbal fluency, verbal and spatial memory, and executive
function), information on these outcomes were included in the
database, if reported. Finally, the revised Cochrane risk-of-bias
(RoB) tool two was used to assess the RoB for the included studies
(Sterne et al., 2019).

Results

Study Characteristics

The PRISMA flow diagram is shown in Figure 1. The initial
search returned 4,403 articles. After removing duplicates, titles
and abstracts of 3,949 articles were screened, and 477 articles
were retrieved for review of the full texts. In the end, 48 articles
met all the inclusion criteria. However, three intervention studies
were described in seven articles (Bailey, Cable, Aziz, Atkinson,
et al., 2016; Bailey, Cable, Aziz, Dobson, et al., 2016; Chapman
et al., 2013, 2016, 2017; Tomoto, Liu, et al., 2021; Tomoto,
Tarumi, et al., 2021). Finally, 45 original intervention studies
were identified, of which 16 used MRI (10 of these studies used
arterial spin labeling, two studies used gadolinium as a contrast

Figure 1 — Preferred Reporting Items for Systematic Reviews andMeta-Analysis flow diagram of each stage of study selection. CBF = cerebral blood
flow; MRI = magnetic resonance imaging.
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agent, and one study used PET), 20 transcranial Doppler ultra-
sound, and eight NIRS. Twenty-six RCTs were included (MRI:
n = 10 [Chapman et al., 2013; Espeland et al., 2018; Kaiser et al.,
2021; Kaufman et al., 2021; Kleinloog et al., 2019; Maass et al.,
2015; Maffei et al., 2017; Moore et al., 2015; Small et al., 2006;
van der Kleij et al., 2018]; transcranial Doppler ultrasound:
n = 12 [Akazawa et al., 2012; Bailey, Cable, Aziz, Atkinson,
et al., 2016; Cho & Roh, 2019; Green et al., 2021; Hata et al.,
1998; Heli et al., 2013; Ivey et al., 2011; Lee et al., 2021; Miller
et al., 2022; Northey et al., 2019; Thomas et al., 2021; Tomoto,
Liu, et al., 2021]; and NIRS: n = 4 [Fu et al., 2013; Hamasaki
et al., 2019; Tsai et al., 2016; Wang et al., 2010]) that involved a
control group, which performed no exercise or performed activ-
ities not affecting fitness levels (e.g., yoga or stretching). The
remaining 18 studies (MRI: n = 6 [Alfini et al., 2019; Anazodo et al.,
2016; Burdette et al., 2010; Pereira et al., 2007; Robertson et al.,
2017; Steventon et al., 2021]; transcranial Doppler ultrasound: n = 8
[Akazawa et al., 2018; Bailey, Cable, Miller, et al., 2016; Drapeau
et al., 2019; Lake et al., 2022; Lewis et al., 2019;Murrell et al., 2013;
Stanek et al., 2011; Tomoto et al., 2015]; and NIRS: n = 4 [Caen
et al., 2019; Drigny et al., 2014; Pollock et al., 2020; Shimizu et al.,
2018]) had a quasi-experimental design, as a (suitable) control group
was missing. The RoB assessment showed some concerns for 15
(33%) studies, while a low RoB was observed for the remaining 30
(67%) studies (Table S1 in the Supplementary Material [available
online]).

The type of intervention and the study population are detailed
in Table 1 for MRI studies, in Table 2 for transcranial Doppler
ultrasound studies and in Table 3 for NIRS studies. The exercise
training arms included continuous exercise (MRI: n = 8 [Alfini
et al., 2019; Burdette et al., 2010; Chapman et al., 2013; Kaiser
et al., 2021; Kaufman et al., 2021; Kleinloog et al., 2019; Pereira
et al., 2007; van der Kleij et al., 2018]; transcranial Doppler
ultrasound: n = 14 [Akazawa et al., 2012, 2018; Bailey, Cable,
Aziz, Atkinson, et al., 2016; Bailey, Cable, Miller, et al., 2016;
Green et al., 2021; Hata et al., 1998; Ivey et al., 2011; Lake et al.,
2022; Miller et al., 2022; Murrell et al., 2013; Northey et al., 2019;
Stanek et al., 2011; Thomas et al., 2021; Tomoto, Liu, et al., 2021];
and NIRS: n = 3 [Fu et al., 2013; Tsai et al., 2016; Wang et al.,
2010]) or high-intensity interval training (HIIT; MRI: n = 1 [Maass
et al., 2015]; transcranial Doppler ultrasound: n = 2 [Drapeau et al.,
2019; Northey et al., 2019]; and NIRS: n = 3 [Caen et al., 2019; Fu
et al., 2013; Tsai et al., 2016]) or a combination of different types of
exercise (MRI: n = 7 [Anazodo et al., 2016; Espeland et al., 2018;
Maffei et al., 2017; Moore et al., 2015; Robertson et al., 2017;
Small et al., 2006; Steventon et al., 2021]; transcranial Doppler
ultrasound: n = 3 [Heli et al., 2013; Lewis et al., 2019; Tomoto
et al., 2015]; and NIRS: n = 3 [Drigny et al., 2014; Hamasaki et al.,
2019; Pollock et al., 2020]). The exercise protocol progressed in
frequency, duration, and/or intensity in most studies. The progres-
sion was either standardized for the whole group or individualized
for each participant. Studies controlled the intensity levels of
aerobic exercise based on the heart rate reserve (HRR), maximum
heart rate (HRmax), maximal power (Pmax) or rating of perceived
exertion (RPE). The intensity of resistance training was based on
the one repetition maximum (1RM) and the number of repetitions.
Finally, 41 out of 45 studies indicated that at least three sessions per
week were supervised. In the remaining studies, one or two
sessions per week were supervised (Heli et al., 2013; Robertson
et al., 2017; Shimizu et al., 2018), and one study indicated that
supervision was only provided during the first 6 months (Espeland
et al., 2018).

Magnetic Resonance Imaging

The median for the intervention duration was 14 weeks (range:
1–541 weeks), and for the exercise the mean frequency duration
was 3 days/week (range: 2–7 days/week) and 45 min (range: 20–
60 min), respectively. The median sample size was 18 participants
per study arm (range: 5–157). Study participants had a median age
of 68 years (range: 23–81 years) and their median BMI was
26.7 kg/m2 (range: 24.5–36.3 kg/m2).

Transcranial Doppler Ultrasound

The median intervention duration was 14 weeks (range: 6–
52 weeks) and the frequency of the exercise sessions was
3 days/week (range: 2–5 days/week). The median duration of these
sessions was 45 min (range: 20–60 min). The median sample size
per study arm was 11 (range: 4–203). The median age of included
participants was 56 years (range: 11–69 years) and their median
BMI was 25.3 kg/m2 (range: 19.2–34.9 kg/m2).

Near-Infrared Spectroscopy

The median duration of the interventions was 8 weeks (range:
4–16 weeks) and mean frequency of exercise sessions 3 days/week
(range: 1–6 days/week). The median duration of exercise sessions
was 30min (range: 30–60min). Themedian age of the subjects was
56 years (range: 21–75 years), and for the BMI 22.7 kg/m2 (range:
21.0–29.7 kg/m2).

Effects on CBF

Physical exercise training-induced effects on CBF as measured by
MRI, transcranial Doppler ultrasound and NIRS are summarized in
Table 4.

Magnetic Resonance Imaging

Two studies found increases in either whole-brain CBF (Espeland
et al., 2018) or gray-matter CBF (Robertson et al., 2017), while in
eight other studies no differences were observed (Anazodo et al.,
2016; Chapman et al., 2013, 2016, 2017; Kaiser et al., 2021;
Kleinloog et al., 2019; Maass et al., 2015; Moore et al., 2015;
Steventon et al., 2021; van der Kleij et al., 2018). Studies that
focused on differences in blood flow in brain lobes observed an
increased CBF in the limbic (Espeland et al., 2018), occipital
(Espeland et al., 2018), medial temporal (Moore et al., 2015),
and parietal lobe (Robertson et al., 2017). Analyses of specific
brain regions within the frontal lobe showed increases in CBF in
the anterior cingulate gyrus (Alfini et al., 2019; Anazodo et al.,
2016; Chapman et al., 2013; Kleinloog et al., 2019) and in the
inferior frontal gyrus (Alfini et al., 2019), while CBFwas decreased
in the left dorsolateral prefrontal cortex (Small et al., 2006). CBF
within specific regions of the medial temporal lobe were affected.
Specifically, blood flow was increased in the dentate gyrus (Pereira
et al., 2007) and hippocampus (Burdette et al., 2010; Kaufman
et al., 2021; Pereira et al., 2007; Steventon et al., 2021). Although
hippocampal CBF decreased within the exercise group in another
study, but not compared with the control group (Maass et al., 2015).
Positive associations were found between changes in hippocampal
CBF with improvements in memory performance (Chapman et al.,
2013; Kaufman et al., 2021; Maass et al., 2015). Finally, CBF
increased in the parahippocampal (Maffei et al., 2017) and
decreased in the temporal fusiform gyrus (Kleinloog et al., 2019),
which are both located in the temporal lobe.
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Transcranial Doppler Ultrasound

Four studies that used transcranial Doppler ultrasound to quantify
resting CBF observed an increased middle cerebral artery (MCA)
velocity (MCAv) (Akazawa et al., 2012; Bailey, Cable, Aziz,
Atkinson, et al., 2016; Bailey, Cable, Miller, et al., 2016; Lake

et al., 2022), while 12 studies observed no differences (Akazawa
et al., 2018; Cho & Roh, 2019; Drapeau et al., 2019; Heli et al.,
2013; Ivey et al., 2011; Lewis et al., 2019; Murrell et al., 2013;
Northey et al., 2019; Stanek et al., 2011; Thomas et al., 2021;
Tomoto et al., 2015). AlthoughMCAv did not change, Stanek et al.

Table 1 Characteristics of the 16 Studies That Used Magnetic Resonance Imaging

Study
Health
status

N
(% female)

Age
(years)

BMI
(kg/m2) Type Duration

Intervention effects

CBF VO2max

Aerobic exercise training

Alfini et al. (2019) Healthy 18 (82) 77 ± 7 N/A CE 12 weeks
(4×/week: 30min)

Healthy: ↑ ACC ↑ 3%

MCI 17 (60) 81 ± 6 MCI: ↓ ACC and
inferior frontal gyrus

↑ 14%

Burdette et al. (2010) Healthy 6 (50) 78 ± 5 27 ± 6 CE 16 weeks
(4×/week: 40min)

↑ Hippocampus N/A

5 (0) 74 ± 3 28 ± 2 SC

Chapman et al. (2013,
2016, 2017)

Healthy 19 (74) 64 ± 4 26 ± 3 CE 12 weeks
(3×/week: 60min)

↑ ACC ↑ 4%

18 (72) 64 ± 4 28 ± 5 CT

18 (56) 62 ± 3 26 ± 4 Control

Kaiser et al. (2021) Healthy 22 (50) 23 ± 3 24 ± 3 CE 12 weeks
(3×/week: 45min)

No effects ↑ 13%

23 (57) 24 ± 3 24 ± 3 SC

Kaufman et al. (2021) Healthy 29 (58) 72 ± 5 N/A CE 52 weeks
(150 min/week)

↑ Hippocampus
(APOE-e4 +)

↑ 10%

15 (67) 73 ± 6 EC

Kleinloog et al. (2019) Healthy 17 (0) 67 ± 2 30 ± 4 CE 8 weeks
(3×/week: 50min)

↑ Frontal,
↓ Medial temporal

↑ 10%

Control

Maass et al. (2015) Healthy 21 (52) 69 ± 5 25 ± 3 HIIT 12 weeks
(3×/week: 30min)

No effects ↑ 10%

19 (58) 68 ± 4 25 ± 3 SC

Pereira et al. (2007) Healthy 11 (82) 33 N/A CE 12 weeks
(4×/week: 60min)

↑ Hippocampus ↑ 13%

Van der Kleij et al.
(2018)

AD 27 (37) 68 ± 7 N/A CE 16 weeks
(3×/week: 60min)

No effects ↑ 8%

24 (41) 69 ± 7 Control

Combined aerobic and
resistance exercise training

Anazodo et al. (2016) Healthy 17 (48) 59 ± 6 25 ± 3 CE + RT 24 weeks
(3×/week: 30min)

↑ ACC ↑ 5%

CAD 21 (29) 59 ± 8 30 ± 5 Control

Moore et al. (2015) Poststroke 20 (10) 68 ± 8 26 ± 4 CE + RT 19 weeks
(3×/week: 30min)

↑ Medial temporal ↑ 17%

20 (20) 70 ± 11 26 ± 4 Control

Robertson et al. (2017) Poststroke 8 (25) 67 ± 11 27 ± 11 CE + RT 24 weeks
(5×/week: 20–
60 min)

↑ Gray matter and
parietal

↑ 20%

Steventon et al. (2021) Healthy 15 (0) 30 ± 6 26 ± 3 CE + RT 1 week
(5 × 25 min)

↑ Hippocampus N/A

Combined exercise training
and dietary interventions
or CT

Espeland et al. (2018) T2D 157 (73) 58 ± 6 35 ± 0 HL 541 weeks
(3×/week: 60min)

↑ Whole-brain,
limbic, and occipital

N/A

153 (66) 59 ± 7 36 ± 0 EC

Maffei et al. (2017) MCI 53 (53) 74 ± 5 N/A CE,
RT + CT

28 weeks
(3×/week: 60min)

↑ Parahippocampal N/A

50 (45) 75 ± 4 Control

Small et al. (2006) Healthy 8 (63) 54 ± 12 N/A HL 2 weeks
(7×/week: 45min)

↓ Dorsolateral
prefrontal cortex

N/A

Note. ACC = anterior cingulate cortex; AD = Alzheimer’s disease; APOE-e4 = apolipoprotein E; BMI = body mass index; CAD = corony artery disease; CBF = cerebral
blood flow; CE = continuous exercise; CT = cognitive training; EC = educational control; HIIT, high-intensity interval training; HL = healthy lifestyle; MCI = mild
cognitive impairment; RT = resistance training; SC = stretching control; T2D = Type 2 diabetes; VO2max = maximum rate of oxygen consumption during incremental
exercise; N/A = not applicable.

4 KLEINLOOG ET AL.

(Ahead of Print)
Unauthenticated | Downloaded 11/21/22 02:02 PM UTC



Table 2 Characteristics of the 20 Studies That Used Transcranial Doppler Ultrasound

Study
Health
status

N
(% female)

Age
(years)

BMI
(kg/m2) Type Duration

Intervention effects

CBF VO2max

Aerobic exercise training

Akazawa et al. (2012) Healthy 10 (100) 60 ± 2 23 CE 8 weeks
(3–5×/week:
45 min)

↑ MCAv,
↓ CVR, = PI

↑ 10%

10 (100) 61 ± 2 21 Control

Akazawa et al. (2018) Healthy 10 (80) 62 ± 4 22 CE 12 weeks
(5×/week:
30–45 min)

↓ PI (acute) =
MCAv, CVR

↑ 21%

Bailey, Cable, Aziz,
Atkinson, et al. (2016)
and Bailey, Cable, Aziz,
Dobson, et al. (2016)

Healthy 14 (100) 52 ± 4 29 ± 6 CE 16 weeks
(3–5×/week:
30–45 min)

↑ MCAv =
CVR

↑ 24%

7 (100) 52 ± 6 28 ± 7 Control

Bailey, Cable, Miller
et al. (2016)

Athletes 9 (100) 26 ± 5 24 ± 4 CE 8 weeks
(3×/week:
30 min)

↑ MCAv and
CVC

↑ 5%

9 (100) WI

Drapeau et al. (2019) Athletes 8 (0) 26 ± 6 23 HIIT 6 weeks
(3×/week:
until
exhaustion

No effects ↑ 6%

9 (0) 28 ± 6 24

Green et al. (2021) Healthy 19 (74) 62 ± 7 28 ± 2 CE 24 weeks
(3×/week:
15–60 min)

No effects ↑ 10%

22 (73) 62 ± 6 29 ± 4 Water-CE

22 (73) 63 ± 9 27 ± 5 Control

Hata et al. (1998) Athletes 10 (100) 23 ± 1 19 ± 2 CE 52 weeks
(3–5×/week:
50 min)

↓ OCA PI N/A

10 (100) 23 ± 2 21 ± 1 Control

Ivey et al. (2011) Poststroke 19 (42) 61 ± 8 28 ± 6 CE 24 weeks
(3×/week:
40 min)

↓ MCAv,
↑ CVMR

↑ 24%

19 (42) 62 ± 10 26 ± 5 Control

Lake et al. (2022) Healthy 203 (51) 66 ± 6 27 ± 4 CE 24 weeks
(3–5×/week:
30 min)

↑ MCAv,
↓ CVR

↑ 8%

Miller et al. (2022) Athletes 11 (27) 22 ± 5 22 ± 2 CE 8 weeks
(3×/week:
50 min)

No effects ↑ 6%

10 (20) 22 ± 5 23 ± 3 Cold-CE

Murrell et al. (2013) Healthy 10 (50) 23 ± 5 26 ± 3 CE 12 weeks
(3×/week:
20–50 min)

No effects ↑ 10%

10 (50) 53 ± 5 25 ± 3 ↑ 5%

Northey et al. (2019) Breast
cancer

survivors

5 (100) 68 ± 7 25 CE 12 weeks
(3×/week:
20–30 min)

No effects ↑ 9%

6 (100) 60 ± 8 25 HIIT ↑ 22%

6 (100) 62 ± 8 28 Control

Stanek et al. (2011) CVD 42 (33) 68 ± 9 30 ± 6 CE 12 weeks
(3×/week:
60 min)

No effects N/A

Thomas et al. (2021) Healthy 68 (62) 26 ± 5 27 ± 4 CE 12 weeks
(3×/week:
60 min)

CE: No effects ↑ 9%

RT RI: ↓ MCAv
and PI, ↑CVR

=

Tomoto, Liu, et al.
(2021) and Tomoto,
Tarumi, et al. (2021)

MCI 18 (44) 65 ± 6 27 ± 5 CE 52 weeks
(3–5×/week:
20–40 min)

↑ CVMR,
↓ PI

N/A

19 (47) 65 ± 7 27 ± 4 SC

Combined aerobic and
resistance exercise training

Heli et al. (2013) MetS 6 (100) 63 ± 10 31 ± 6 HIIT + RT 16 weeks
(2×/week:
25–45 min)

No effects ↑11%

4 (100) 56 ± 6 35 ± 6 EC

Lewis et al. (2019) Healthy 20 (50) 64 ± 5 26 ± 3 CE + HIIT 8 weeks
(3×/week:
20–45 min)

No effects ↑ 17%

COPD 23 (43) 69 ± 7 28 ± 3 ↑ 9%

Tomoto et al. (2015) Athletes 13 (46) N/A 21 ± 8 CE + HIIT
+ RT

16 weeks
(3×/week:
60–90 min)

No effects ↑ 3%

(continued)
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(2011) reported training-induced increases in the anterior cerebral
artery (ACA) velocity (ACAv). The cerebrovascular conductance
(CVC), which is calculated as the MCAv divided by the mean
arterial pressure, increased in one study (Bailey, Cable, Miller,
et al., 2016), decreased in another study (Akazawa et al., 2012), and

did not change in seven studies (Bailey, Cable, Aziz, Atkinson,
et al., 2016; Bailey, Cable, Miller, et al., 2016; Cho & Roh, 2019;
Drapeau et al., 2019; Green et al., 2021; Lake et al., 2022; Miller
et al., 2022; Murrell et al., 2013). Seven studies that measured
cerebrovascular resistance (CVR;mean arterial pressure divided by

Table 2 (continued)

Study
Health
status

N
(% female)

Age
(years)

BMI
(kg/m2) Type Duration

Intervention effects

CBF VO2max

Cho and Roh (2019) Healthy 15 (40) 11 ± 1 21 ± 2 Taekwando 16 weeks
(5×/week:
60 min)

No effects ↑ 3%

15 (40) 11 ± 1 21 ± 4 Control

Lee et al. (2021) Healthy 12 (100) 56 ± 3 26 ± 2 Taekwando 16 weeks
(5×/week:
60 min)

No effects N/A

12 (100) 58 ± 3 26 ± 2 Control

Note. BMI = body mass index; CBF = cerebral blood flow; CE = continuous exercise; COPD = chronic obstructive pulmonary disease; CVD = cardiovascular disease;
CVC = cerebrovascular conductance; CVMR = cerebral vasomotor reactivity; CVR = cerebrovascular resistance; dCA = dynamic cerebral autoregulation; EC =
educational control; HIIT = high-intensity interval training; MetS = metabolic syndrome; MCAv = middle cerebral blood flow; MCI = mild cognitive impairment; N/A =
not applicable; OCA = ophthalmic cerebral artery; PI = pulsatility index; RT = resistance training; SC = stretching control; VO2max = maximum rate of oxygen
consumption during incremental exercise; WI = water immersion.

Table 3 Characteristics of the Eight Studies That Used Near-Infrared Spectroscopy

Study
Health
status

N
(% female)

Age
(years)

BMI
(kg/m2) Type Duration

Intervention effects

CBF VO2max

Aerobic exercise training

Caen et al. (2019) Athletes 11 (0) 22 ± 1 26 HIIT 6 weeks
(3×/week:
49 min)

↑ HHb and totHb,
↓ O2Hb and cTOI
(exercise)

↑ 8%

Fu et al. (2013) CVD 13 (38) 66 ± 2 25 CE 12 weeks
(3×/week:
30 min)

↑ totHb,
= O2Hb and HHb
(exercise)

↑ 9%
↑ 31%14 (36) 68 ± 2 25 HIIT

13 (31) 68 ± 3 25 Control

Tsai et al. (2016) Healthy 20 (0) 22 ± 1 22 ± 1 CE 6 weeks
(5×/week:
30 min)

↑ totHb, = HHb
(HIIT, not CE)

↑ 12%

20 (0) 22 ± 1 22 ± 1 HIIT ↑ 23%

20 (0) 22 ± 1 23 ± 1 Control

Wang et al. (2010) Healthy 12 (0) 21 ± 1 23 ± 1 CE 4 weeks
(5×/week:
30 min)

= totHb, O2Hb, and
HHb (exercise)

↑ 5%

12 (0) 23 ± 1 24 ± 1 Control

Combined aerobic and
resistance exercise training

Drigny et al. (2014) Healthy 6 (N/A) 49 ± 8 30 ± 1 CE + HIIT
+ RT

16 weeks
(5×/week:
20–60 min)

↑ HHb, = totHb
and O2Hb
(exercise)

↑ 12%

Pollock et al. (2020) Parkinson 12 (70) 66 ± 10 N/A CE + RT 8 weeks
(3×/week:
30 min)

No effects N/A

Combined exercise training
and dietary intervention

Hamasaki et al. (2019) Healthy 16 (N/A) 63 ± 4 22 ± 2 CE (PLA) 6 weeks
(4–6×/week:
40–45 min)

↑ O2Hb (cognitive
task)

↑ 7%

18 (N/A) 63 ± 6 22 ± 3 Control (PLA)

Alternative exercise training

Shimizu et al. (2018) Healthy 30 (91) 73 ± 7 N/A Multitask 12 weeks
(1×/week:
60 min)

↑ O2Hb (cognitive
task)

N/A

9 (82) 75 ± 4 N/A Single-task

Note. BMI = body mass index; CBF = cerebral blood flow; CE = continuous exercise; cTOI = tissue oxygenation index; CVD = cardiovascular disease; HHb =
deoxygenated hemoglobin; HIIT = high-intensity interval training; N/A = not applicable; O2Hb = oxygenated hemoglobin; PLA = placebo; RT = resistance training; totHb
= total hemoglobin; VO2max = maximum rate of oxygen consumption during incremental exercise.
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the MCAv) did not observe differences (Drapeau et al., 2019;
Green et al., 2021; Ivey et al., 2011; Lewis et al., 2019; Miller et al.,
2022; Murrell et al., 2013; Thomas et al., 2021; Tomoto, Tarumi,
et al., 2021), whereas CVR decreased in two studies (Akazawa
et al., 2018; Lake et al., 2022). Finally, a decreased pulsatility index
(PI), calculated as the difference between peak systolic and end-
diastolic flow velocities divided by the mean velocity, was
observed of the ophthalmic cerebral artery (OCA) in one study
(Hata et al., 1998). Seven studies measured the PI of the MCA
(Akazawa et al., 2012, 2018; Cho & Roh, 2019; Lee et al., 2021;
Stanek et al., 2011; Thomas et al., 2021; Tomoto et al., 2015) and
ACA (Stanek et al., 2011), but no differences were observed.
Exercise training reduced the PI of the MCA 30 min after an acute
exercise trigger (Akazawa et al., 2018). Also, dynamic cerebral
autoregulation of theMCA increased during exercise in two studies
(Drapeau et al., 2019; Miller et al., 2022), but no changes were
observed in another two studies (Green et al., 2021; Lewis et al.,
2019). Cerebral vasomotor reactivity (CVMR) reflects changes in
CBF in response to changes in blood carbon dioxide (Claassen
et al., 2021). Three studies showed an increased CBF of the MCA
in response to hypercapnia (Ivey et al., 2011; Murrell et al., 2013;
Tomoto, Liu, et al., 2021), but the CVMR of the MCA did not
significantly change following hypocapnia in four studies (Lewis
et al., 2019; Miller et al., 2022; Northey et al., 2019). Furthermore,
Tomoto, Tarumi, et al. (2021) have reported a positive association

between changes in CVMR with improvements in letter fluency as
assessed using the Delis-Kaplan Executive Function System
battery.

Near-Infrared Spectroscopy

CBF as measurement by NIRS during physical exercise resulted in
a training-induced increase in total hemoglobin (totHb) in three
study groups with HIIT training (Caen et al., 2019; Fu et al., 2013;
Tsai et al., 2016), while for two of these studies no differences in
totHb were observed in the continuous exercise group (Fu et al.,
2013; Tsai et al., 2016). Another study also did not observe changes
in totHb following continuous exercise (Wang et al., 2010).
Oxygenated hemoglobin (O2Hb) increased in one study following
HIIT training (Caen et al., 2019), whereas no changes were
reported in four other studies (Drigny et al., 2014; Fu et al.,
2013; Tsai et al., 2016; Wang et al., 2010). Only one study
observed an increased deoxygenated hemoglobin (HHb) during
combined aerobic and resistance exercise training (Drigny et al.,
2014), but no significant differences were found in four studies
(Caen et al., 2019; Fu et al., 2013; Tsai et al., 2016; Wang et al.,
2010). The difference between O2Hb and HHb that is defined as the
cerebral tissue oxygenation index (cTOI) was increased during
aerobic exercise in one study (Caen et al., 2019). Finally, totHb did
not significantly change during cognitive tasks in one study
(Pollock et al., 2020), while two other studies did observe an

Table 4 Summary of Exercise Training-Induced Effects on CBF as Measured With Magnetic Resonance Imaging,
Transcranial Doppler Ultrasound, and Near-Infrared Spectroscopy

Increased Decreased No difference Not assessed

Magnetic resonance imaging (n = 16 studies)

Whole-brain CBF 2 — 8 6

Regional CBFa 12 3 3 —

Transcranial Doppler ultrasound (n = 20 studies)

MCA velocity 4 — 12 4

ACA velocity 1 — — 19

CVC 1 1 7 11

CVR — 2 6 12

PI MCA — — 7 13

PI ACA — — 1 19

PI OCA — 1 — 19

PI MCA 30 min postexercise — 1 — 19

dCA 2 — 2 16

CVMR 3 — 4 13

Near-infrared spectroscopy (n = 8 studies)

During exercise

totHb 3 — 3 2

O2Hb 1 — 4 3

HHb 1 — 4 3

cTOI 1 — — 7

During cognitive task

O2Hb 2 — 1 5

Note. ACA = anterior cerebral artery; CBF = cerebral blood flow; CVC = cerebrovascular conductance; CVMR = cerebral vasomotor reactivity in response to hypocapnia
or hypercapnia; CVR = cerebrovascular resistance; dCA = dynamic cerebral autoregulation; HHb = deoxygenated hemoglobin; MCA = middle cerebral artery; OCA =
ophthalmic cerebral artery; O2Hb = oxygenated hemoglobin; PI = pulsatility index; totHb = total hemoglobin; cTOI = tissue oxygenation index.
aStudies investigated multiple regions and could have observed a regional increase, decrease and/or no difference. Additionally, time effects of multiple populations within
one study were observed.
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increased O2Hb during either the Stroop task (Hamasaki et al.,
2019) or a Frontal Assessment Battery (Shimizu et al., 2018)
assessing both executive functioning.

Discussion

The aim of this systematic review was to give a comprehensive
overview of physical exercise training-induced effects on CBF in
humans as measured by MRI, transcranial Doppler ultrasound, and
NIRS. In addition, relationships between these effects with
observed changes in physical fitness and cognitive performance
were examined.

Effects on CBF

Magnetic Resonance Imaging

Out of 10 studies, whole-brain CBFwas increased in one extremely
long study (541 weeks) with an intensive lifestyle intervention in
T2D patients (Espeland et al., 2018) and gray-matter CBF in
another study with participants that had suffered from a stroke
3 months before the start of the intervention (Robertson et al.,
2017). In the latter study, however, a control group was missing
and the effect observed may have been due to the natural recovery
of CBF after a stroke and not by the exercise intervention per se
(Salinet et al., 2014; Zhang et al., 2019). Thus, the evidence that
exercise training affects whole-brain CBF is not convincing.

Regional changes in CBF were, to some extent, more consis-
tent. In general, CBF was increased in the anterior cingulate cortex
and hippocampus. However, exercise training also decreased blood
flow within regions of the medial temporal lobe. The regional CBF
pattern changes during aging. This pattern may also vary between
different health conditions, such as in Type 2 diabetes (Cui et al.,
2017), and may change during disease progression (Chen et al.,
2011) that is, for example, observed during the development from
cognitive healthy to mild cognitive impairment and Alzheimer’s
disease (Firbank et al., 2011; Sierra-Marcos, 2017). Furthermore,
differences in participant characteristics, including the age range
and baseline physical fitness levels, may have contributed to the
observed differential regional CBF responses between the included
studies. Moreover, physical exercise training was combined with a
dietary and/or cognitive cointervention in three studies (Espeland
et al., 2018; Maffei et al., 2017; Small et al., 2006). Although the
effects of these studies cannot be attributed to only exercise
training, the results of these studies are in line with those that
included exercise training only. Alternatively, differences between
studies may be directly related to MRI image acquisition or the
statistical approach used. Obviously, the studies that acquired only
CBF data of a predefined region may have missed potential
changes in other brain regions (Alfini et al., 2019; Burdette
et al., 2010; Maass et al., 2015; Maffei et al., 2017; Pereira
et al., 2007; Small et al., 2006). In contrast, studies that imaged
the entire brain may be more susceptible for partial volume effects
due to larger voxel size. Another explanation for these differences
may be the different statistical approaches that were used such as
region of interest (Burdette et al., 2010; Chapman et al., 2013;
Espeland et al., 2018; Kaiser et al., 2021; Kaufman et al., 2021;
Maass et al., 2015; Maffei et al., 2017; Moore et al., 2015; Pereira
et al., 2007; Steventon et al., 2021; van der Kleij et al., 2018), or
voxel-wise analyses (Alfini et al., 2019; Anazodo et al., 2016;
Chapman et al., 2013; Kleinloog et al., 2019; Small et al., 2006).
The latter approach is more sensitive as it permits statistical

inferences at voxel level after normalization to a reference atlas
and is not limited to predefined brain regions (Astrakas &
Argyropoulou, 2010). However, most studies analyzed data using
custom-made programs, which makes it difficult to compare the
different methodologies used between the included studies.

Transcranial Doppler Ultrasound

In healthy participants, exercise training did not consistently
change parameters related to resting CBF measured with transcra-
nial Doppler ultrasound. In fact, in some studies increases were
observed (Akazawa et al., 2012; Bailey, Cable, Aziz, Atkinson,
et al., 2016; Bailey, Cable, Miller, et al., 2016; Hata et al., 1998;
Lake et al., 2022), while in other studies no changes were found
(Akazawa et al., 2018; Cho & Roh, 2019; Drapeau et al., 2019;
Lewis et al., 2019; Murrell et al., 2013; Thomas et al., 2021;
Tomoto et al., 2015). In studies with patients (Heli et al., 2013; Ivey
et al., 2011; Lewis et al., 2019; Northey et al., 2019; Tomoto, Liu,
et al., 2021), CBF only increased in the study with CVD patients
(Stanek et al., 2011). All studies, but one (Northey et al., 2019),
with continuous exercise training protocols observed variable
changes in at least one of the CBF parameters (Akazawa et al.,
2012; Bailey, Cable, Aziz, Atkinson, et al., 2016; Chapman et al.,
2013; Drigny et al., 2014; Hata et al., 1998; Stanek et al., 2011),
while HIIT training was not effective (Drapeau et al., 2019; Heli
et al., 2013; Northey et al., 2019; Tomoto et al., 2015). This could
be explained by the longer duration of the continuous exercise
sessions, which may be needed to affect resting CBF. It should be
noted, however, that results were difficult to compare because
different cerebral arteries were assessed, while a great variety of
outcome parameters were reported.

Training affected cerebral autoregulation by increasing the CBF
in response to different stimuli such as exercise (Akazawa et al.,
2018; Drapeau et al., 2019; Miller et al., 2022; Murrell et al., 2013)
and reactivity to hypercapnia (Ivey et al., 2011; Murrell et al., 2013;
Tomoto, Liu, et al., 2021). Both stimuli may increase carbon dioxide
levels in blood, thereby challenging the regulation of CBF. Only one
study did not find changes in dCA during repeated squat stands after
5 min of supine rest (Lewis et al., 2019), while two other studies did
observe effects in response to 10 min of standing rest (Drapeau et al.,
2019) or a cycling trigger (Akazawa et al., 2018;Murrell et al., 2013).
Possibly, carbon dioxide levels in the blood were not increased in the
former study (Lewis et al., 2019), as CBF was not affected following
a hypocapnic stimulus (Lewis et al., 2019;Miller et al., 2022;Murrell
et al., 2013; Northey et al., 2019). A recent review concluded that
exercise training has no major impact on cerebral autoregulation
(Claassen et al., 2021). Their conclusion was however also based on
cross-sectional studies, while some exercise trials that did observe an
increased dCA were not considered (Drapeau et al., 2019; Miller
et al., 2022). Furthermore, the present review included intervention
studies that specifically showed an increased vasomotor reactivity in
response to hypercapnia (Ivey et al., 2011; Murrell et al., 2013;
Tomoto, Liu, et al., 2021).

Near-Infrared Spectroscopy

Results of the various studies using NIRS were more difficult to
compare. In fact, CBF changes were measured during different
experimental conditions or cognitive tasks, and at different time
points during exercise triggers, while different outcome parameters
were reported. This may explain why changes in CBF were
variable, although the only two studies measuring CBF during
cognitive tasks observed an increased O2Hb signal (Hamasaki
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et al., 2019; Shimizu et al., 2018). Remarkably, studies with only a
continuous exercise training protocol observed no changes when
exercise (Fu et al., 2013; Tsai et al., 2016; Wang et al., 2010) or a
cognitive task (Pollock et al., 2020) was used as a challenge, while
incorporating HIIT training was an effective approach to increase
totHb during exercise (Caen et al., 2019; Fu et al., 2013; Tsai et al.,
2016). This suggests that HIIT training is more effective than
continuous exercise to increase CBF during exercise which is in
contrast to findings on CBF in studies using transcranial Doppler
ultrasound. This may be due to the shorter duration of the continu-
ous exercise training sessions in studies using NIRS (median:
30 min) as compared with transcranial Doppler ultrasound studies
(median: 45 min). HIIT is well known for its cardiovascular health
benefits, which are already evident after a shorter time period
compared with continuous exercise (Su et al., 2019). The only
study including older obese participants observed increased HHb
during exercise (Drigny et al., 2014), which suggests that deox-
ygenation became more efficient. However, the sample size (n = 6)
was probably too limited to draw any firm conclusions. Addition-
ally, increased O2Hb during exercise was only observed in already
physically active men (Caen et al., 2019). However, whether
training status affects the CBF response after training remains to
be determined.

Physical Fitness and CBF

In most studies using MRI, increases in physical fitness levels were
accompanied by a region-dependent increase or decrease in CBF
(Alfini et al., 2019; Chapman et al., 2013; Kleinloog et al., 2019;
Maass et al., 2015; Moore et al., 2015; Pereira et al., 2007; Robertson
et al., 2017). Moreover, the increase in physical fitness was positively
associated with changes in hippocampal CBF in two studies (Maass
et al., 2015; Pereira et al., 2007) and whole-brain CBF in another
study (Espeland et al., 2018). In one study with Alzheimer’s patients,
CBF did not change even though physical fitness was improved (van
der Kleij et al., 2018). This may suggest that these patients were not
responsive or that a stronger intervention is needed to observe any
effects on CBF. In contrast, CBF increased in one study involving
coronary artery disease patients, while physical fitness levels did not
significantly change (Anazodo et al., 2016).

Similarly, concomitant improvements in physical fitness and
the transcranial Doppler ultrasound parameters MCAv (Akazawa
et al., 2012; Bailey, Cable, Aziz, Atkinson, et al., 2016; Bailey,
Cable, Miller, et al., 2016; Lake et al., 2022; Robertson et al.,
2017), ACAv (Stanek et al., 2011), CVC (Akazawa et al., 2012;
Bailey, Cable, Miller, et al., 2016), or PI OCA (Hata et al., 1998)
were observed. Interestingly, the change in physical fitness was
positively related to improvements in CVMR in two studies (Green
et al., 2021; Tomoto, Liu, et al., 2021). In another two studies,
physical fitness and CBF did both not change (Heli et al., 2013;
Tomoto et al., 2015). In chronic obstructive pulmonary disease
(COPD) patients, exercise did not affect CBF although oxygen
uptake increased (Lewis et al., 2019). Whether this indicates that a
stronger intervention or a different protocol is needed to affect CBF
in COPD patients warrants further study.

Exercise training interventions also concomitantly improved
parameters measured with NIRS, as increases were reported in
totHb (Caen et al., 2019; Fu et al., 2013; Tsai et al., 2016), O2Hb
(Caen et al., 2019; Shimizu et al., 2018), cTOI (Caen et al., 2019),
and HHb (Drigny et al., 2014) during exercise and O2Hb during a
cognitive task (Hamasaki et al., 2019). Fu et al. (2013) also
reported a positive association between the change in physical

fitness and totHb. In contrast, physical fitness improved without
changes in totHb, O2Hb, and HHb during exercise in one study, but
this study had the shortest intervention period and lasted only for
4 weeks (Wang et al., 2010).

Therefore, measuring physical fitness is recommended to
determine the effectivity of the exercise training intervention,
and has added value to understand effects of the exercise protocol
on regional CBF as a marker of cerebrovascular function, which
was also concluded by a recent systematic review performed by
Chen et al. (2020).

CBF and Cognitive Performance

Changes in CBF may underlie the well-known improvements in
cognitive performance after exercise training (Gates et al., 2013;
Northey et al., 2017). In most studies (Alfini et al., 2019; Chapman
et al., 2013; Kleinloog et al., 2019; Maass et al., 2015; Moore et al.,
2015; Pereira et al., 2007; Small et al., 2006), we observed
concomitant changes in regional CBF measured with MRI and
cognitive performance. Specifically, CBF increased in the anterior
cingulate cortex, while verbal fluency (Alfini et al., 2019) and
memory (Alfini et al., 2019; Chapman et al., 2013), and executive
function (Kleinloog et al., 2019) improved. Furthermore, positive
associations were found for increases in hippocampal CBF and
improvements in memory performance (Chapman et al., 2013;
Kaufman et al., 2021; Maass et al., 2015). Both the anterior
cingulate gyrus and the hippocampus are important brain areas
known to be involved in cognitive processing (Grady, 2012;
Stevens et al., 2011). An advantage of transcranial Doppler and
NIRS above MRI is that CBF can be measured more easily at the
same time when cognitive testing is performed. However, only a
very limited number of the transcranial Doppler ultrasound and
NIRS studies also measured cognitive performance. Improvements
in verbal fluency and executive function were positively associated
with enhanced CVMR and higher O2Hb (Hamasaki et al., 2019;
Thomas et al., 2021). Moreover, in one study using transcranial
Doppler ultrasound concomitant changes in resting CBF and cog-
nitive performance were observed (Stanek et al., 2011), while no
changes were observed in two studies (Heli et al., 2013; Northey
et al., 2019). In one study cognitive performance changed, but CBF
did not (Cho & Roh, 2019). It is possible that the changes in resting
CBF as measured in the basal arteries using transcranial Doppler
ultrasound are too low when blood flow only changes in specific
regions. Studies using NIRS observed an increased CBF during
exercise (Drigny et al., 2014) and during a cognitive task (Shimizu
et al., 2018) in combination with improved cognitive performance.
In addition, in one studymeasuring totHb during exercise, both CBF
and cognitive performance did not change (Pollock et al., 2020).

Strengths and Limitations

We have for the first time systemically reviewed the effects of
physical exercise training interventions on regional CBF using
different techniques. Overall, good quality of evidence was pro-
vided by the included studies, and the results of the studies showing
some concerns did not alter our conclusions. The protocol was
however not preregistered to international prospective register of
systematic reviews. Another potential limitation is that the time
between the last bout of exercise training and measurements
differed between studies and was often not reported. Finally, no
quantitative analyses could be performed due to heterogeneity in
the CBF outcomes and outcome assessment methodologies.
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Conclusion

Exercise training consistently increased CBF in the anterior cin-
gulate cortex and within regions of the medial temporal lobe as
measured with MRI, but changes in whole-brain CBF were less
consistent. Moreover, effects of exercise training on resting CBF
measured using transcranial Doppler ultrasound and NIRS were
also variable. Exercise may increase MCAv in response to exer-
cise or hypercapnic stimuli, but the number of studies is limited.
Regulation of CBF is challenged during these measurements, as
metabolic demands and carbon dioxide levels in blood are
increased. Under these conditions, changes in CBF may become
more apparent. Interestingly, concomitant changes in physical
fitness and regional CBF were observed, while a relation between
training-induced improvement in CBF and cognitive performance
was also evident. In conclusion, exercise training improved cere-
brovascular function because regional CBF was changed. Studies
are however still needed to establish whether exercise-induced
improvements in CBF are sustained over longer periods of time and
underlie the observed beneficial effects on cognitive performance.

Acknowledgments

Author Contributions: Conceptualization, investigation, writing—original
draft, review and editing: Kleinloog. Writing—review and editing: Nijssen.
Conceptualization, writing—original draft, review and editing: Mensink.
Conceptualization, writing—original draft, review and editing: Joris.

References

Akazawa, N., Choi, Y., Miyaki, A., Sugawara, J., Ajisaka, R., &Maeda, S.
(2012). Aerobic exercise training increases cerebral blood flow in
postmenopausal women. Artery Research, 6(3), 124–129. https://doi.
org/10.1016/j.artres.2012.05.003

Akazawa, N., Tanahashi, K., Kosaki, K., Ra, S.G., Matsubara, T., Choi,
Y., Zempo-Miyaki, A., &Maeda, S. (2018). Aerobic exercise training
enhances cerebrovascular pulsatility response to acute aerobic exer-
cise in older adults. Physiological Reports, 6(8), Article e13681.
https://doi.org/10.14814/phy2.13681

Alfini, A.J., Weiss, L.R., Nielson, K.A., Verber, M.D., & Smith, J.C.
(2019). Resting cerebral blood flow after exercise training in mild
cognitive impairment. Journal of Alzheimer’s Disease, 67(2),
671–684. https://doi.org/10.3233/jad-180728

Anazodo, U.C., Shoemaker, J.K., Suskin, N., Ssali, T., Wang, D.J.J., &
Lawrence, K.S.S. (2016). Impaired cerebrovascular function in cor-
onary artery disease patients and recovery following cardiac rehabili-
tation. Frontiers in Aging Neuroscience, 7, 224. https://doi.org/10.
3389/fnagi.2015.00224

Astrakas, L.G., & Argyropoulou, M.I. (2010). Shifting from Region of
Interest (ROI) to voxel-based analysis in human brain mapping.
Pediatric Radiology, 40(12), 1857–1867. https://doi.org/10.1007/
s00247-010-1677-8

Bailey, T.G., Cable, N.T., Aziz, N., Atkinson, G., Cuthbertson, D.J., Low,
D.A., & Jones, H. (2016). Exercise training reduces the acute
physiological severity of post-menopausal hot flushes. Journal of
Physiology, 594(3), 657–667. https://doi.org/10.1113/jp271456

Bailey, T.G., Cable, N.T., Aziz, N., Dobson, R., Sprung, V.S., Low, D.A.,
& Jones, H. (2016). Exercise training reduces the frequency of
menopausal hot flushes by improving thermoregulatory control.
Menopause, 23(7), 708–718. https://doi.org/10.1097/gme.00000000
00000625

Bailey, T.G., Cable, N.T., Miller, G.D., Sprung, V.S., Low, D.A., & Jones,
H. (2016). Repeated warm water immersion induces similar cerebro-
vascular adaptations to 8 weeks of moderate-intensity exercise train-
ing in females. International Journal of Sports Medicine, 37(10),
757–765. https://doi.org/10.1055/s-0042-106899

Burdette, J.H., Laurienti, P.J., Espeland, M.A., Morgan, A., Telesford, Q.,
Vechlekar, C.D., Hayasaka, S., Jennings, J.M., Katula, J.A., Kraft, R.A.,
& Rejeski, W.J. (2010). Using network science to evaluate exercise-
associated brain changes in older adults. Frontiers in Aging Neurosci-
ence, 2, 23. https://doi.org/10.3389/fnagi.2010.00023

Caen, K., Vermeire, K., Pogliaghi, S., Moerman, A., Niemeijer, V.,
Bourgois, J.G., & Boone, J. (2019). Aerobic interval training impacts
muscle and brain oxygenation responses to incremental exercise.
Frontiers in Physiology, 10, 1195. https://doi.org/10.3389/fphys.
2019.01195

Chapman, S.B., Aslan, S., Spence, J.S., Defina, L.F., Keebler, M.W.,
Didehbani, N., & Lu, H. (2013). Shorter term aerobic exercise
improves brain, cognition, and cardiovascular fitness in aging.
Frontiers in Aging Neuroscience, 5, 75. https://doi.org/10.3389/
fnagi.2013.00075

Chapman, S.B., Aslan, S., Spence, J.S., Keebler, M.W., DeFina, L.F.,
Didehbani, N., Perez, A.M., Lu, H., & D’Esposito, M. (2016).
Distinct brain and behavioral benefits from cognitive vs. physical
training: A randomized trial in aging adults. Frontiers in Human
Neuroscience, 10, 338. https://doi.org/10.3389/fnhum.2016.00338

Chapman, S.B., Spence, J.S., Aslan, S., & Keebler, M.W. (2017). Enhanc-
ing innovation and underlying neural mechanisms via cognitive
training in healthy older adults. Frontiers in Aging Neuroscience,
9, 314. https://doi.org/10.3389/fnagi.2017.00314

Chen, F.-T., Hopman, R.J., Huang, C.-J., Chu, C.-H., Hillman, C.H.,
Hung, T.-M., & Chang, Y.-K. (2020). The effect of exercise training
on brain structure and function in older adults: A systematic review
based on evidence from randomized control trials. Journal of Clinical
Medicine Research, 9(4), 914. https://doi.org/10.3390/jcm9040914

Chen, J.J., Rosas, H.D., & Salat, D.H. (2011). Age-associated reductions
in cerebral blood flow are independent from regional atrophy. Neuro-
Image, 55(2), 468–478. https://doi.org/10.1016/j.neuroimage.2010.
12.032

Cho, S.Y., & Roh, H.T. (2019). Taekwondo enhances cognitive function
as a result of increased neurotrophic growth factors in elderly women.
International Journal of Environmental Research and Public Health,
16(6), 962. https://doi.org/10.3390/ijerph16060962

Claassen, J.A.H.R., Thijssen, D.H.J., Panerai, R.B., & Faraci, F.M. (2021).
Regulation of cerebral blood flow in humans: Physiology and clini-
cal implications of autoregulation. Physiological Reviews, 101(4),
1487–1559. https://doi.org/10.1152/physrev.00022.2020

Cui, Y., Liang, X., Gu, H., Hu, Y., Zhao, Z., Yang, X.-Y., Qian, C., Yang,
Y., & Teng, G.-J. (2017). Cerebral perfusion alterations in type 2
diabetes and its relation to insulin resistance and cognitive dysfunc-
tion. Brain Imaging and Behavior, 11(5), 1248–1257. https://doi.org/
10.1007/s11682-016-9583-9

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 autore-
gulation without influencing resting cerebral blood velocity in young
fit men. Physiological Reports, 7(15), Article e14185. https://doi.org/
10.14814/phy2.14185

Drigny, J., Gremeaux, V., Dupuy, O., Gayda, M., Bherer, L., Juneau, M.,
& Nigam, A. (2014). Effect of interval training on cognitive func-
tioning and cerebral oxygenation in obese patients: A pilot study.
Journal of Rehabilitation Medicine, 46(10), 1050–1054. https://doi.
org/10.2340/16501977-1905

10 KLEINLOOG ET AL.

(Ahead of Print)
Unauthenticated | Downloaded 11/21/22 02:02 PM UTC

https://doi.org/10.1016/j.artres.2012.05.003
https://doi.org/10.1016/j.artres.2012.05.003
https://doi.org/10.14814/phy2.13681
https://doi.org/10.3233/jad-180728
https://doi.org/10.3389/fnagi.2015.00224
https://doi.org/10.3389/fnagi.2015.00224
https://doi.org/10.1007/s00247-010-1677-8
https://doi.org/10.1007/s00247-010-1677-8
https://doi.org/10.1113/jp271456
https://doi.org/10.1097/gme.0000000000000625
https://doi.org/10.1097/gme.0000000000000625
https://doi.org/10.1055/s-0042-106899
https://doi.org/10.3389/fnagi.2010.00023
https://doi.org/10.3389/fphys.2019.01195
https://doi.org/10.3389/fphys.2019.01195
https://doi.org/10.3389/fnagi.2013.00075
https://doi.org/10.3389/fnagi.2013.00075
https://doi.org/10.3389/fnhum.2016.00338
https://doi.org/10.3389/fnagi.2017.00314
https://doi.org/10.3390/jcm9040914
https://doi.org/10.1016/j.neuroimage.2010.12.032
https://doi.org/10.1016/j.neuroimage.2010.12.032
https://doi.org/10.3390/ijerph16060962
https://doi.org/10.1152/physrev.00022.2020
https://doi.org/10.1007/s11682-016-9583-9
https://doi.org/10.1007/s11682-016-9583-9
https://doi.org/10.14814/phy2.14185
https://doi.org/10.14814/phy2.14185
https://doi.org/10.2340/16501977-1905
https://doi.org/10.2340/16501977-1905


Espeland, M.A., Luchsinger, J.A., Neiberg, R.H., Carmichael, O.,
Laurienti, P.J., Pi-Sunyer, X., Wing, R.R., Cook, D., Horton, E.,
Casanova, R., Erickson, K., & Nick Bryan, R. (2018). Long term
effect of intensive lifestyle intervention on cerebral blood flow.
Journal of the American Geriatrics Society, 66(1), 120–126.
https://doi.org/10.1111/jgs.15159

Fantini, S., Sassaroli, A., Tgavalekos, K.T., & Kornbluth, J. (2016).
Cerebral blood flow and autoregulation: Current measurement tech-
niques and prospects for noninvasive optical methods. Neuro-
photonics, 3(3), Article 031411. https://doi.org/10.1117/1.NPh.3.3.
031411

Firbank, M.J., He, J., Blamire, A.M., Singh, B., Danson, P., Kalaria, R.N.,
& O’Brien, J.T. (2011). Cerebral blood flow by arterial spin labeling
in poststroke dementia. Neurology, 76(17), 1478–1484. https://doi.
org/10.1212/WNL.0b013e318217e76a

Fu, T.C., Wang, C.H., Lin, P.S., Hsu, C.C., Cherng, W.J., Huang, S.C.,
Liu, M.H., Chiang, C.L., & Wang, J.S. (2013). Aerobic interval
training improves oxygen uptake efficiency by enhancing cerebral
and muscular hemodynamics in patients with heart failure. Interna-
tional Journal of Cardiology, 167(1), 41–50. https://doi.org/10.1016/
j.ijcard.2011.11.086

Gates, N., Fiatarone Singh,M.A., Sachdev, P.S., &Valenzuela, M. (2013).
The effect of exercise training on cognitive function in older adults
with mild cognitive impairment: A meta-analysis of randomized
controlled trials. The American Journal of Geriatric Psychiatry,
21(11), 1086–1097. https://doi.org/10.1016/j.jagp.2013.02.018

Gorelick, P.B., Scuteri, A., Black, S.E., DeCarli, C., Greenberg, S.M.,
Iadecola, C., Launer, L.J., Laurent, S., Lopez, O.L., Nyenhuis, D.,
Petersen, R.C., Schneider, J.A., Tzourio, C., Arnett, D.K., Bennett,
D.A., Chui, H.C., Higashida, R.T., Lindquist, R., Nilsson, P. M., : : :
on behalf of the American Heart Association Stroke Council, Council
on Epidemiology and Prevention, Council on Cardiovascular
Nursing, Council on Cardiovascular Radiology and Intervention, and
Council on Cardiovascular Surgery and Anesthesia. (2011). Vascular
contributions to cognitive impairment and dementia: A statement
for healthcare professionals from the American Heart Association/
American Stroke Association. Stroke, 42(9), 2672–2713. https://doi.
org/10.1161/STR.0b013e3182299496

Grady, C. (2012). The cognitive neuroscience of ageing. Nature Reviews:
Neuroscience, 13(7), 491–505. https://doi.org/10.1038/nrn3256

Green, D.J., Smith, K., Maslen, B.A., Cox, K.L., Lautenschlager, N.T.,
Pestell, C.F., Naylor, L.H., Ainslie, P.N., & Carter, H.H. (2021). The
impact of 6-month land versus water walking on cerebrovascular
function in the aging brain. Medicine & Science Sports & Exercise,
53(10), 2093–2100. https://doi.org/10.1249/mss.0000000000002685

Hamasaki, A., Akazawa, N., Yoshikawa, T., Myoenzono, K., Tanahashi,
K., Sawano, Y., Nakata, Y., & Maeda, S. (2019). Combined effects
of lactotripeptide and aerobic exercise on cognitive function and
cerebral oxygenation in middle-aged and older adults. The American
Journal of Clinical Nutrition, 109(2), 353–360. https://doi.org/10.
1093/ajcn/nqy235

Hata, K., Hata, T., Miyazaki, K., Kunishi, H., & Masuda, J. (1998). Effect
of regular aerobic exercise on cerebrovascular tone in young women.
Journal of Ultrasound Medicine, 17(2), 133–136. https://doi.org/10.
7863/jum.1998.17.2.133

Hays, C.C., Zlatar, Z.Z., & Wierenga, C.E. (2016). The utility of cerebral
blood flow as a biomarker of preclinical Alzheimer’s disease.Cellular
and Molecular Neurobiology, 36(2), 167–179. https://doi.org/10.
1007/s10571-015-0261-z

Heli, V., Ihab, H., Kun, H., Brad, M., Jessica, W., & Vera, N. (2013).
Effects of exercise program on physiological functions in postmeno-
pausal women with metabolic syndrome. International Journal of

Gerontology, 7(4), 231–235. https://doi.org/10.1016/j.ijge.2013.
05.002

Ivey, F.M., Ryan, A.S., Hafer-Macko, C.E., & Macko, R.F. (2011).
Improved cerebral vasomotor reactivity after exercise training in
hemiparetic stroke survivors. Stroke, 42(7), 1994–2000. https://doi.
org/10.1161/strokeaha.110.607879

Joris, P.J., Mensink, R.P., Adam, T.C., & Liu, T.T. (2018). Cerebral blood
flow measurements in adults: A review on the effects of dietary
factors and exercise. Nutrients, 10(5), 530. https://doi.org/10.3390/
nu10050530

Kaiser, A., Reneman, L., Solleveld, M.M., Coolen, B.F., Scherder, E.J.A.,
Knutsson, L., Bjørnerud, A., vanOsch,M.J.P.,Wijnen, J.P., Lucassen,
P.J., & Schrantee, A. (2021). A randomized controlled trial on
the effects of a 12-week high- vs. low-intensity exercise intervention
on hippocampal structure and function in healthy, young adults.
Frontiers in Psychiatry, 12, Article 780095. https://doi.org/10.3389/
fpsyt.2021.780095

Kaufman, C.S., Honea, R.A., Pleen, J., Lepping, R.J., Watts, A., Morris,
J.K., Billinger, S.A., Burns, J.M., & Vidoni, E.D. (2021). Aerobic
exercise improves hippocampal blood flow for hypertensive apolipo-
protein E4 carriers. Journal of Cerebral Blood Flow and Metabolism,
41(8), 2026–2037. https://doi.org/10.1177/0271678x21990342

Kleinloog, J.P.D., Mensink, R.P., Ivanov, D., Adam, J.J., Uludağ, K., &
Joris, P.J. (2019). Aerobic exercise training improves cerebral blood
flow and executive function: A randomized, controlled cross-over
trial in sedentary older men. Frontiers in Aging Neuroscience, 11,
333. https://doi.org/10.3389/fnagi.2019.00333

Lake, S.L., Guadagni, V., Kendall, K.D., Chadder, M., Anderson, T.J.,
Leigh, R., Rawling, J.M., Hogan, D.B., Hill, M.D., & Poulin, M.J.
(2022). Aerobic exercise training in older men and women-cerebro-
vascular responses to submaximal exercise: Results from the brain in
motion study. Physiological Reports, 10(4), e15158. https://doi.org/
10.14814/phy2.15158

Lee, Y.K., Cho, S.Y., & Roh, H.T. (2021). Effects of 16 weeks of
taekwondo training on the cerebral blood flow velocity, circulating
neurotransmitters, and subjective well-being of obese postmeno-
pausal women. International Journal of Environmental Research
and Public Health, 18(20), 10789. https://doi.org/10.3390/ijerph
182010789

Lewis, N., Gelinas, J.C.M., Ainslie, P.N., Smirl, J.D., Agar, G., Melzer, B.,
Rolf, J.D., & Eves, N.D. (2019). Cerebrovascular function in patients
with chronic obstructive pulmonary disease: The impact of exercise
training. American Journal of Physiology Heart and Circulatory
Physiology, 316(2), 380–391. https://doi.org/10.1152/ajpheart.
00348.2018

Maass, A., Duzel, S., Goerke, M., Becke, A., Sobieray, U., Neumann, K.,
Lovden, M., Lindenberger, U., Backman, L., Braun-Dullaeus, R.,
Ahrens, D., Heinze, H.J., Muller, N.G., & Duzel, E. (2015). Vascular
hippocampal plasticity after aerobic exercise in older adults.Molecular
Psychiatry, 20(5), 585–593. https://doi.org/10.1038/mp.2014.114

Maffei, L., Picano, E., Andreassi, M., Angelucci, A., Baldacci, F.,
Baroncelli, L., Begenisic, T., Bellinvia, P., Berardi, N., & Biagi,
L. (2017). Randomized trial on the effects of a combined physical/
cognitive training in aged MCI subjects: The train the brain study.
Scientific Reports, 7, 39471. https://doi.org/10.1038/srep39471

Miller, G.D., Maxwell, J.D., Thompson, A., Cable, N.T., Low, D.A.,
George, K.P., & Jones, H. (2022). The effects of exercise training in
the cold on cerebral blood flow and cerebrovascular function in young
healthy individuals. Auton Neuroscience, 238, 102945. https://doi.
org/10.1016/j.autneu.2022.102945

Moore, S.A., Hallsworth, K., Jakovljevic, D.G., Blamire, A.M., He, J.,
Ford, G.A., Rochester, L., & Trenell, M.I. (2015). Effects of

EXERCISE TRAINING AFFECTS CEREBRAL BLOOD FLOW 11

(Ahead of Print)
Unauthenticated | Downloaded 11/21/22 02:02 PM UTC

https://doi.org/10.1111/jgs.15159
https://doi.org/10.1117/1.NPh.3.3.031411
https://doi.org/10.1117/1.NPh.3.3.031411
https://doi.org/10.1212/WNL.0b013e318217e76a
https://doi.org/10.1212/WNL.0b013e318217e76a
https://doi.org/10.1016/j.ijcard.2011.11.086
https://doi.org/10.1016/j.ijcard.2011.11.086
https://doi.org/10.1016/j.jagp.2013.02.018
https://doi.org/10.1161/STR.0b013e3182299496
https://doi.org/10.1161/STR.0b013e3182299496
https://doi.org/10.1038/nrn3256
https://doi.org/10.1249/mss.0000000000002685
https://doi.org/10.1093/ajcn/nqy235
https://doi.org/10.1093/ajcn/nqy235
https://doi.org/10.7863/jum.1998.17.2.133
https://doi.org/10.7863/jum.1998.17.2.133
https://doi.org/10.1007/s10571-015-0261-z
https://doi.org/10.1007/s10571-015-0261-z
https://doi.org/10.1016/j.ijge.2013.05.002
https://doi.org/10.1016/j.ijge.2013.05.002
https://doi.org/10.1161/strokeaha.110.607879
https://doi.org/10.1161/strokeaha.110.607879
https://doi.org/10.3390/nu10050530
https://doi.org/10.3390/nu10050530
https://doi.org/10.3389/fpsyt.2021.780095
https://doi.org/10.3389/fpsyt.2021.780095
https://doi.org/10.1177/0271678x21990342
https://doi.org/10.3389/fnagi.2019.00333
https://doi.org/10.14814/phy2.15158
https://doi.org/10.14814/phy2.15158
https://doi.org/10.3390/ijerph182010789
https://doi.org/10.3390/ijerph182010789
https://doi.org/10.1152/ajpheart.00348.2018
https://doi.org/10.1152/ajpheart.00348.2018
https://doi.org/10.1038/mp.2014.114
https://doi.org/10.1038/srep39471
https://doi.org/10.1016/j.autneu.2022.102945
https://doi.org/10.1016/j.autneu.2022.102945


community exercise therapy on metabolic, brain, physical, and
cognitive function following stroke: A randomized controlled pilot
trial. Neurorehabilitation and Neural Repair, 29(7), 623–635. https://
doi.org/10.1177/1545968314562116

Murrell, C.J., Cotter, J.D., Thomas, K.N., Lucas, S.J., Williams, M.J., &
Ainslie, P.N. (2013). Cerebral blood flow and cerebrovascular
reactivity at rest and during sub-maximal exercise: Effect of age
and 12-week exercise training. Age, 35(3), 905–920. https://doi.org/
10.1007/s11357-012-9414-x

Northey, J.M., Cherbuin, N., Pumpa, K.L., Smee, D.J., & Rattray, B.
(2017). Exercise interventions for cognitive function in adults older
than 50: A systematic review with meta-analysis. British Journal
of Sports Medicine, 52, 154–160. https://doi.org/10.1136/bjsports-
2016-096587

Northey, J.M., Pumpa, K.L., Quinlan, C., Ikin, A., Toohey, K., Smee, D.J.,
& Rattray, B. (2019). Cognition in breast cancer survivors: A pilot
study of interval and continuous exercise. Journal of Science and
Medicine in Sport, 22(5), 580–585. https://doi.org/10.1016/j.jsams.
2018.11.026

Pereira, A.C., Huddleston, D.E., Brickman, A.M., Sosunov, A.A., Hen, R.,
McKhann, G.M., Sloan, R., Gage, F.H., Brown, T.R., & Small, S.A.
(2007). An in vivo correlate of exercise-induced neurogenesis in the
adult dentate gyrus. Proceedings of the National Academy of Sciences
of the United States of America, 104(13), 5638. https://doi.org/10.
1073/pnas.0611721104

Pollock, B.S., Peacock, C.A., Ryan, E.J., Spitznagel, M.B., & Ridgel, A.L.
(2020). A multifaceted exercise intervention did not alter cognitive
function and cerebral perfusion in individuals with Parkinson’s
disease [Une intervention a multiples facettes n’a pas modifie la
fonction cognitive et la perfusion cerebrale chez les personnes
atteintes de la maladie de Parkinson]. Science & Sports, 35(2),
101.e1–101.e7. https://doi.org/10.1016/j.scispo.2019.05.008

Rabin, L.A., Smart, C.M., Crane, P.K., Amariglio, R.E., Berman, L.M.,
Boada, M., Buckley, R.F., Chételat, G., Dubois, B., Ellis, K.A.,
Gifford, K.A., Jefferson, A.L., Jessen, F., Katz, M.J., Lipton, R.B.,
Luck, T., Maruff, P., Mielke, M.M., Molinuevo, J.L., : : : Sikkes,
S.A.M. (2015). Subjective cognitive decline in older adults: An
overview of self-report measures used across 19 international
research studies. Journal of Alzheimer’s Disease, 48(Suppl 1),
S63–S86. https://doi.org/10.3233/JAD-150154

Robertson, A.D., Marzolini, S., Middleton, L.E., Basile, V.S., Oh, P.I., &
MacIntosh, B.J. (2017). Exercise training increases parietal lobe
cerebral blood flow in chronic stroke: An observational study.
Frontiers in Aging Neuroscience, 9, 318. https://doi.org/10.3389/
fnagi.2017.00318

Salinet, A.S.M., Panerai, R.B., & Robinson, T.G. (2014). The longitudinal
evolution of cerebral blood flow regulation after acute ischaemic
stroke. Cerebrovascular Diseases Extra, 4(2), 186–197. https://doi.
org/10.1159/000366017

Shimizu, N., Umemura, T., Matsunaga, M., & Hirai, T. (2018). Effects of
movement music therapy with a percussion instrument on physical
and frontal lobe function in older adults with mild cognitive
impairment: A randomized controlled trial. Aging & Mental
Health, 22(12), 1614–1626. https://doi.org/10.1080/13607863.2017.
1379048

Sierra-Marcos, A. (2017). Regional cerebral blood flow in mild cognitive
impairment and Alzheimer’s disease measured with arterial spin
labeling magnetic resonance imaging. International Journal of
Alzheimer’s Disease, 2017, Article 5479597. https://doi.org/10.
1155/2017/5479597

Small, G.W., Silverman, D.H., Siddarth, P., Ercoli, L.M., Miller, K.J.,
Lavretsky, H., Wright, B.C., Bookheimer, S.Y., Barrio, J.R., &

Phelps, M.E. (2006). Effects of a 14-day healthy longevity lifestyle
program on cognition and brain function. The American Journal
of Geriatric Psychiatry, 14(6), 538–545. https://doi.org/10.1097/01.
JGP.0000219279.72210.ca

Smith, K.J., & Ainslie, P.N. (2017). Regulation of cerebral blood flow
and metabolism during exercise. Experimental Physiology, 102(11),
1356–1371. https://doi.org/10.1113/ep086249

Stanek, K.M., Gunstad, J., Spitznagel, M.B., Waechter, D., Hughes, J.W.,
Luyster, F., Josephson, R., & Rosneck, J. (2011). Improvements in
cognitive function following cardiac rehabilitation for older adults
with cardiovascular disease. International Journal of Neuroscience,
121(2), 86–93. https://doi.org/10.3109/00207454.2010.531893
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