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Abstract
Objective
To test the hypothesis that aerobic exercise is associated with improvements in cognition and
cerebrovascular regulation, we enrolled 206 healthy low-active middle-aged and older adults
(mean ± SD age 65.9 ± 6.4 years) in a supervised 6-month aerobic exercise intervention and
assessed them before and after the intervention.

Methods
The study is a quasi-experimental single group pre/postintervention study. Neuropsychological
tests were used to assess cognition before and after the intervention. Transcranial Doppler
ultrasound was used to measure cerebral blood flow velocity. Cerebrovascular regulation was
assessed at rest, during euoxic hypercapnia, and in response to submaximal exercise. Multiple
linear regression was used to examine the association between changes in cognition and
changes in cerebrovascular function.

Results
The intervention was associated with improvements in some cognitive domains, cardiorespi-
ratory fitness, and cerebrovascular regulation. Changes in executive functions were negatively
associated with changes in cerebrovascular resistance index (CVRi) during submaximal exercise
(β = −0.205, p = 0.013), while fluency improvements were positively associated with changes in
CVRi during hypercapnia (β = 0.106, p = 0.03).

Conclusion
The 6-month aerobic exercise intervention was associated with improvements in some cog-
nitive domains and cerebrovascular regulation. Secondary analyses showed a novel association
between changes in cognition and changes in cerebrovascular regulation during euoxic hy-
percapnia and in response to submaximal exercise.
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Normal aging is typically associated with both physical and
cognitive decline. With increasing age, both maximal heart
rate and cardiorespiratory fitness decline due to increased
arterial stiffness and fibrosis, among other factors.1 Arterial
stiffness is due in part to endothelial dysfunction, which alters
the ability of blood vessels to dilate in response to nitric oxide,
resulting in reduced blood flow.2 Consequential cognitive
decline is typically seen in memory, executive functioning, and
processing speed.3

Exercise has been shown to have numerous beneficial effects,
including on brain health.4–7 A recent systematic review6

reported that 9 of 10 studies found beneficial effects,8 including
improvements in memory,9 attention, executive functioning,10,11

and cerebrovascular perfusion.12

Several studies have analyzed the relationship between exer-
cise and cerebral blood flow (CBF).12–14 Many used arterial
spin labeling, a technique that examines changes in blood flow
in the brain with a high level of spatial but poor temporal
resolution. Fewer have used transcranial Doppler ultrasound
(TCD),15 a noninvasive and relatively cheaper technique with
great temporal resolution.16

To date, no study has investigated the effects of a 6-month
aerobic exercise intervention on cognition and cerebrovas-
cular regulation measured with TCD, in response to both
euoxic hypercapnia and submaximal exercise. Here, we hy-
pothesized that 6 months of aerobic exercise training would
be associated with improved cognitive functioning and cere-
brovascular function. A secondary objective was to explore the
association between the observed changes in cognition and
changes in cerebrovascular regulation.

Methods
Participants
Brain inMotion (BIM) participants were community-dwelling,
generally healthy (i.e., no active uncontrolled cardiovascular
illnesses), but low-active middle-aged and older adults with
intact global cognition (i.e., score ≥24 on the Montreal Cog-
nitive Assessment [MoCA]),17 recruited through word of
mouth, social media, posters, and newspaper advertisements in
the city of Calgary, Alberta, Canada.

Previously published18 inclusion criteria for the BIM study
were obtained by telephone interview and included (1) body
mass index <35 kg/m2; (2) able to walk up and down ≥20 stairs
independently; (3) no previous diagnosis of cardiovascular or

cerebrovascular disease, type I diabetes mellitus, respiratory
disease, neurologic disease, or cognitive impairments; (4)
nonsmoker for ≥12 months; (5) no major surgery or trauma;
and (6) permission from participants’ attending health care
professional for participation in study. After the telephone in-
terview, participants were invited for onsite screening, which
included medical history assessment conducted by a study
physician and achieving a score ≥24 on the MoCA.17

Physical activity inclusion criteria
At the screening appointment, participants were asked the
following questions for each physical activity that they com-
pleted weekly: (1) How many days per week do you exercise?
(2) What is your total amount of time (minutes) of exercise
per day? (3) On a scale of 1 to 10, please rate the intensity of
your exercise (perceived scale: 1–4 = low intensity, 5–6 =
moderate, 7–10 = vigorous). (4) Howmany days per week do
you exercise? The study inclusion criteria for physical activity
were based on the American College of Sports Medicine
guidelines.19 To be eligible for the study, potential partic-
ipants had to exercise no more than 4 d/wk at a moderate
intensity for ≤30 min/d or no more than 2 d/wk at a vigorous
intensity for ≤20 min/d.

Information on the metabolic equivalents for the physical
activities that participants completed in the year preceding
baseline testing has been reported and previously published.20

Standard protocol approvals, registrations,
and patient consents
All participants provided informed written consent before
enrollment. The University of Calgary Conjoint Health Re-
search Ethics Board provided ethics approval (CHREB:REB
14-2284).

Study design
The BIM study is a quasi-experimental single-group pre/
postintervention study. Specific details of the study design and
methods have been published.18 Participants completed a total
of 5 testing sessions (figure 1). At each session, participants
underwent a full cognitive assessment, cerebrovascular function
testing, and a fitness assessment (V̇O2max) during 3 separate
visits to the laboratory. In this study, the scores obtained in the
2 baseline testing sessions conducted before the start of
the intervention (month 0 vs 6) were compared to estimate
practice effects on the cognitive tests administered. Assess-
ments obtained in the second preintervention baseline (month
6) and after intervention (month 12) were used to evaluate
changes in cognition, cardiorespiratory fitness, and cerebro-
vascular regulation over the course of the exercise intervention.

Glossary
BIM = Brain in Motion; CBF = cerebral blood flow; CVCi = cerebrovascular conductance index; CVRi = cerebrovascular
resistance index; MCA = middle cerebral artery; MAP = mean arterial pressure; MoCA = Montreal Cognitive Assessment;
PCA = principal component analysis; TCD = transcranial Doppler.
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Six-month aerobic exercise intervention
Participants were enrolled in a supervised aerobic exercise
program held 3 d/wk at the University of Calgary. Each session
included a 5-minute warmup, aerobic exercise, and a 5-minute
cooldown with stretching. Exercise prescriptions followed the
American College of Sports Medicine guidelines.21 As partic-
ipants progressed through the program, the duration of exercise
increased from 20 to 40minutes. The aerobic exercise intensity
was determined by individual V̇O2max and increased over the
course of the sessions from 30% to 45% up to 60% to 70% of
participants’ heart rate reserve. In addition to the structured

intervention, participants were asked to complete an un-
supervised exercise session on their own once a week. A log-
book kept by participants recorded whether these requested
unsupervised sessions and any other independent exercise
sessions were completed by them. Further details are provided
elsewhere.18

Cognitive assessment
The cognitive assessment consisted of a broad neuro-
psychological battery measuring processing speed (Symbol-
Digit Modalities Test22), executive functions (Cart Sorting

Figure 1 Flowchart of Brain in Motion study participants
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Test and Color-Word Inference Test from the Delis-Kaplan
Executive Function system23 battery), verbal memory
(Buschke Selective Reminding Test24), figural memory
(Medical College of Georgia Complex Figure25), fluency
(Verbal Fluency Test from the Delis-Kaplan Executive Func-
tion system23 battery), and attention (Auditory Consonant
Trigram Test26). The choice of tests was based on prior liter-
ature on the relationship between exercise and cognition.6

Total testing time was ≈2 hours, and 7 different tests were
administered with a total of 20 different outcomes. A detailed
description of the tests is available from PRISMDataverse (doi.
org/10.5683/SP2/R5ATDC).

Maximal aerobic capacity
Maximal aerobic capacity (as measured by V̇O2max) and
anthropometric measurements were assessed at each testing
phase. Exercise testing was completed in the Clinical and
Translational Exercise Physiology Laboratory, Cumming
School of Medicine, University of Calgary by Certified Ex-
ercise Physiologists (Canadian Society of Exercise Physiol-
ogy). A full description of the assessment is given in the
published study protocol.18

In short, the V̇O2max test was conducted on a motorized
treadmill that followed a modified Bruce protocol.27 Partic-
ipants were instructed to exercise until volitional exhaustion
or they reached optimal criteria for stopping the test (fol-
lowing recommendations from the American College of
Sports Medicine Guidelines for Exercise Testing and Pre-
scription, 10th edition, 2018).21 The criteria for determining
whether maximum peak oxygen consumption value was
measured included a plateau in uptake of oxygen with in-
creasing work rate (<2.0 mL/kg/min), a respiratory exchange
ratio ≥1.15, and achievement of age-predicted maximal heart
rate or greater: 220 − (age × 0.65). Outcome measures from
this test were maximal oxygen uptake (milliliters per kilogram
per minute) and heart rate (beats per minute) and were
collected as mean values from the final 15 seconds of the test.
These outcomes were used to determine workload for the
submaximal exercise portion of the cerebrovascular assess-
ment and to calculate heart rate prescriptions for the exercise
intervention.

Cerebrovascular function
Cerebrovascular function testing was conducted at each
testing phase within the week after the V̇O2max assessment
but on a separate day. The protocol for this test has been
previously developed and validated28 and is detailed in the
published study methods.18 Cerebrovascular function was
assessed at rest and in response to 2 stimuli: euoxic hyper-
capnia and submaximal exercise. On the day of the test,
participants refrained from exercise, eating, and drinking
caffeine-containing drinks for at least 4 hours before the test.
While fitted with all physiologic testing equipment (3-lead
ECG, finger pulse photoplethysmography, and finger pulse
oximetry), participants sat quietly in a chair. TCD ultrasound
(2-MHz probe; Toc Neurovision, Multigon Industries, Inc,

Yonkers, NY) was used to estimate CBF from the middle
cerebral artery (MCA). The TCD probe was placed over the
temporal region above the zygomatic process, and the MCA
was located with the use of previously described techniques.29

Using specialized and dedicated software (Chamber, Uni-
versity Laboratory of Physiology, Oxford, UK), we recorded
baseline resting end-tidal respiratory values (PCO2 and PO2).
With their nose occluded, participants breathed room air for
10 minutes through a mouthpiece connected to a fine capil-
lary attached to a mass spectrometer (AMIS 2000, Innovision,
Odense, Denmark). These averaged end-tidal values were
used to determine the desired stages of CO2 levels in the
euoxic hypercapnia test.

The euoxic hypercapnia test lasted 17minutes and consisted of
1 minute of room air breathing, followed by a 5-minute stage
holding end-tidal PCO2 (PETCO2) constant at +1 mmHg above
the participant’s resting PETCO2 value, and 2 three-minute step-
like changes to +5 mm Hg and then to +8 mm Hg above the
participant’s resting PETCO2 value, with a final recovery period
in which the PETCO2 was returned to +1 mm Hg above the
participant’s resting PETCO2 value in a stepwise manner and
held at that level for 5minutes. Throughout, the PETO2 was held
constant at near-resting values (i.e., 88 mm Hg). To accurately
control these desired levels of PETO2 and PETCO2 at each stage,
the technique of dynamic end-tidal forcing and dedicated
software (BreatheM version 2.40; University Laboratory of
Physiology, Oxford, UK) were used.30,31

Participants sat quietly for 20 to 30 minutes before sub-
maximal exercise testing. For this 30-minute test, participants
breathed room air only through the mouthpiece while the
nose was kept closed with a nose clip. The test consisted of
a 5-minute rest, 2 six-minute submaximal exercise workloads
(relative workload of 40% V̇O2max and absolute workload of
65 W) on a cycle ergometer separated by a 6-minute rest, and
a 6-minute recovery after the second workload. For both of
the workloads, participants were instructed and coached to
maintain 50 to 60 rpm. The relative workload of 40% V̇O2max
was determined from each participant’s individual V̇O2max at
the testing phase. The 65 W workload was maintained
through both testing phases. This workload was chosen be-
cause it approximates an oxygen consumption of 1.0 L/min
and represents an oxygen demand for many activities of daily
living.32

The main outcomes of the euoxic hypercapnia and sub-
maximal exercise tests were mean arterial pressure (MAP),
mean peak blood flow velocity through the MCA averaged
over the cardiac cycle (�VP), cerebrovascular conductance
index (CVCi), and cerebrovascular resistance index (CVRi).
Data for these measures were collected every 10 milliseconds
(instantaneous value) and then averaged over each cardiac
cycle.33 For each stage of hypercapnia and submaximal exer-
cise, the data were again averaged over the final 30 seconds of
each stage. CVCi is a measure of cerebrovascular tone (va-
sodilation) during times of constant pressure and is described
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as the change in �VP for a given change in MAP. CVRi is
a measure of cerebrovascular tone (vasoconstriction) during
times of constant flow and is described as the change in MAP
for a given change in �VP.34,35 �VP reactivity and CVC reactivity
were calculated with a linear regression to describe the slope
of the change in �VP (or CVC) divided by the slope of the
change in PETCO2 across the 3 stages of the hypercapnia test.

Statistical analysis
Data were analyzed with IBM SPSS Statistics for Mac, version
24.0 (IBM, Armonk, NY). All analyses were 2 tailed, and
significance was set at p < 0.05. Descriptive statistics are
reported in tables 1 and 2.

A power analysis conducted before participant recruitment
showed that a sample size of 250 participants with an antici-
pated 15% dropout rate was needed to achieve a 90% power in
showing a significant impact on our primary outcome mea-
sure. Details are available elsewhere.18

Principal component analysis on
cognitive outcomes
To reduce the number of cognitive outcomes analyzed,
a principal component analysis (PCA) was used. Principal
components were generated from a correlation matrix of the
original outcomes collected on the first preintervention
baseline assessment (month 0). We used the Kaiser crite-
rion, retaining only components with an eigenvalue >1,
and compared these with the ones from a Monte Carlo
simulation to further determine the appropriate number of

components to retain.36 Factor axes were then subjected to
a Varimax rotation.37 Scores on the individual tests from the
other test phases were then summed in the corresponding
domains using the factor structure identified for the first
preintervention baseline assessment.

Cognitive practice effects (month 0 vs 6)
Paired-sample t tests were used to assess for evidence of
practice effects from repeated administration of the cognitive
battery38 by comparing scores obtained at the initial pre-
intervention testing (month 0) with scores obtained at the
time of the second preintervention testing session 6 months
later (month 6). No testing sessions or interventions took
place during the 6 months between these 2 assessments.

Main outcome: Changes in cognitive function
with the exercise intervention (month 6 vs 12)
Themain goal of this studywas to examine changes in cognitive
function over the course of the exercise intervention. Paired-
sample t tests were used to assess changes in the cogni-
tive domains between the second preintervention baseline
(month 6) and the postintervention assessment (month 12).

Paired-sample t tests were also used to assess changes pre/
postintervention (month 6 vs 12) in cardiorespiratory fitness
(V̇O2max), resting measure of CBF (�VP, CVCi, CVRi), and
�VP and CVCi reactivity. Comparisons of CBF results
obtained at initial (month 0) and second (month 6) pre-
intervention testing have been published39 and showed no
significant changes between these 2 time points.

Table 1 Descriptive statistics before and after intervention: Health parameters

Before intervention, mean± SD After intervention, mean ± SD Change, % Cohen dz

Health parameters

BMI, kg/m2 26.9 ± 3.6 26.5 ± 3.6 −1.4 0.4

Waist circumference, cm 96.3 ± 11.3 93.1 ± 11.0 −3.3 0.8

MeTs, n criteria 1.91 ± 1.33 1.66 ± 1.32 −13.0 0.3

Lipid levels, mg/dL 5.3 ± 0.9 5.1 ± 0.9 −3.7 0.1

HDL cholesterol, mg/dL 1.5 ± 0.5 1.6 ± 0.4 6.6 0.4

LDL cholesterol, mg/dL 3.1 ± 0.8 3.0 ± 0.7 −3.2 0.2

hs-CRP, mg/dL 2.03 ± 4.27 1.63 ± 2.17 −19.7 0.09

Fasting glucose, mmol/L 5.4 ± 1.0 5.4 ± 0.9 0 0

Triglycerides, mg/dL 1.2 ± 0.6 1.1 ± 0.5 −8.3 0.2

Systolic BP, mm Hg 126.5 ± 17.4 125.5 ± 16.6 −0.7 0.06

Diastolic BP, mm Hg 73.9 ± 10.8 72.6 ± 9.1 −1.7 0.1

MAP, mm Hg 91.5 ± 11.2 90.2 ± 10.5 −1.4 0.1

Medications, n 0.84 ± 1.59 0.86 ± 1.65 2.3 0

Abbreviations: BMI = body mass index; BP = blood pressure; HDL = high-density lipoprotein; hs-CRP = high-sensitivity C-reactive protein; LDL = low-density
lipoprotein; MAP = mean arterial pressure; MeTs = metabolic syndrome criteria.
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Table 2 Descriptive statistics before and after intervention: Cardiorespiratory fitness, hypercapnia, submaximal
exercise, and cognitive domains

Before intervention, mean ± SD After intervention, mean ± SD Change, % Cohen dz

Cardiorespiratory fitness

V̇O2max, mL/kg/min 26.0 ± 5.4 28.0 ± 5.8 7.7 0.9

VT1, mL/kg/min 17.7 ± 3.3 18.6 ± 3.3 5.0 0.4

VT2, mL/kg/min 22.4 ± 4.5 23.1 ± 4.5 3.1 0.2

Hypercapnia

�VP baseline, cm/s 52.62 ± 11.59 53.62 ± 11.76 1.9 0.1

�VP + 1 PETCO2, mm Hg 53.50 ± 11.84 54.85 ± 12.27 2.5 0.1

�VP + 5 PETCO2, mm Hg 60.57 ± 13.43 62.13 ± 13.92 2.6 0.2

�VP + 8 PETCO2, mm Hg 68.75 ± 15.46 70.19 ± 15.66 2.0 0.1

CVCi baseline, cm·s21/mm Hg 0.58 ± 0.15 0.60 ± 0.15 3.4 0.2

CVCi + 1 PETCO2, cm·s21/mm Hg 0.61 ± 0.16 0.63 ± 0.16 3.3 0

CVCi + 5 PETCO2, cm·s21/mm Hg 0.66 ± 0.18 0.67 ± 0.17 1.5 0

CVCi + 8 PETCO2, cm·s21/mm Hg 0.70 ± 0.19 0.72 ± 0.18 2.8 0

CVRi baseline, mm Hg/cm·s21 1.82 ± 0.46 1.76 ± 0.42 −3.2 0.4

CVRi + 1 PETCO2, mm Hg/cm s1 1.73 ± 0.43 1.68 ± 0.43 −2.8 0.4

CVRi + 5 PETCO2, mm Hg/cm·s1 1.61 ± 0.41 1.57 ± 0.40 −2.5 0.4

CVRi + 8 PETCO2, mm Hg/cm·s1 1.51 ± 0.38 1.46 ± 0.38 −3.3 0.5

�VP reactivity, mm Hg 2.16 ± 0.75 2.17 ± 0.72 0.4 0

CVC reactivity, mm Hg/cm·s1 0.01 ± 0.00 0.01 ± 0.00 0 0

Submaximal exercise

�VP rest, cm/s 51.25 ± 11.23 52.68 ± 11.76 2.8 0.1

�VP EX1, cm/s 55.67 ± 12.36 56.79 ± 12.04 2.0 0.1

�VP recovery 1, cm/s 49.65 ± 10.80 50.93 ± 11.05 2.6 0.1

�VP EX2, cm/s 54.16 ± 12.48 55.29 ± 11.91 2.0 0.1

VP recovery 2, cm/s 48.83 ± 10.66 49.78 ± 10.92 1.9 0.1

CVCi rest, cm·s21/mm Hg 0.53 ± 0.14 0.54 ± 0.14 1.8 0

CVCi EX1, cm·s21/mm Hg 0.49 ± 0.14 0.51 ± 0.13 4.0 0.2

CVCi recovery 1, cm·s21/mm Hg 0.49 ± 0.13 0.50 ± 0.14 2.0 0

CVCi EX2, cm·s21/mm Hg 0.45 ± 0.13 0.48 ± 0.13 6.6 0

CVCi recovery 2, cm·s21/mm Hg 0.48 ± 0.13 0.50 ± 0.14 4.1 0.2

CVRi rest, mm Hg/cm·s21 2.01 ± 0.52 1.94 ± 0.49 −3.5 0.3

CVRi EX1, mm Hg/cm·s21 2.15 ± 0.58 2.09 ± 0.54 −2.8 0.2

CVRi recovery 1, mm Hg/cm·s1 2.18 ± 0.60 2.10 ± 0.51 −3.7 0

CVRi EX2, mm Hg/cm·s21 2.37 ± 0.73 2.22 ± 0.61 −6.3 0.2

CVRi recovery 2, mm Hg/cm·s1 2.19 ± 0.60 2.13 ± 0.57 −2.7% 0

Continued
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Independent-samples t tests were used instead to test sex
differences in all outcomes.

Secondary outcome: Exploratory analysis of
the relationship between changes in cognition
and changes in cerebrovascular function
A secondary goal of this study was to explore the relationship
between cognitive changes over the course of the exercise in-
tervention and changes in cerebrovascular regulation as mea-
sured by outcomes of the euoxic hypercapnia and submaximal
exercise tests. This exploratory analysis was conducted only on
the cognitive domains that did not show practice effects.

A PCA was used to reduce the number of outcomes from the
hypercapnia and submaximal exercise tests. Factors were gen-
erated from a correlation matrix of the original change scores
for all the CBF outcomes (�VP, CVCi, CVRi, �VP reactivity,
CVCi reactivity) derived from each step of the hypercapnia and
submaximal exercise tests (see above). Change scores were
computed by subtracting preintervention scores from post-
intervention scores (D = postintervention − preintervention)
and then entered into the PCA. We used the Kaiser cri-
terion and extracted only components with an eigenvalue
>1. Results were then compared to the ones from a Monte
Carlo simulation.36 Factor axes were subjected to a Varimax
rotation37 to ensure independence between the generated
factors.

Finally, multiple linear regressions were used to test for
associations between changes in cognition and changes in
CBF. We entered the postintervention scores for the cogni-
tive domains as a dependent variable in the model. We then
entered preintervention cognitive scores and age as forced
confounding variables in block 1 and the generated DCBF
factors in block 2 as independent predictors.

Data availability
The data from this study, including anonymized participant
data, study protocol, and statistical analyses, will be shared

with qualified researchers on request to the principal in-
vestigator (M.J.P., poulin@ucalgary.ca).

Results
Participants
Two hundred six individuals (105 [51%] female; mean ± SD
age 65.9 ± 6.4 years; mean ± SD years of formal education 15.9
± 2.5; mean± SD MoCA score 27.5 ± 1.4) completed the
exercise intervention. At the preintervention baseline assess-
ment (month 6), 63 participants reported being on anti-
hypertension medications, 6 on antihyperglycemics, and 42 on
lipid-lowering medications. After the intervention (month 12),
65 participants reported to be on antihypertension medi-
cations, 6 on antihyperglycemics, and 41 on lipid-lowering
medications. A flow diagram of study participants is provided in
figure 1, including a detailed breakdown of reasons for exclu-
sions and dropouts from initial screening.

PCA on cognitive outcomes
The Kaiser-Meyer-Olkin40 measure of sampling adequacy in
the PCA analysis on the cognitive outcomes was 0.73, above
the minimum recommended value of 0.6. The Bartlett test of
sphericity was significant (χ2 [190] = 2,400.1, p < 0.001),
indicating that the cognitive outcomes were appropriate for
the reduction analysis. The main outcome of the PCA was
the generation of 6 factors that explained 72.5% of the total
variance as suggested by both the Kaiser criterion and the
Monte Carlo simulation. Rotated component loadings are
available on PRISMDataverse in table e-1, doi.org/10.5683/
SP2/R5ATDC.

Cognitive practice effects (month 0 vs 6)
Comparisons between the initial preintervention (month 0)
and second preintervention testing at 6 months (month 6)
showed evidence of practice effects in the executive functions/
processing speed (month 0 mean ± SD = −12.5 ± 7.5 vs month
6 mean ± SD = −11.0 ± 7.2, t200 = −8.066, p < 0.001, Cohen dZ
= 0.5), verbal memory (21.5 ± 3.5 vs 22.4 ± 3.8, t201 = −4.914,

Table 2 Descriptive statistics before and after intervention: Cardiorespiratory fitness, hypercapnia, submaximal exercise,
and cognitive domains (continued)

Before intervention, mean ± SD After intervention, mean ± SD Change, % Cohen dz

Cognitive domains

Ex Fx processing speed, s −11.1 ± 7.2 −10.6 ± 7.6 −4.5 0.1

Verbal memory, f 22.4 ± 3.8 23.0 ± 3.6 2.6 0.2

Ex Fx concept formation, f 14.0 ± 4.0 14.8 ± 3.8 5.7 0.1

Figural memory, f 28.8 ± 4.8 26.9 ± 5.6 −6.5 0.4

Fluency, f 32.7 ± 6.2 33.5 ± 6.5 2.4 0.2

Complex attention, f 27.7 ± 1.6 27.8 ± 1.5 0.3 0.06

Abbreviations: CVCi = cerebrovascular conductance index; CVRi = cerebrovascular resistance index; Ex Fx = executive functions; EX1 = relative workload (40%
of V̇O2max); EX2 = absolute workload (65 W); f = frequency/count; �VP = mean peak blood flow velocity; VT = ventilatory threshold.
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p < 0.001, Cohen dZ = 0.3), figural memory (27.9 ± 5.6 vs 28.8
± 4.8, t204 = −2.825, p = 0.005, Cohen dZ = 0.2), and complex
attention (27.4 ± 1.6 vs 27.7 ± 1.6, t202 = −2.819, p = 0.005,
Cohen dZ = 0.2) domains. No statistically significant practice
effects were present for either the executive functions/concept
formation (p = 0.178) or fluency (p = 0.686) domain.

Main outcome: Changes in cognitive function
with the exercise intervention (month 6 vs 12)
Figure 2 depicts changes in cognitive domains, cardiorespi-
ratory fitness, and cerebrovascular outcomes over the course
of the exercise intervention.

Positive changes before and after intervention in the exec-
utive functions/processing speed (t201 = −2.203, p = 0.029,
Cohen dZ = 0.1), executive functions/concept formation
(t204 = −2.349, p = 0.020, Cohen dZ = 0.1), verbal memory
(t200 = −3.331, p = 0.001, Cohen dZ = 0.2), and fluency (t203
= −2.907, p = 0.004, Cohen dZ = 0.2) domains were ob-
served. The figural memory domain showed a negative
change (t204 = 6.438, p < 0.001, Cohen dZ = 0.4), possibly
due to differences in difficulty between the versions ad-
ministered before and after intervention. No changes were
found in complex attention.

We observed a statistically significant decrease in cardiorespi-
ratory fitness (V̇O2max; t204 = 2.056, p = 0.041) between the

initial preintervention testing (V̇O2max ± SD = 26.3 ± 5.5 mL/
kg/min, month 0) and the second preintervention testing at 6
months (V̇O2max ± SD = 26.0 ± 5.4 mL/kg/min, month 6),
which confirmed that participants did not engage in sufficient
aerobic exercise to have a training effect before starting
the intervention. In contrast, with the intervention, there
was a positive change in cardiorespiratory fitness (V̇O2max;
t204 = −13.426, p < 0.001, Cohen dZ = 0.9), confirming that
the aerobic exercise intervention was effective in improving
the cardiorespiratory fitness of participants.

Resting baseline �VP (t202 = −2.492, p = 0.014, Cohen dZ =
0.1) and resting baseline CVCi (t202 = −2.809, p = 0.005,
Cohen dZ = 0.1) determinations increased. A decrease in
resting baseline CVRi was also found (t202 = 3.378, p = 0.001,
Cohen dZ = 0.2). No differences were found in �VP reactivity
(p = 0.788) and CVCi reactivity (p = 0.254) before and after
intervention. No sex differences were found in the change
pre/postintervention in all outcomes.

Secondary outcome: Exploratory analysis of
the relationship between changes in cognition
and changes in cerebrovascular function
The Kaiser-Meyer-Olkin40 measure of sampling adequacy in
the PCA on the change in CBF (DCBF) outcomes was 0.75.
The Bartlett test of sphericity was significant (χ2 [406] =
5,884.9, p < 0.001). The main outcome of the PCA was the

Figure 2 Boxplots of changes before and after 6 months of aerobic exercise intervention in executive functions/concept
formation and fluency, V̇O2max, and resting baseline CBF outcomes

CBF = cerebral blood flow; CVC = cerebrovascular conductance; CVR = cerebrovascular resistance. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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generation of 6 factors. The Monte Carlo simulation was not
consistent with the Kaiser criterion and suggested the re-
tention of 4 factors. However, the 6 generated factors were
consistent with the physiologic theoretical model and were
therefore used. Final rotated component loadings are avail-
able on PRISM Dataverse in table e-2, doi.org/10.5683/SP2/
R5ATDC.

We investigated the relationship between cognitive changes
before and after intervention and changes in cerebrovascular
regulation only for the executive functions/concept formation
and fluency domains, which were the only domains that did
not show changes between the 2 preintervention baselines.

Multiple linear regression on the change in executive
functions/concept formation domain showed that after ac-
counting for preintervention test scores (β = 0.331, t133 =
3.981, p < 0.001) and age (β = −0.218, t133 = −2.645, p =
0.009), there was a negative association between the mag-
nitude of the change before and after intervention in CVRi
during submaximal exercise and the magnitude of the change
before and after intervention in the executive functions/
concept formation domain (β = −0.205, t133 = −2.523, p = 0.013,
R = 0.438, R2 change = 0.039). Table 3 details results for the
models.

The multiple linear regression on the fluency domain
showed that after accounting for preintervention test scores
(β = 0.765, t132 = 14.305, p < 0.001) and age (β = −0.115, t132 =
−2.142, p = 0.034), the magnitude of the change before and
after intervention in CVRi during euoxic hypercapnia was
positively associated with the magnitude of the change before
and after intervention in the fluency domain (β = 0.106, t133 =
2.140, p = 0.034, R = 0.826, R2 change = 0.011). Table 4 details
results for the models.

Discussion
This study examined the effects of a 6-month aerobic exercise
intervention on cognition in generally healthy low-active
middle-aged and older adults in the BIM study. Furthermore,
the study explored the extent to which the changes seen in
cognitive performance were related to changes in cerebro-
vascular regulation. The intervention was associated with
improvements in participants’ performance on a number of
cognitive domains and with improvements in participants’
cardiorespiratory fitness and resting measures of cerebro-
vascular function. The exploratory analysis showed a nega-
tive association between the magnitude of the change before
and after intervention in the executive functions/concept

Table 3 Regression model for the change in executive functions/concept formation with standardized β values and
significance

R Value R2 Value R2 change

Model 1 0.391 0.153 0.153

Model 2 0.438 0.192 0.039

Standardized β t p Value Tolerance VIF

Model 1

Ex Fx concept before intervention 0.292 3.503 0.001 0.923 1.084

Age −0.191 −2.293 0.023 0.923 1.084

Model 2

Ex Fx concept before intervention 0.331 3.981 0.000 0.891 1.123

Age −0.218 −2.645 0.009 0.908 1.102

DCVRi submax −0.205 −2.523 0.013 0.933 1.072

Excluded

D�VP hypercapnia −0.086 −1.089 0.278 0.985 1.016

D�VP relative 0.054 0.689 0.492 0.998 1.002

DCVRi hypercapnia −0.032 −0.406 0.686 0.999 1.001

Unnamed factor 5 −0.115 −1.463 0.153 0.961 1.040

Unnamed factor 6 −0.042 −0.532 0.596 0.991 1.009

Abbreviations: DCVRi hypercapnia = change in cerebrovascular resistance index during hypercapnia factor; DCVRi submax = change in cerebrovascular
resistance index during submaximal exercise factor; D�VP hypercapnia = change in mean peak velocity during hypercapnia factor; D�VP relative = change in in
mean peak velocity during exercise at 40% of VO2max factor; Ex Fx = executive functions/concept formation; VIF = variance inflation factor.
Dependent variable: executive functions/concept formation postintervention scores.
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formation domain and the magnitude of the CVRi change
before and after intervention during submaximal exercise
after accounting for age. On the other hand, we found
a positive association between the magnitude of the change
before and after intervention in the fluency domain and the
change before and after intervention in CVRi during euoxic
hypercapnia after accounting for age. These results indicate
that 6 months of aerobic exercise is associated with im-
provements in some aspects of cognition and that changes in
the executive function and fluency domains were differen-
tially associated with changes in cerebrovascular function in
healthy, low-active older adults.

Aging is associated with decreased cerebrovascular reserve
(i.e., the ability of the cerebrovasculature to dilate in response to
a stimulus such as hypercapnia and submaximal exercise).41 This
can lead to hypoperfusion and may contribute to an increased
risk of ischemic injury and Alzheimer disease.41–43 In the current
study, the 6-month aerobic exercise intervention was associated
with improved resting CBF, as observed by increased �VP at rest,
and improvements in other measures of cerebrovascular func-
tion (i.e., increases in CVCi, and decreases CVRi) with arterial
euoxic hypercapnia and submaximal exercise. Euoxic hypercap-
nia generates predominantly a local (i.e., humoral) stimulus to
the pial (i.e., resistance) vessels of the brain. The cere-
brovasculature is exquisitely sensitive to subtle changes in the

arterial partial pressure of carbon dioxide. With an increase in
carbon dioxide (i.e., hypercapnia), a rapid increase in CBF
ensues as the vasculature dilates in response to the stimulus.
Therefore, CVRi decreases.44 Conversely, with acute exercise,
there is a significant and rapid increase in blood pressure to
ensure oxygen delivery to working muscles with much smaller
perturbations in CBF.45,46 In this instance, CVRi increases. We
found that 6 months of aerobic exercise training was associated
with decreased CVRi in response to the same preintervention
hypercapnia but that CVRi decreased also during submaximal
exercise. Thus, training enhanced the vasodilatory effect of CO2

on the cerebral vasculature and blunted the increase in cere-
brovascular resistance during submaximal exercise observed
before the intervention, suggesting an improvement in ce-
rebrovascular reserve. This is a potentially important finding
when we consider recent literature reporting that decreases
in CBF precede the accumulation of markers of neurode-
generative disease (e.g., amyloid, tau) and predict conver-
sion from mild cognitive impairment to Alzheimer disease.42

Our results concerning the improvements in cognitive function
with training align with results of the noted recent systematic
review.6 A recent study47 found that increases in cardiorespi-
ratory fitness over 2 years were associated with improved ex-
ecutive functions and processing speed but not memory. Our
results are in line with these findings. A novel finding of this

Table 4 Regression model for the change in fluency with standardized β values and significance

R R2 R 2change

Model 1 0.820 0.672 0.672

Model 2 0.826 0.683 0.11

Standardized β t p Value Tolerance VIF

Model 1

Fluency before intervention 0.768 14.173 0.000 0.854 1.171

Age −0.116 −2.144 0.034 0.854 1.171

Model 2

Fluency before intervention 0.765 14.305 0.000 0.853 1.172

Age −0.115 −2.142 0.034 0.853 1.172

DCVR hypercapnia 0.106 2.140 0.034 0.999 1.001

Excluded

D�VP hypercapnia −0.045 −0.912 0.364 0.986 1.014

DCVR submax −0.004 −0.088 0.930 0.953 1.050

D�VP relative 0.023 0.474 0.637 1.000 1.000

Unnamed factor 5 0.015 0.303 0.762 1.000 1.000

Unnamed factor 6 0.062 1.256 0.212 0.989 1.012

Abbreviations: CVRi hypercapnia = change in cerebrovascular resistance index during hypercapnia factor; DCVRi submax = change in cerebrovascular
resistance index during submaximal exercise factor; D�VP hypercapnia = change in mean peak velocity during hypercapnia factor; D�VP relative = change in in
mean peak velocity during exercise at 40% of Vo2max factor; VIF = variance inflation factor.
Dependent variable: fluency postintervention scores.
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study is that measures of cerebrovascular function during
euoxic hypercapnia and submaximal exercise appear to be dif-
ferentially associated with specific cognitive domains. Specifi-
cally, we found positive associations between the magnitude of
the change in fluency and the change in CVRi during euoxic
hypercapnia and a negative association between the magnitude
of the change in executive functions/concept formation and
CVRi during submaximal exercise. Findings in the literature on
how brain perfusion changes during hypercapnia in areas as-
sociated with verbal fluency (inferior frontal gyrus, Broadmann
areas 44, 45, and 4748) are controversial. Some studies49 report
hypoperfusion in these areas; others50 report hyperperfusion. A
recent study14 found that a 12-week aerobic exercise in-
tervention improved working memory and verbal fluency in
both healthy controls and individuals with mild cognitive im-
pairment and promoted positive changes in CBF, depending
on participants’ cognitive status. Similarly, our study suggests
that aerobic exercise training may be beneficial for verbal flu-
ency performance through increased CBF and decreased CVRi
perhaps in brain areas selectively involved in verbal fluency
tasks. Further studies using techniques with greater spatial
resolution are needed to confirm this hypothesis.

A recent review45 examined regional distribution of brain blood
flow duringmoderate to exhaustive exercise using near-infrared
spectroscopy in the prefrontal cortex, an area commonly as-
sociated with executive functions (specifically dorsolateral
prefrontal cortex51). The authors report increased CBF in the
prefrontal cortex during submaximal exercise (≥30% to <60%
of VO2peak) and reduced CBF during exhaustive exercise
(≥60% to VO2peak). In our submaximal exercise protocol,
individuals have a first bout of exercise at 40% of their V̇O2max
and a second bout at 65 W, which would be considered
vigorous-intensity exercise according to this systematic review.
We could therefore expect no change or even decreases in
perfusion in the cortex. Previous studies have described this
decrease in CBF during exhaustive exercise as driven by
decreases in PCO2 resulting from respiratory compensation for
metabolic acidosis.52

This study has several limitations. The lack of a control group
does not allow us to exclude the possibility that other factors
(i.e., social or cognitive stimulation from the exercise in-
tervention) may have played a role in the observed cognitive
improvements. Participants were asked to complete an addi-
tional unsupervised exercise session once a week and to record
these and other workouts done on their own in a logbook.
These additional sessions were not accounted for in our anal-
yses. It is possible that there were significant differences be-
tween individuals in how much additional exercise they were
doing and that these differences affected our measures of car-
diorespiratory fitness, cognition, and cerebrovascular regula-
tion. Moreover, participants were white, well educated, and
generally healthy with no evidence of active cardiovascular
disease or significant cognitive impairment. Selection bias may
have affected the direction and magnitude of the observed
changes. Repeated neuropsychological assessments were

associated with small but significant practice effects in several
cognitive domains. Practice effects from the repeated admin-
istration of cognitive tests in longitudinal studies are an im-
portant problem.53 How to best minimize their impact,
however, remains controversial. Studies suggest that practice
effects are greatest when testing is repeated at a 2-week interval,
but they persist for up to 3 months. They then tend to decrease
with the passage of additional time.38 Bartels et al.38 reported
that using an interval of 6 months between cognitive testing
sessions could be an effective approach to eliminating practice
effects. However, we opted for a more conservative strategy.
While we report changes before and intervention for all cog-
nitive domains, we restricted our analysis of the associations
between changes in cognition and cerebrovascular function to
those domains that did not show practice effects during the
6-month preintervention phase. We acknowledge that this
strategy may have led us to exclude cognitive domains in
which benefits from exercise occurred. Finally, due to the
different versions of the tests used to assess figural memory,
we attributed the decrease in figural memory scores after the
intervention to the increased difficulty of the tests. However,
we cannot exclude the possibility that memory declined
during the 6 months between the preintervention and post-
intervention assessments.

Future studies should include individuals with clinically overt
cardiovascular disease or impaired cognition because the ben-
efits found in this healthy cohort may be greater in those with
vascular risk factors that are known to be associated with
a greater risk of developing dementia or preexisting cognitive
deficits. They should also include individuals from diverse
ethnic backgrounds and socioeconomic status. A randomized
controlled trial designwould allow researchers to draw stronger
conclusions on the specific effects that aerobic exercise has on
cognition compared to other types of exercise such as re-
sistance training. Finally, further research on the differential
effects of exercise type, dose, and timing could have an im-
portant impact on clinical practice by fostering the use of
personalized exercise prescriptions that take into account the
baseline health status and functional abilities of the individual.

We found that in a generally healthy low-active middle-aged
to older adult cohort, changes in cognition were differentially
associated with changes in cerebrovascular regulation. These
findings add to what is known about the mechanisms by
which aerobic exercise may counteract the cognitive decline
seen with normal aging. Results from this study provide
suggestive evidence that aerobic exercise has the potential to
improve cognitive performance and cerebrovascular regula-
tion in middle-aged and older adults, but future appropriately
powered randomized controlled trials are needed to test the
specific effects of aerobic exercise on cognition.
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