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Cardiovascular risk moderates 
the effect of aerobic exercise 
on executive functions in older 
adults with subcortical ischemic 
vascular cognitive impairment
Cindy K. Barha1,2, Elizabeth Dao2,5, Lauren Marcotte1,2, Ging‑Yuek Robin Hsiung2,3,4, 
Roger Tam2,5,7 & Teresa Liu‑Ambrose1,2,6*

Aerobic training (AT) can promote cognitive function in adults with Subcortical Ischemic 
Vascular Cognitive Impairment (SIVCI) by modifying cardiovascular risk factors. However, pre‑
existing cardiovascular health may attenuate the benefits of AT on cognitive outcomes in SIVCI. We 
examined whether baseline cardiovascular risk moderates the effect of a 6‑month progressive AT 
program on executive functions with a secondary analysis of a randomized controlled trial in 71 adults, 
who were randomized to either: (1) 3×/week progressive AT; or (2) education program (CON). Three 
executive processes were measured: (1) response inhibition by Stroop Test; (2) working memory by 
digits backward test; and (3) set shifting by the Trail Making Test. Baseline cardiovascular risk was 
calculated using the Framingham cardiovascular disease (CVD) Risk Score (FCRS), and participants 
were classified as either low risk (< 20% FCRS score; LCVR) or high risk (≥ 20% FCRS score; HCVR). A 
complete case analysis (n = 58) was conducted using an analysis of covariance (ANCOVA) to evaluate 
between‑group differences in the three executive processes. A significant interaction was found 
between cardiovascular risk group and intervention group (AT or CON) for the digit span backward 
and the Trail Making Test. AT improved performance compared with CON in those with LCVR, while 
in those with HCVR, AT did not improve performance compared with CON. Baseline cardiovascular 
risk significantly moderates the efficacy of AT on cognition. Our findings highlight the importance 
of intervening early in the disease course of SIVCI, when cardiovascular risk may be lower, to reap 
maximum benefits of aerobic exercise.

Cardiovascular risk factors, including hypertension, dyslipidemia, diabetes, and smoking, are associated with 
cognitive decline over time and increased dementia  risk1–3. �us, these modi�able risk factors are targets for 
promoting healthy cognitive aging and prevention of dementia. Engaging in physical exercise is a promising 
primary behavioural activity that reduces key cardiometabolic risk  factors4 and protects cognition in older  age5–7.

Vascular cognitive impairment is the second most common form of dementia a�er Alzheimer’s disease 
and is associated with or caused by cerebrovascular  disease8. Subcortical ischemic vascular cognitive impair-
ment (SIVCI) is the most common form of vascular cognitive impairment and is clinically de�ned by cogni-
tive impairment and the presence of subcortical vascular brain injury, including lacunar infarcts, white matter 
hyperintensities, and  microbleeds9,10. Additionally, arteriolosclerosis, dilation of perivascular spaces, venous 
collagenosis, and cerebral amyloid angiopathy can be found in the brains of SIVCI  patients11. �ese pathophysi-
ological changes to the white matter which are most severe in the frontal and occipital  regions12,13, are predictive 
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of cognitive  impairment14. While patients with SIVCI show de�cits across all cognitive domains, de�cits are most 
pronounced in executive  functions15 which are subserved by the prefrontal cortex. Cardiovascular risk factors 
are intimately associated with  SIVCI16 and thus, reductions in and control of cardiovascular risk factors are vital 
for the successful management of SIVCI.

Exercise is a potentially e�ective primary and secondary intervention for  SIVCI17. Moderate to high intensity 
levels of physical activity were associated with lower volume of white matter hyperintensities in older healthy 
 adults18. Furthermore, engaging in resistance training also reduced white matter hyperintensity progression in 
older  adults19,20. In the only randomized controlled trial (RCT) conducted in older adults with SIVCI, 6 months 
of aerobic training (AT) led to improvements in global cognitive function and reductions in diastolic blood 
 pressure17. Additionally, a secondary analysis of this study indicated AT improved executive functions in the 
female  participants21; impaired executive functions are common in  SIVCI22.

Mounting evidence suggests AT may promote cognition in SIVCI by modifying cardiovascular risk fac-
tors, including diabetes, cholesterol, and  hypertension23–25. Previous work has shown that AT improved the 
cardiovascular risk factor of high diastolic blood pressure in those with  SIVCI17 and others have shown that 
AT can directly in�uence these cardiometabolic risk  factors26–30. However, it is currently not known whether 
one’s cardiovascular health may attenuate the bene�ts of AT on cognitive outcomes in SIVCI. In the context of 
SIVCI, cardiovascular disease (CVD) risk predicted vascular cognitive impairment diagnosis and lower global 
cognition  scores31. �ese �ndings suggest that AT-induced cognitive bene�ts in older adults with SIVCI may be 
moderated by cardiovascular risk pro�les.

�erefore, we conducted a secondary analysis of data collected from a proof-of-concept, single-blind RCT 
(NCT01027858—PROMoTE Study) of three times per week progressive AT in older adults with  SIVCI17,32 to 
examine whether baseline cardiovascular risk can moderate the e�ect of AT on executive functions. We hypoth-
esized that the bene�cial e�ect of AT compared with control would be dependent on cardiovascular risk pro�les.

Methods
Study design. �is is a secondary analysis of a 26-week, single-blind RCT of progressive AT in 71 older 
adults with clinically con�rmed SIVCI. �e design and primary results of the RCT have been previously 
 reported17,32. Brie�y, physical and cognitive assessments for all participants were conducted at baseline and at 
trial completion at 6-months post-randomization. Eligible participants meeting study inclusion and exclusion 
criteria were randomized into either the 6-month progressive AT group or the usual care plus education control 
(CON) group. Ethics approval was obtained from the Clinical Research Ethics Board at the University of Brit-
ish Columbia (H07-01160) and Vancouver Coastal Health Research Institute (V07-01160), and trial protocol 
was registered at ClinicalTrials.gov (NCT01027858). All research was performed in accordance with the rel-
evant guidelines and regulations of the institutions involved and in accordance with the Declaration of Helsinki. 
Informed consent was obtained from all participants.

Participants. Participants were recruited from the University of British Columbia Hospital Clinic for Alz-
heimer’s Disease and Related Disorders, the Vancouver General Hospital Stroke Prevention Clinic, and special-
ized geriatric clinics in Vancouver, British Columbia. A detailed description of the inclusion and exclusion crite-
ria has been previously  published17,32. Brie�y, individuals were eligible for study entry if they met the following 
criteria: (1) diagnosed with  SIVCI33 as con�rmed by a neurologist based on the presence of cerebral small vessel 
disease, de�ned as the presence of periventricular or deep white matter lesions and the absence of non-lacu-
nar territorial (cortical and/or cortico-subcortical) strokes on clinical computerized tomography or magnetic 
resonance imaging (MRI) scans, and mild cognitive impairment, de�ned as a Montreal Cognitive Assessment 
(MoCA) score of < 26/3034; (2) aged 55 years or older; (3) Mini-Mental State Examination (MMSE) score of ≥ 20 
at  screening35; and (4) provide informed consent. Individuals were excluded from participating in the RCT if 
they were: (1) diagnosed with dementia of any type or other neurological conditions; (2) taking medications that 
may negatively a�ect cognitive function (e.g., anticholinergics); and (3) planning on concurrently participating 
in a clinical drug trial.

Measurements. Descriptive variables. At baseline, age, biological sex, education level, weight (kg), and 
waist-to-hip ratio (WHR = waist circumference/hip circumference) were collected. Global cognition was meas-
ured with the MMSE and MoCA. �e Functional Comorbidity Index (FCI) assessed the number of comorbid 
conditions related to physical  functioning36, the Short Physical Performance Battery (SPPB) assessed general 
mobility and  balance37, the Timed Up-and-Go (TUG) Test assessed functional  mobility38, the 15-item Geriatric 
Depression Scale (GDS) screened for  depression39, and the Physical Activity Scale for the Elderly (PASE) as-
sessed self-reported physical activity  levels40.

Executive functions. �ree executive functions were assessed in this secondary analysis: working memory, set-
shi�ing, and response inhibition. �ese three speci�c executive processes were included based on the work of 
Miyake et al.41 and the high frequency of inclusion in clinical  batteries42.

Working memory was assessed with the verbal digits backward test (Digits-B)43. Brie�y, seven pairs of random 
number sequences were read aloud by the assessor at a rate of one per second, starting with sequences that are 
three digits in length and increasing by one digit each time to a maximum sequence length of nine digits. Two 
pairs of sequences of each length were given and the test was terminated once the participant failed to recollect 
any two sequences of the same length. �e participant was required to repeat the sequence in reverse order. �e 
�nal score was the number of successful sequences recalled in reverse order (range 0–14) by the participant, with 
higher scores indicating better performance.
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Set-shi�ing was assessed with the Trail-Making tests (Part B minus Part A;  TMTB–A)44. Participants were 
required to draw lines between encircled numbers connecting them in ascending order (Part A) and connecting 
alternating numbers and letters in ascending order (Part B). Errors were recorded for each participant and when 
an error was made, the participant’s attention was drawn to the error and they were instructed to proceed from 
the point the error was made. �e timer was not stopped. �e amount of time in seconds needed to complete each 
part was recorded for each participant and set-shi�ing was indexed by calculating the di�erence in completion 
time between Part B and Part A, with smaller scores indicating better set-shi�ing ability.

Response inhibition was assessed with the Stroop  Test45. Participants were required to �rst read aloud words 
printed in black ink. �en in the congruent trials, participants said aloud the ink color that X’s were printed in. 
�en in the incongruent trials, participants were asked to say aloud the ink color in which words were printed 
in while simultaneously ignoring the written word itself. �e time taken to complete each trial was recorded and 
response inhibition was calculated as the time di�erence between the incongruent and congruent trials, with 
smaller scores indicating better performance.

Cardiovascular risk. Several models have been developed to assess an individual’s risk of CVD, with the 
Framingham General CVD Risk Score (FCRS) being the most extensively used in both clinical and research 
 settings46. �e FCRS has been shown to have good accuracy in predicting risk for dementia and cognitive 
decline, with poorer FCRS associated with adverse cognitive  outcomes47. Baseline data were used to calculate 
each participant’s risk of developing any CVD event (coronary death, myocardial infarction, coronary insuf-
�ciency, angina, ischemic stroke, hemorrhagic stroke, transient ischemic attack, peripheral artery disease, heart 
failure) based on the Framingham Heart Study Cardiovascular Disease 10-year Risk  Pro�le46. Speci�cally, the 
predictors included in the multivariable risk algorithm to calculate each participant’s FCRS were: sex, age (years), 
systolic blood pressure (mmHg), treatment for hypertension (yes, no), current smoker (yes, no), diabetes (yes, 
no), total cholesterol, and high-density lipoprotein cholesterol. �e resulting FCRS for each participant estimates 
the 10-year probability of developing any CVD that is expressed as a percent.

General cardiovascular capacity. �e 6-Minute Walk Test (6MWT) assessed general cardiovascular  capacity48. 
For each participant, the meters walked in 6 min was recorded at baseline and trial completion.

Experimental groups. Aerobic training group (AT). All AT group classes were led by certi�ed exercise 
instructors, were 60 min in duration (10-min warmup, 40-min walking program, 10-min cool down), and oc-
curred 3 times per week for 26 weeks. Class attendance was monitored and recorded by the instructors. Com-
pliance was calculated as the percentage of the total classes attended by each participant. �e walking program 
consisted of following a predetermined outdoor route around the local neighborhood and was progressive in 
intensity. Participant’s intensity was monitored and progressed using two techniques: (1) a heart rate monitor 
was worn and initially participants walked at approximately 40% of their sex and age speci�c heart rate reserve 
(HRR). AT intensity was slowly progressed over the �rst 12 weeks to between 60 and 70% HRR, with a target of 
65% HRR that was maintained for the remainder of the trial; (2) the 20-point Borg Rating of Perceived Exertion 
(RPE)49 was used to subjectively monitor the AT intensity, which was initially set at 11 and progressed to a target 
of 14–15 (“hard”); (3) the simple “talk” test was also used to subjectively monitor and progress AT intensity, with 
participants initially asked to walk at a pace that allowed them to converse comfortably and gradually progressed 
to a pace where conversation required e�ort.

Usual care plus education control group (CON). Control participants attended monthly education classes and 
were given material about vascular cognitive impairment and healthy diet. Information regarding exercise and 
physical activity were not provided. Research sta� also phoned participants each month to maintain contact and 
collect data.

Statistical analyses. All statistical analyses were performed using the Statistical Package for the Social Sci-
ences 24.0 (IBM Corporation Armonk, NY, USA). Baseline cardiovascular risk was calculated using the FCRS, 
and participants were classi�ed as either low cardiovascular risk (< 20% FCRS; LCVR) or high cardiovascular 
risk (≥ 20% FCRS; HCVR). Analyses were conducted on complete cases (n = 58), including only those partici-
pants with FCRS.

An analysis of covariance (ANCOVA) was conducted to evaluate the main e�ects and interaction between 
experimental group (AT, CON) and cardiovascular risk group (LCVR, HCVR), controlling for age, baseline 
MoCA score, education, and baseline score for the outcome variable of interest. Separate ANCOVAs were run 
for the three executive functions outcomes—Digits-B,  TMTB–A, and Stroop. �e overall alpha was set at 0.05 and 
e�ect sizes for signi�cant results were calculated as partial eta squared (ηp

2).

Results
Participants and sample descriptive. Complete case analyses were conducted on 58 of the 71 rand-
omized participants. A�er randomization, one participant was deemed ineligible due to the diagnosis of mixed 
dementia and was excluded from all analyses. Of the 58 complete cases, 32 were in the AT group and 26 were 
in the CON group. �e subsample of complete cases did not signi�cantly di�er from the parent sample of 70 on 
baseline characteristics such as age, WHR, MMSE, MoCA, comorbidities, SPPB, TUG, 6MWT and GDS.

Table 1 reports the baseline descriptive characteristics of the 58 complete case participants separated by 
experimental group and cardiovascular risk group.
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Compliance. �e average compliance in the AT group for this complete case sample was 69.4%. Compli-
ance did not di�er between the LCVR and HCVR AT participants [F(1,30) = 0.002, p > 0.690; 69.5% vs. 69.2%, 
respectively].

Executive functions. Figure 1 presents the scores on the 3 tests of executive functions at trial completion 
for LCVR and HCVR participants in the CON and AT groups.

For the Digits-B test, a signi�cant interaction was found between experimental group and CVR group 
[F(1,49) = 4.670, p < 0.037, ηp

2 = 0.087], a�er controlling for age, baseline MoCA score, education, and baseline 
Digits-B score, with AT improving performance compared to CON in the LCVR participants but not in the 
HCVR participants (see Fig. 1A). Main e�ects of experimental group [F(1,49) = 0.055, p > 0.816] or CVR group 
[F(1,49) = 0.081, p > 0.777] were not found.

For  TMTB–A, a signi�cant interaction was found between experimental group and CVR group [F(1,50) = 4.091, 
p < 0.048, ηp

2 = 0.076], a�er controlling for age, baseline MoCA score, education, and baseline  TMTB-A score, 
with AT improving performance compared to CON in the LCVR participants but not in the HCVR participants 
(see Fig. 1B). Main e�ects of experimental group [F(1,50) = 0.111, p > 0.740] or CVR group [F(1,50) = 0.570, 
p > 0.454] were not found.

For Stroop, main e�ects of experimental group [F(1,48) = 0.015, p > 0.905] or CVR group [F(1,48) = 0.053, 
p > 0.819] were not found. Neither was an interaction between experimental group and CVR group 
[F(1,48) = 0.802, p > 0.375], a�er controlling for age, baseline MoCA score, education, and baseline Stroop score 
(see Fig. 1C).

Cardiovascular capacity and fitness. �e 6MWT, which assessed general cardiovascular capacity, at 
trial completion did not di�er between the four groups [F(1,46) = 1.236, p > 0.271] (AT LCVR: 535.93 ± 12.16 m; 
CON LCVR: 522.80 ± 15.47 m; AT HCVR: 550.45 ± 16.56 m; CON HCVR: 505.22 ± 15.14 m).

Discussion
�e present study found that baseline cardiovascular risk, assessed by the FCRS, moderated the e�cacy of aerobic 
exercise on working memory and set shi�ing in adults with SIVCI. Speci�cally, the bene�cial e�ects of 6-months 
of moderate-intensity AT were dependent on baseline cardiovascular risk, with our results suggesting AT was 
associated with better executive functions in those with a low cardiovascular risk. To our knowledge, no prior 
exercise trial in adults with SIVCI has shown this. �ese �ndings highlight the importance of intervening early in 
the disease course of SIVCI, when cardiovascular risk may be lower, to reap maximum bene�ts of aerobic exercise.

Previously, 6-months of moderate-intensity AT was shown to improve general cognition in adults with 
 SIVCI17. We extend these �ndings, showing that cardiovascular health is an important moderator of AT e�cacy 
in SIVCI. Somewhat surprisingly, we found that AT was more e�ective in improving executive functions in 
those with low cardiovascular risk than those with high risk, even though studies in other populations suggest 
that exercise can reduce key cardiovascular risk factors associated with  SIVCI50. Our current RCT �ndings align 
with a population-based cohort study that showed physical activity was more e�cacious in preventing mild 
cognitive impairment among those without cardiovascular risk factors such as high cholesterol, smoking history, 
and alcohol  use51. Interestingly, Fig. 1 suggests that AT may actually impair performance on 2 of the 3 executive 
functions tasks in the high cardiovascular risk group, indicating that pre-existing unhealthy cardiovascular and 
cerebrovascular systems may not respond positively to moderate intensity AT. Future trials powered to detect 
subgroup di�erences based on cardiovascular risk are warranted.

�e lack of signi�cant e�ect of AT on executive functions in participants with high cardiovascular risk, while 
surprising, could be due to several factors. �e current study utilized a 6-month, three times per week moderate 

Table 1.  Baseline descriptive characteristics across intervention and cardiovascular risk groups.

Variables

Aerobic Training group, mean 
(SD) Control group, mean (SD)

LCVR, n = 21 HCVR, n = 11 LCVR, n = 12 HCVR, n = 14

Age 72.95 (8.32) 75.82 (6.82) 70.25 (7.44) 76.36 (6.31)

Education (> high school) 21 10 11 14

Female 16 2 7 5

Montreal Cognitive Assessment 21.05 (2.99) 21.00 (3.19) 23.08 (2.28) 22.64 (3.41)

Mini-Mental State Examination 27.00 (2.57) 25.18 (2.60) 27.58 (1.56) 26.71 (2.95)

Timed up and go 8.50 (2.40) 8.14 (1.12) 7.63 (1.22) 8.92 (3.00)

Short physical performance battery 10.68 (1.60) 11.36 (1.21) 11.08 (0.67) 10.14 (1.29)

Waist to hip ratio 0.85 (0.07) 0.92 (0.08) 0.89 (0.07) 0.95 (0.06)

Functional Comorbidity Index 3.19 (1.63) 3.36 (1.36) 3.08 (1.98) 4.00 (2.00)

Six Minute Walk Test (m) 524.25 (101.81) 507.73 (72.22) 534.83 (80.39) 463.21 (101.43)

Geriatric Depression Scale 2.24 (2.59) 1.82 (1.89) 1.75 (1.42) 2.57 (2.38)

Physical Activity Scale for the Elderly 124.98 (69.24) 130.82 (91.55) 141.58 (44.69) 121.90 (61.22)
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Figure 1.  Interaction between cardiovascular risk (CVR) group (low CVR, high CVR) and experimental group (control, 
aerobic training) on the three tests of executive function at trial completion, controlling for baseline performance on the 
test, age, baseline MoCA score, and education. (A) Estimated mean (+ SEM) total number correct on the Verbal digits 
backward test at trial completion, with a signi�cant interaction between cardiovascular risk group and experimental group 
(p < 0.037), suggesting that aerobic training improved the total number of correct responses compared to control in the low 
CVR participants but not in the high CVR participants. (B) Estimated mean (+ SEM) time to complete the Trail-Making 
tests (Part B minus Part A; seconds) at trial completion, with a signi�cant interaction between cardiovascular risk group 
and experimental group (p < 0.048), suggesting that aerobic training improved performance compared to control in the low 
CVR participants but not in the high CVR participants. (C) Estimated mean (+ SEM) time to complete the Stroop test at trial 
completion, with no signi�cant interaction between cardiovascular risk group and experimental group (p > 0.819), suggesting 
that aerobic training not in�uence performance compared to control in either the low CVR or high CVR participants.
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intensity AT protocol. It may be the case that in adults with SIVCI and high cardiovascular risk, exercise protocols 
utilizing di�erent parameters, such as higher intensity or longer duration, are needed. For example, low volume, 
high intensity AT has been shown to improve several indices of cardiometabolic health in obese  participants52. 
Further, a recent meta-analysis comparing high intensity interval training vs. moderate intensity continuous 
training found that high intensity interval training was more e�ective in improving cardiorespiratory �tness and 
cardiovascular health in subgroups of participants at high risk, including those with type 2 diabetes and metabolic 
syndrome, and obese  participants53. Furthermore, the 2018 consensus statement from the EXercise Prescription 
in Everyday Practice & Rehabilitative Training (EXPERT) working group endorsed by the European Association 
of Preventative Cardiology concluded that speci�c recommendations on exercise prescription including exercise 
type, volume, frequency, and intensity, should be based on di�erent combinations of cardiovascular disease risk 
factors and may be di�erent for those at low vs. high risk of  CVD54. Importantly, the current analysis did not �nd 
that the AT intervention improved cardiovascular �tness di�erently in those at low versus high cardiovascular 
�tness, suggesting that the greater AT impact on executive functions in low risk individuals was independent 
of cardiovascular �tness. Greater changes in �tness level may be required in those at high cardiovascular risk 
in order to observe changes in cognition. In addition to AT, resistance training is a viable alternative in those 
at higher cardiovascular  risk55, particularly as some evidence suggests that higher Framingham risk scores are 
associated with greater development of impaired mobility in older  adults56 that could impair their ability to reap 
maximal bene�ts from AT paradigms. �e �ndings of the current study in combination with previous �ndings, 
highlight that “one size does not �t all” and there is a need for further research to identify important moderators 
of exercise e�cacy and provide more precise recommendations for speci�c groups of individuals.

Our results support the importance of intervening earlier in the disease course of SIVCI and before cardio-
vascular risk is high. Importantly, midlife has been proposed to be a critical window for implementing exercise 
interventions to improve cognitive  health57. Physical �tness during midlife is a strong predictor of cardiovascular 
health in older  age58 and an increasing body of evidence indicates that engaging in exercise during midlife can 
improve cardiovascular  outcomes59. �us future trials should focus on exercise interventions conducted during 
the middle years of life in order to promote cognitive aging through improved cardiovascular health. As well, 
future research is required to further examine how AT is in�uencing speci�c executive processes but not others. 
Speci�cally, we found that AT was in�uencing working memory and set-shi�ing but not response inhibition. 
According to Miyake et al.41, while these 3 executive functions are related and uni�ed, they are also diverse and 
distinct from each other. Further research is required in this area to determine how these executive functions 
are similar and distinct and how they are further in�uenced by exercise.

�e �ndings of the current analyses should be evaluated within the context of the study limitations. �is 
secondary analysis of data from complete cases is limited by the small sub-group sample size. �us, these �nd-
ings are preliminary and we did not run posthoc comparisons between groups to avoid multiple comparisons. 
Cardiovascular risk was evaluated using the widely accepted Framingham Heart Study Cardiovascular Disease 
10-year Risk  Pro�le46 and high cardiovascular risk was determined using the established clinical cut-o� of 20% 
or  higher60. While the Framingham risk pro�le is an accepted and valid model, other risk models have been 
proposed including the CAIDE  model61, the vascular  index62, the vascularity  index63, the atherosclerotic risk 
 pro�le64, the hypoperfusion risk  pro�le64, and the cardiovascular composite  model1. �e utility of these models 
for predicting cognitive decline and dementia has been  established47. And while these models are superior to 
using single cardiovascular risk factors such as cholesterol levels, determining which speci�c risk model is 
best suited to speci�c populations within the context of exercise intervention e�cacy has yet to be examined. 
For example Klages et al.63 found that the vascularity index was not associated with risk of Alzheimer’s disease 
over 5 years but was associated with risk of vascular cognitive impairment, thus this type of model may be 
more suitable to determine cardiovascular risk in a SIVCI sample, though the participants in the current study 
were diagnosed with a mild form of SIVCI. It is also plausible that high cardiovascular risk may be indicative 
of more advanced SIVCI then low risk. We did not control for brain pathologies, thus AT may have been more 
e�cacious in the low CVR group which may have had less brain pathology. �us, it would be of great interest 
in studies with larger sizes to examine the potential moderation of the relationship between cardiovascular risk, 
exercise, and cognition by SIVCI stage. Furthermore, very few females in our sample were categorized as being 
high cardiovascular risk. �is may be due to the use of the Framingham risk pro�le and the speci�c biological 
variables used by this measure or more likely related to the need to establish di�erent cuto�s for risk for males 
versus  females65. Further research in this area looking at potential sex di�erences is highly warranted.

Conclusion
In summary, this secondary analysis of data from a proof-of-concept RCT found that baseline cardiovascular risk 
signi�cantly moderates the e�cacy of aerobic exercise on working memory and set shi�ing in adults with SIVCI. 
Future trials should include a more comprehensive examination of these two executive function processes as the 
present study utilized single tests to assess each process. �ese �ndings highlight the importance of intervening 
early in the disease course of SIVCI, when cardiovascular risk may be lower, to reap maximum bene�ts of aerobic 
exercise. Additionally, the results suggest that cardiovascular health is a potentially important variable that may 
help identify target populations for which ‘exercise is medicine’ for promoting and maintaining brain health.

Received: 25 March 2021; Accepted: 20 September 2021



7

Vol.:(0123456789)

Scientific Reports |        (2021) 11:19974  | https://doi.org/10.1038/s41598-021-99249-1

www.nature.com/scientificreports/

References
 1. Whitmer, R. A., Sidney, S., Selby, J., Johnston, S. C. & Ya�e, K. Midlife cardiovascular risk factors and risk of dementia in late life. 

Neurology 64, 277–281. https:// doi. org/ 10. 1212/ 01. WNL. 00001 49519. 47454. F2 (2005).
 2. Anstey, K. J., von Sanden, C., Salim, A. & O’Kearney, R. Smoking as a risk factor for dementia and cognitive decline: A meta-analysis 

of prospective studies. Am. J. Epidemiol. 166, 367–378. https:// doi. org/ 10. 1093/ aje/ kwm116 (2007).
 3. Ya�e, K. et al. Cardiovascular risk factors and accelerated cognitive decline in midlife: �e CARDIA Study. Neurology 95, e839–e846. 

https:// doi. org/ 10. 1212/ WNL. 00000 00000 010078 (2020).
 4. Bull, F., Goenka, S., Lambert, V. et al. Physical Activity for the Prevention of Cardiometabolic Disease. In Cardiovascular, Respira-

tory, and Related Disorders. (eds. Prabhakaran, D. et al.) (�e International Bank for Reconstruction and Development/�e World 
Bank, 2017).

 5. Barha, C. K., Davis, J. C., Falck, R. S., Nagamatsu, L. S. & Liu-Ambrose, T. Sex di�erences in exercise e�cacy to improve cogni-
tion: A systematic review and meta-analysis of randomized controlled trials in older humans. Front. Neuroendocrinol. 46, 71–85. 
https:// doi. org/ 10. 1016/j. yfrne. 2017. 04. 002 (2017).

 6. Colcombe, S. & Kramer, A. F. Fitness e�ects on the cognitive function of older adults: A meta-analytic study. Psychol. Sci. 14, 
125–130. https:// doi. org/ 10. 1111/ 1467- 9280. t01-1- 01430 (2003).

 7. Northey, J. M., Cherbuin, N., Pumpa, K. L., Smee, D. J. & Rattray, B. Exercise interventions for cognitive function in adults older 
than 50: A systematic review with meta-analysis. Br. J. Sports Med. 52, 154–160. https:// doi. org/ 10. 1136/ bjspo rts- 2016- 096587 
(2018).

 8. Hachinski, V. C. & Bowler, J. V. Vascular dementia. Neurology 43, 2159–2160. https:// doi. org/ 10. 1212/ wnl. 43. 10. 2159-a (1993) 
(author reply 2160–2151).

 9. Dao, E., Hsiung, G. R. & Liu-Ambrose, T. �e role of exercise in mitigating subcortical ischemic vascular cognitive impairment. 
J. Neurochem. 144, 582–594. https:// doi. org/ 10. 1111/ jnc. 14153 (2018).

 10. Wardlaw, J. M. et al. Neuroimaging standards for research into small vessel disease and its contribution to ageing and neurode-
generation. Lancet Neurol. 12, 822–838. https:// doi. org/ 10. 1016/ S1474- 4422(13) 70124-8 (2013).

 11. Wallin, A. et al. Update on vascular cognitive impairment associated with subcortical small-vessel disease. J. Alzheimer’s Dis. JAD 
62, 1417–1441. https:// doi. org/ 10. 3233/ JAD- 170803 (2018).

 12. Gouw, A. A. et al. Heterogeneity of white matter hyperintensities in Alzheimer’s disease: Post-mortem quantitative MRI and 
neuropathology. Brain J. Neurol. 131, 3286–3298. https:// doi. org/ 10. 1093/ brain/ awn265 (2008).

 13. Fernando, M. S. et al. White matter lesions in an unselected cohort of the elderly: Molecular pathology suggests origin from chronic 
hypoperfusion injury. Stroke 37, 1391–1398. https:// doi. org/ 10. 1161/ 01. STR. 00002 21308. 94473. 14 (2006).

 14. Skrobot, O. A. et al. Vascular cognitive impairment neuropathology guidelines (VCING): �e contribution of cerebrovascular 
pathology to cognitive impairment. Brain J. Neurol. 139, 2957–2969. https:// doi. org/ 10. 1093/ brain/ aww214 (2016).

 15. Jokinen, H. et al. Cognitive pro�le of subcortical ischaemic vascular disease. J. Neurol. Neurosurg. Psychiatry 77, 28–33. https:// 
doi. org/ 10. 1136/ jnnp. 2005. 069120 (2006).

 16. Gorelick, P. B. et al. Vascular contributions to cognitive impairment and dementia: A statement for healthcare professionals from 
the American Heart Association/American Stroke Association. Stroke 42, 2672–2713. https:// doi. org/ 10. 1161/ STR. 0b013 e3182 
299496 (2011).

 17. Liu-Ambrose, T. et al. Aerobic exercise and vascular cognitive impairment: A randomized controlled trial. Neurology 87, 2082–2090. 
https:// doi. org/ 10. 1212/ WNL. 00000 00000 003332 (2016).

 18. Burzynska, A. Z. et al. Physical activity and cardiorespiratory �tness are bene�cial for white matter in low-�t older adults. PLoS One 
9, e107413. https:// doi. org/ 10. 1371/ journ al. pone. 01074 13 (2014).

 19. Bolandzadeh, N. et al. Resistance training and white matter lesion progression in older women: Exploratory analysis of a 12-month 
randomized controlled trial. J. Am. Geriatr. Soc. 63, 2052–2060. https:// doi. org/ 10. 1111/ jgs. 13644 (2015).

 20. Suo, C. et al. �erapeutically relevant structural and functional mechanisms triggered by physical and cognitive exercise. Mol. 
Psychiatry 21, 1645. https:// doi. org/ 10. 1038/ mp. 2016. 57 (2016).

 21. Barha, C. K. et al. Sex di�erence in aerobic exercise e�cacy to improve cognition in older adults with vascular cognitive impairment: 
Secondary analysis of a randomized controlled trial. J. Alzheimer’s Dis. JAD 60, 1397–1410. https:// doi. org/ 10. 3233/ JAD- 170221 
(2017).

 22. Roman, G. C., Erkinjuntti, T., Wallin, A., Pantoni, L. & Chui, H. C. Subcortical ischaemic vascular dementia. Lancet Neurol. 1, 
426–436. https:// doi. org/ 10. 1016/ s1474- 4422(02) 00190-4 (2002).

 23. Laaksonen, D. E. et al. Physical activity in the prevention of type 2 diabetes: �e Finnish diabetes prevention study. Diabetes 54, 
158–165. https:// doi. org/ 10. 2337/ diabe tes. 54.1. 158 (2005).

 24. Kelley, G. A., Kelley, K. S. & Tran, Z. V. Exercise, lipids, and lipoproteins in older adults: A meta-analysis. Prev. Cardiol. 8, 206–214. 
https:// doi. org/ 10. 1111/j. 0197- 3118. 2005. 03769.x (2005).

 25. Warburton, D. E., Nicol, C. W. & Bredin, S. S. Health bene�ts of physical activity: �e evidence. CMAJ Can. Med. Assoc. J. de 
l’Association medicale canadienne 174, 801–809. https:// doi. org/ 10. 1503/ cmaj. 051351 (2006).

 26. Johnson, J. L. et al. Exercise training amount and intensity e�ects on metabolic syndrome (from Studies of a Targeted Risk Reduc-
tion Intervention through De�ned Exercise). Am. J. Cardiol. 100, 1759–1766. https:// doi. org/ 10. 1016/j. amjca rd. 2007. 07. 027 (2007).

 27. LaMonte, M. J. et al. Cardiorespiratory �tness is inversely associated with the incidence of metabolic syndrome: A prospective 
study of men and women. Circulation 112, 505–512. https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 104. 503805 (2005).

 28. Stewart, K. J. et al. Exercise and risk factors associated with metabolic syndrome in older adults. Am. J. Prev. Med. 28, 9–18. https:// 
doi. org/ 10. 1016/j. amepre. 2004. 09. 006 (2005).

 29. Verdelho, A. et al. Physical activity prevents progression for cognitive impairment and vascular dementia: Results from the LADIS 
(Leukoaraiosis and Disability) study. Stroke 43, 3331–3335. https:// doi. org/ 10. 1161/ STROK EAHA. 112. 661793 (2012).

 30. Lakka, T. A. & Laaksonen, D. E. Physical activity in prevention and treatment of the metabolic syndrome. Appl. Physiol. Nutr. 
Metab. 32, 76–88. https:// doi. org/ 10. 1139/ h06- 113 (2007).

 31. Li, S. S. et al. Correlation study of Framingham risk score and vascular dementia: An observational study. Medicine (Baltimore) 
96, e8387. https:// doi. org/ 10. 1097/ MD. 00000 00000 008387 (2017).

 32. Liu-Ambrose, T. et al. Promotion of the mind through exercise (PROMoTE): A proof-of-concept randomized controlled trial of 
aerobic exercise training in older adults with vascular cognitive impairment. BMC Neurol. 10, 14. https:// doi. org/ 10. 1186/ 1471- 
2377- 10- 14 (2010).

 33. Erkinjuntti, T. et al. Research criteria for subcortical vascular dementia in clinical trials. J. Neural Transm. Suppl. 59, 23–30. https:// 
doi. org/ 10. 1007/ 978-3- 7091- 6781-6_4 (2000).

 34. Nasreddine, Z. S. et al. �e Montreal Cognitive Assessment, MoCA: A brief screening tool for mild cognitive impairment. J. Am. 
Geriatr. Soc. 53, 695–699. https:// doi. org/ 10. 1111/j. 1532- 5415. 2005. 53221.x (2005).

 35. Folstein, M. F., Folstein, S. E. & McHugh, P. R. “Mini-mental state”. A practical method for grading the cognitive state of patients 
for the clinician. J. Psychiatr. Res. 12, 189–198 (1975).

 36. Groll, D. L., To, T., Bombardier, C. & Wright, J. G. �e development of a comorbidity index with physical function as the outcome. 
J. Clin. Epidemiol. 58, 595–602. https:// doi. org/ 10. 1016/j. jclin epi. 2004. 10. 018 (2005).

https://doi.org/10.1212/01.WNL.0000149519.47454.F2
https://doi.org/10.1093/aje/kwm116
https://doi.org/10.1212/WNL.0000000000010078
https://doi.org/10.1016/j.yfrne.2017.04.002
https://doi.org/10.1111/1467-9280.t01-1-01430
https://doi.org/10.1136/bjsports-2016-096587
https://doi.org/10.1212/wnl.43.10.2159-a
https://doi.org/10.1111/jnc.14153
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.3233/JAD-170803
https://doi.org/10.1093/brain/awn265
https://doi.org/10.1161/01.STR.0000221308.94473.14
https://doi.org/10.1093/brain/aww214
https://doi.org/10.1136/jnnp.2005.069120
https://doi.org/10.1136/jnnp.2005.069120
https://doi.org/10.1161/STR.0b013e3182299496
https://doi.org/10.1161/STR.0b013e3182299496
https://doi.org/10.1212/WNL.0000000000003332
https://doi.org/10.1371/journal.pone.0107413
https://doi.org/10.1111/jgs.13644
https://doi.org/10.1038/mp.2016.57
https://doi.org/10.3233/JAD-170221
https://doi.org/10.1016/s1474-4422(02)00190-4
https://doi.org/10.2337/diabetes.54.1.158
https://doi.org/10.1111/j.0197-3118.2005.03769.x
https://doi.org/10.1503/cmaj.051351
https://doi.org/10.1016/j.amjcard.2007.07.027
https://doi.org/10.1161/CIRCULATIONAHA.104.503805
https://doi.org/10.1016/j.amepre.2004.09.006
https://doi.org/10.1016/j.amepre.2004.09.006
https://doi.org/10.1161/STROKEAHA.112.661793
https://doi.org/10.1139/h06-113
https://doi.org/10.1097/MD.0000000000008387
https://doi.org/10.1186/1471-2377-10-14
https://doi.org/10.1186/1471-2377-10-14
https://doi.org/10.1007/978-3-7091-6781-6_4
https://doi.org/10.1007/978-3-7091-6781-6_4
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1016/j.jclinepi.2004.10.018


8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:19974  | https://doi.org/10.1038/s41598-021-99249-1

www.nature.com/scientificreports/

 37. Guralnik, J. M., Ferrucci, L., Simonsick, E. M., Salive, M. E. & Wallace, R. B. Lower-extremity function in persons over the age of 
70 years as a predictor of subsequent disability. N. Engl. J. Med. 332, 556–561. https:// doi. org/ 10. 1056/ NEJM1 99503 02332 0902 
(1995).

 38. Podsiadlo, D. & Richardson, S. �e timed “Up & Go”: A test of basic functional mobility for frail elderly persons. J. Am. Geriatr. 
Soc. 39, 142–148 (1991).

 39. Yesavage, J. A. Geriatric depression scale. Psychopharmacol. Bull. 24, 709–711 (1988).
 40. Washburn, R. A., McAuley, E., Katula, J., Mihalko, S. L. & Boileau, R. A. �e physical activity scale for the elderly (PASE): Evidence 

for validity. J. Clin. Epidemiol. 52, 643–651 (1999).
 41. Miyake, A. et al. �e unity and diversity of executive functions and their contributions to complex “Frontal Lobe” tasks: A latent 

variable analysis. Cogn. Psychol. 41, 49–100. https:// doi. org/ 10. 1006/ cogp. 1999. 0734 (2000).
 42. Lezak, M. D. Neuropsychological Assessment 3rd edn. (Oxford University Press, 1995).
 43. Wechsler, D. Wechsler Adult Intelligence Scale-III (Psychological Corporation, 1997).
 44. Spreen, O. & Strauss, E. A Compendium of Neurological Tests 2nd edn. (Oxford University Press Inc, 1998).
 45. Trenerry, M., Crosson, B., DeBoe, J. & Leber, W. Stroop Neuropsychological Screening Test (Psychological Assessment Resources, 

1988).
 46. D’Agostino, R. B. Sr. et al. General cardiovascular risk pro�le for use in primary care: �e Framingham Heart Study. Circulation 

117, 743–753. https:// doi. org/ 10. 1161/ CIRCU LATIO NAHA. 107. 699579 (2008).
 47. Harrison, S. L. et al. Cardiovascular disease risk models and longitudinal changes in cognition: A systematic review. PLoS One 9, 

e114431. https:// doi. org/ 10. 1371/ journ al. pone. 01144 31 (2014).
 48. Enright, P. L. et al. �e 6-min walk test: A quick measure of functional status in elderly adults. Chest 123, 387–398 (2003).
 49. Borg, G. Ratings of perceived exertion and heart rates during short-term cycle exercise and their use in a new cycling strength 

test. Int. J. Sports Med. 3, 153–158. https:// doi. org/ 10. 1055/s- 2008- 10260 80 (1982).
 50. Phillips, S. A., Mahmoud, A. M., Brown, M. D. & Haus, J. M. Exercise interventions and peripheral arterial function: Implications 

for cardio-metabolic disease. Prog. Cardiovasc. Dis. 57, 521–534. https:// doi. org/ 10. 1016/j. pcad. 2014. 12. 005 (2015).
 51. Hughes, T. F. et al. Exercise and the risk of mild cognitive impairment: Does the e�ect depend on vascular factors?. Alzheimer Dis. 

Assoc. Disord. https:// doi. org/ 10. 1097/ WAD. 00000 00000 000410 (2020).
 52. Reljic, D., Frenk, F., Herrmann, H. J., Neurath, M. F. & Zopf, Y. Low-volume high-intensity interval training improves cardiometa-

bolic health, work ability and well-being in severely obese individuals: A randomized-controlled trial sub-study. J. Transl. Med. 
18, 419. https:// doi. org/ 10. 1186/ s12967- 020- 02592-6 (2020).

 53. Mattioni Maturana, F., Martus, P., Zipfel, S. & Andreas, M. N. I. E�ectiveness of HIIE versus MICT in improving cardiometabolic 
risk factors in health and disease: A meta-analysis. Med. Sci. Sports Exerc. 53, 559–573. https:// doi. org/ 10. 1249/ MSS. 00000 00000 
002506 (2021).

 54. Hansen, D. et al. Exercise prescription in patients with di�erent combinations of cardiovascular disease risk factors: A consensus 
statement from the EXPERT working group. Sports Med. 48, 1781–1797. https:// doi. org/ 10. 1007/ s40279- 018- 0930-4 (2018).

 55. Kemmler, W., Kohl, M., von Stengel, S. & Schoene, D. E�ect of high-intensity resistance exercise on cardiometabolic health in 
older men with osteosarcopenia: �e randomised controlled Franconian Osteopenia and Sarcopenia Trial (FrOST). BMJ Open 
Sport Exerc. Med. 6, e000846. https:// doi. org/ 10. 1136/ bmjsem- 2020- 000846 (2020).

 56. Heiland, E. G. et al. Cardiovascular risk burden and future risk of walking speed limitation in older adults. J. Am. Geriatr. Soc. 65, 
2418–2424. https:// doi. org/ 10. 1111/ jgs. 15158 (2017).

 57. Barha, C. K. & Liu-Ambrose, T. Sex di�erences in exercise e�cacy: Is midlife a critical window for promoting healthy cognitive 
aging?. FASEB J. 34, 11329–11336. https:// doi. org/ 10. 1096/ �. 20200 0857R (2020).

 58. Pandey, A. et al. Changes in mid-life �tness predicts heart failure risk at a later age independent of interval development of cardiac 
and noncardiac risk factors: �e Cooper Center Longitudinal Study. Am. Heart J. 169, 290–297. https:// doi. org/ 10. 1016/j. ahj. 2014. 
10. 017 (2015).

 59. Barnes, D. E. & Ya�e, K. �e projected e�ect of risk factor reduction on Alzheimer’s disease prevalence. Lancet Neurol. 10, 819–828. 
https:// doi. org/ 10. 1016/ S1474- 4422(11) 70072-2 (2011).

 60. Bosomworth, N. J. Practical use of the Framingham risk score in primary prevention: Canadian perspective. Can. Fam. Physician 
57, 417–423 (2011).

 61. Kivipelto, M. et al. Risk score for the prediction of dementia risk in 20 years among middle aged people: A longitudinal, population-
based study. Lancet Neurol. 5, 735–741. https:// doi. org/ 10. 1016/ S1474- 4422(06) 70537-3 (2006).

 62. Mitnitski, A. et al. A vascular risk factor index in relation to mortality and incident dementia. Eur. J. Neurol. 13, 514–521. https:// 
doi. org/ 10. 1111/j. 1468- 1331. 2006. 01297.x (2006).

 63. Klages, J. D., Fisk, J. D. & Rockwood, K. APOE genotype, vascular risk factors, memory test performance and the �ve-year risk of 
vascular cognitive impairment or Alzheimer’s disease. Dement. Geriatr. Cogn. Disord. 20, 292–297. https:// doi. org/ 10. 1159/ 00008 
8317 (2005).

 64. Qiu, C., Xu, W., Winblad, B. & Fratiglioni, L. Vascular risk pro�les for dementia and Alzheimer’s disease in very old people: A 
population-based longitudinal study. J. Alzheimer’s Dis. JAD 20, 293–300. https:// doi. org/ 10. 3233/ JAD- 2010- 1361 (2010).

 65. Norris, C. M. et al. State of the Science in Women’s Cardiovascular Disease: A Canadian Perspective on the In�uence of Sex and 
Gender. J. Am. Heart Assoc. 9, e015634. https:// doi. org/ 10. 1161/ JAHA. 119. 015634 (2020).

Acknowledgements
Teresa Liu-Ambrose is a Canada Research Chair (Tier 2) in Physical Activity, Mobility and Cognitive Neurosci-
ence. Cindy Barha is an Alzheimer Association (USA) and Brain Canada Postdoctoral Fellow. Elizabeth Dao is 
a Michael Smith Foundation for Health Research Postdoctoral Fellow. �is study was funded by the Canadian 
Stroke Network, the Heart and Stroke Foundation of Canada, and the Jack Brown & Family Alzheimer’s Research 
Foundation.

Author contributions
C.K.B., E.D., L.M., G.R.H., R.T. and T.L.A. contributed to the conception of the analyses and interpretation of the 
data. C.K.B. wrote the manuscript with assistance from E.D., R.T. and T.L.A. All authors reviewed the manuscript.

Competing interests 
�e authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to T.L.-A.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1056/NEJM199503023320902
https://doi.org/10.1006/cogp.1999.0734
https://doi.org/10.1161/CIRCULATIONAHA.107.699579
https://doi.org/10.1371/journal.pone.0114431
https://doi.org/10.1055/s-2008-1026080
https://doi.org/10.1016/j.pcad.2014.12.005
https://doi.org/10.1097/WAD.0000000000000410
https://doi.org/10.1186/s12967-020-02592-6
https://doi.org/10.1249/MSS.0000000000002506
https://doi.org/10.1249/MSS.0000000000002506
https://doi.org/10.1007/s40279-018-0930-4
https://doi.org/10.1136/bmjsem-2020-000846
https://doi.org/10.1111/jgs.15158
https://doi.org/10.1096/fj.202000857R
https://doi.org/10.1016/j.ahj.2014.10.017
https://doi.org/10.1016/j.ahj.2014.10.017
https://doi.org/10.1016/S1474-4422(11)70072-2
https://doi.org/10.1016/S1474-4422(06)70537-3
https://doi.org/10.1111/j.1468-1331.2006.01297.x
https://doi.org/10.1111/j.1468-1331.2006.01297.x
https://doi.org/10.1159/000088317
https://doi.org/10.1159/000088317
https://doi.org/10.3233/JAD-2010-1361
https://doi.org/10.1161/JAHA.119.015634
www.nature.com/reprints


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:19974  | https://doi.org/10.1038/s41598-021-99249-1

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access  �is article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© �e Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Cardiovascular risk moderates the effect of aerobic exercise on executive functions in older adults with subcortical ischemic vascular cognitive impairment
	Methods
	Study design. 
	Participants. 
	Measurements. 
	Descriptive variables. 
	Executive functions. 
	Cardiovascular risk. 
	General cardiovascular capacity. 

	Experimental groups. 
	Aerobic training group (AT). 
	Usual care plus education control group (CON). 

	Statistical analyses. 

	Results
	Participants and sample descriptive. 
	Compliance. 
	Executive functions. 
	Cardiovascular capacity and fitness. 

	Discussion
	Conclusion
	References
	Acknowledgements


