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Background: With our aging population, many individuals are at risk of developing age-related cognitive decline. Physical exercise has been demonstrated to enhance cognitive performance in aging adults. This study examined the effects of 8 weeks of aerobic exercise on cognitive performance and cardiorespiratory fitness in sedentary aging adults at risk for cognitive decline.

Methods: Fifty-two participants (age 62.9 ± 6.8, 76.9% female) engaged in eight weeks of moderate-to high-intensity exercise (19 in-person, 33 remotely). Global cognition was measured by the Repeatable Battery for the Assessment of Neuropsychological Status, the Delis-Kaplan Executive Function System, and the Digit Span subtest of the Wechsler Adult Intelligence Scale (WAIS) Fourth Edition. Cardiorespiratory fitness was measured via heart rate recovery at minute 1 (HRR1) and 2 (HRR2), and exercise engagement (defined as percent of total exercise time spent in the prescribed heart rate zone). We measured pre and post changes using paired t-tests and mixed effects models, and investigated the association between cardiorespiratory and cognitive performance using multiple regression models. Cohen's d were calculated to estimate effect sizes.

Results: Overall, 63.4 % of participants demonstrated high engagement (≥ 70% total exercise time spent in the prescribed heart rate zone). There were significant pre-post improvements in verbal fluency and verbal memory, and a significant decrement in working memory, but these were associated with small effect sizes (Cohen's d <0.5). Concerning cardiorespiratory fitness, there was a pre-to-post significant improvement in HRR1 (p = 0.01, d = 0.30) and HRR2 (p < 0.001, d = 0.50). Multiple regressions revealed significant associations between cardiorespiratory and cognitive performance, but all were associated with small effect sizes (Cohen's d < 0.5). Interestingly, there were significant between-group differences in exercise engagement (all p < 0.001), with remote participants demonstrating greater exercise engagement than in-person participants.

Conclusion: Improvements in cognition and cardiorespiratory fitness were observed after 8 weeks of moderate to high-intensity exercise in aging adults. These results suggest that committing to a regular exercise regimen, even for a brief two-month period, can promote improvements in both cardiorespiratory fitness and cognitive performance, and that improvements are driven by exercise engagement.
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Introduction

Our global population is aging, with individuals 65 and older projected to make up 30% of the population over the next 30 years (1). As individuals live longer, many will develop cognitive decline, which, despite great strides in the field, is still lacking effective preventions and treatments (1, 2). Cognitive decline not only affects those who are afflicted with it, but also their loved ones who become caregivers, and the healthcare system that they rely on. Therefore, the development of successful strategies to combat cognitive decline and preserve individuals' abilities to function independently and maintain fulfillment is vital, for patients, their loved ones, and for society as a whole (3, 4).

Taking active steps toward a healthier lifestyle can have a profound impact on brain health among aging individuals. Modifiable factors, such as pursuing a healthier diet, having adequate sleep, keeping an active mind, nurturing social interactions, and practicing regular exercise can decrease dementia risk by as much as 40% (5–8). Exercise particularly, may be a powerful approach for maintaining brain health in aging. Being more physically active is a high health-related priority for most individuals in older age (9). Practicing regular exercise can improve overall health, and help older adults maintain physical function and independence. Importantly, a wealth of strong scientific evidence supports cognitive improvement in aging adults who are physically active (7, 10, 11). An encouraging finding is that the exercise types backed up by such evidence are low cost, such as walking, or jogging.

Notwithstanding, older adults find it difficult to commit to an active lifestyle. At present, only a third of older adults globally adhere to the recommended exercise guidelines of 150 min of moderate (or 75 min of vigorous) exercise each week (12). Nonetheless, and importantly, most people are motivated to improve their lifestyle, especially if by doing so they will meaningfully improve their brain health. In a recent survey conducted by the Global Brain Health Survey (3), 70% of respondents indicated that memory problems would be a key motivator for them to improve their lifestyle. An important caveat, however, is that their decision was contingent on the effectiveness of this lifestyle change to improve their cognition.

While at a group level, exercise is effective for improving cognition in older adults, the variability in cognitive response to exercise remains an important barrier to advancing knowledge in this field. Some individuals show robust cognitive benefits from exercise, while others show less pronounced improvements (13, 14). In addition, not all cognitive abilities appear to be equally influenced by exercise. For example, most exercise-induced improvements are reported in the areas of executive functioning and processing speed, when compared to other cognitive abilities such as memory and global cognition (5, 14, 15). This variability is a barrier to advancing knowledge on the specific exercise programs or dosages that are most beneficial to support cognitive brain health in aging and addressing this barrier will require carefully examining the mechanisms responsible for exercise-induced cognitive gains.

Gains in cardiorespiratory function are important drivers of the cognitive improvements that occur in response to aerobic exercise (4, 12, 16). The cardiorespiratory fitness (CRF) hypothesis incorporates cardiovascular health with neurological mechanisms and postulates that physiological changes resulting from exercise lead to improved cognitive function (17). This hypothesis proposes that increased cerebral blood flow and perfusion result in greater oxygenation and glucose transport to the brain, leading to increased expression of vascular endothelial growth factor and cerebral angiogenesis, increased expression of neurotrophic factors such as brain-derived growth factor, and increased gray and white matter volume (17–20). At the brain level, these cardiorespiratory/cardiovascular gains improve cerebrovascular function, and promote neuroplasticity, ultimately leading to more efficient neural processing (21–23). Importantly, it is suggested that there may be a dose-response relationship between exercise and health outcomes such as cardiorespiratory fitness and cognition. Studies have shown that greater benefits may be achieved with greater amounts of activity, as well as by taking part in more vigorous activity (24). It is therefore conceivable that individuals who are motivated to maintain more vigorous exercise regimens may see greater health benefits than their peers who engage in less intense exercise, or do so less frequently.

Maximal oxygen consumption during a progressive exercise (VO2peak) is the gold-standard outcome measure for cardiorespiratory gains and is widely used in this field (5, 25). One shortcoming of this approach, however, is that VO2peak assessments are lengthy and require sophisticated equipment and specialized personnel for administration and interpretation. To further advance knowledge in this field, we need measures that can be administered more rapidly and easily, and ideally in most settings where older adults are currently exercising (clinics, gyms, community centers, and at home). The challenges in committing to an active lifestyle highlight the need to improve our development of metrics of success that can empower and support individuals to take a more active role in carrying out the lifestyle changes that they wish to pursue.

Heart rate reserve (HRR) is an established outcome measure of cardiovascular function that has been mostly investigated in individuals with heart failure (26), that requires only a few minutes and access to a heart rate monitor. HRR assesses autonomic mechanisms involved in the exercise response and is an independent predictor of a future cardiovascular event and all-cause mortality, and is strongly associated with cognitive impairment (27–29). However, HRR has not been previously employed to investigate exercise-induced cognitive benefits in older adults. If found useful, HRR could greatly advance knowledge in this field because it may be a helpful biomarker of effective exercise in relation to cognitive function. In addition, HRR is easy to monitor and it can be administered at the end of exercise regimens, thus, being a good candidate to study an exercise dose-response.

The main objective of the present study was to identify clinically meaningful effects of aerobic exercise on cardiorespiratory and cognitive performance. This research may be relevant for future studies aimed at optimizing exercise interventions for cognitive gains in aging. We conducted a single-arm intervention trial estimating the degree to which 8 weeks of moderate to high intensity aerobic exercise would induce within-participant change in cardiorespiratory and cognitive performance in adults of age 55 years or older. We hypothesized that cardiorespiratory and cognitive performance would improve from baseline. We further hypothesized that exercise engagement (defined as time spent in target heart rate zone) would be a modifier of cardiorespiratory and cognitive effects.



Methods

This study was approved by the Institutional Review Board at the University of Miami Miller School of Medicine and all participants provided written informed consent. This study was registered on clinicaltrials.gov (NCT03804528). The detailed study protocol and adaptation methods of measures and intervention has been previously published (30). In this study, the focus is on the primary measures of cognitive function, cardiorespiratory fitness and exercise adherence.

Briefly, participants completed a battery of cognitive and cardiorespiratory fitness assessments prior to and following the 2-month exercise intervention. All assessments were conducted by a study member who received specific training for each test. Approximately halfway through enrollment, the protocol was adapted to accommodate public health restrictions imposed by the COVID-19 pandemic. As a result, the study was adapted to be home-based, with remotely delivered assessments and exercise, using standardized telehealth procedures, while maximizing the collection of outcome measures and aiming to match the dose and effort of the exercise intervention (30). Participants were sent a study kit, containing the necessary equipment for their assessments and exercise sessions. A familiarization session was scheduled through the Zoom platform and participants received detailed information on procedures and correct equipment functioning. Participants also received a study booklet containing specific recommendations on how to follow the study procedures, set up the study devices, and prepare for the assessment, definitions of important terms, and daily exercise sheets to be completed during the exercise sessions. The supervised in-person exercise intervention was from February 2019 to March 2020, and the home-based remotely supervised exercise intervention was from August 2020 to April 2021.


Participants

In-person participants were recruited from the university community by flyers posted on the medical school campuses, and the greater Miami community by posting flyers in public libraries. In addition, participants were recruited online using ResearchMatch.org and by identifying potential participants from the University Research Informatics Data Environment via the Consent to Contact Initiative. For the remote participants, during COVID-related restrictions, we additionally posted flyers on social media and disseminated the study via a neighborhood app (Next Door). Interested individuals were invited to an in-person or virtually via Zoom for Healthcare (Zoom Video Communications Inc) screening visit to collect physical measures (e.g., vital signs), demographics, and medical and family history.

Inclusion criteria included individuals aged 55 years and older, who were sedentary (as determined by the short version of the International Physical Activity Questionnaire [IPAQ]), without clinically detectable cognitive impairment (Montreal Cognitive Assessment score ≥24) and speaking English as a primary language. Participants were considered at risk of cognitive decline due to their age, sedentary activity, and other lifestyle factors known to contribute to cognitive decline. An additional inclusion criterion for the remote participants was having basic computer skills (accessing an email or using the internet). Exclusion criteria included any unstable medical condition (i.e., uncontrolled hypertension), medical contraindication to physical exercise, or contraindications for any of the assessment methods.



Neuropsychological test battery

In this manuscript, we report on neuropsychological assessments that were equivalent in both in-person and remote participants. The adaptation to a virtual administration of this test was determined according to internal guidelines set forth by the Neuropsychology department at the University of Miami. Some tests were modified to accommodate a remote testing procedure, as noted below. Alternate versions of each test were used at baseline and follow-up testing visits in an attempt to mitigate practice effects.


Repeatable battery for the assessment of neuropsychological status

The RBANS is a brief battery used to measure an individual's cognitive state (31). It consists of 12 subtests that are used to calculate index scores for five cognitive domains: immediate memory, visuospatial/constructional, language, attention, and delayed memory. The subtests are then summarized to obtain a total score for global cognition. In the virtual test administration, it was not possible to conduct the Coding and Figure Recall subtests. Data imputation was used to account for these tests in the statistical analysis. For the Figure Copy subtest, as per our instructions, we held up the figure to the screen, allowing the participant to view and reproduce the drawing. They had up to 4 min to complete this task. When their time was up (or if they had indicated completion), we asked them to hold their drawing up to the screen. We took a picture of the drawing, and performed the grading offline.



Delis-Kaplan executive function system

One secondary endpoint was the Verbal Fluency subtest of the DKEFS used to assess categorical verbal fluency (32). The Verbal Fluency subtest of the DKEFS is a widely used measure that assesses phonemic fluency by asking individuals to generate as many words that begin with a certain letter for the alphabet for three trials of different letters, and semantic fluency by asking individuals to name as many items as they can in each of two categories. Score is determined based on the number of letters and unique items produced per category. DKEFS also assesses set-shifting using a subtest where individuals are asked to generate words switching between two categories (i.e.: a musical instrument and a piece of fruit). Score is determined by the total number of correct switches between categories, and the total number of correct responses given.



Digit span subtest of the wechsler adult intelligence scale-fourth edition

The Digit Span subtest of the WAIS-IV was used to assess attention and memory (33). This measure consists of three parts: Digit Span Forward (DSF), Digit Span Backward (DSB), and Digit Span Sequencing (DSS). Participants are read increasingly longer lists of numbers (starting with two digits and increasing in difficulty up to nine digits) and are asked to repeat them verbatim, in backward order, and sequentially (i.e., from smallest to largest) on DSF, DSB and DSS respectively.




Cardiorespiratory fitness testing

HRR was selected as the primary measure of cardiorespiratory fitness. Briefly, the individual undergoes an exercise test, and the deceleration of the heart rate after exercise cessation is quantified. HRR is defined as the change in the heart rate from the peak of exercise to the heart rate after 1-min (HRR-1) and 2-min test cessation (HRR-2) (26). HRR measures were collected following an exercise test (in-person participants, the Incremental Shuttle Walking Test [ISWT] (34, 35) and remote participants the 1-Min Sit-to-Stand Test [1-STS]), given that the study team decided it was not feasible to perform the ISWT remotely (36). Specific procedures of both tests are described in the published protocol (30). Prior to the test, participants were screened for signs and symptoms that would contraindicate exercise (e.g., dizziness, nausea, chest pain). Participants were fitted with a heart rate monitor (Polar H10, Polar Electro Inc), seated in a comfortable chair for 5 min, and blood pressure, heart rate, rate of perceived effort, and oxygen saturation were measured and documented at rest, during, upon completion, and 5 min after test cessation. Aerobic capacity measures were the walking distance from the ISWT and the maximal sit-to-stand repetitions completed in 1 min for the 1-STS.



Study adherence and engagement
 
Study adherence

The adherence rate was estimated using the following variables: (1) proportion of participants who completed the planned intervention, and (2) total number of days to complete the intervention from exercise session 1 to session 24.



Engagement: Time spent in target heart rate zone

We calculated the proportion of time spent within the prescribed target heart zone for each session (24 in total) for each participant and averaged it across the participants in both in-person and remote exercise participants. This was meant to give insights into the extent to which participants adhered to the supervised exercise prescription.




Exercise intervention

All participants engaged in 1 h of supervised exercise, three times a week for eight consecutive weeks (a total of 24 sessions). Participants were offered the opportunity to make up missed sessions. Exercise sessions consisted of a 5-min warm-up, 50 min of exercise in the prescribed target heart rate zone (described below), and a 5 min cool-down. Participants underwent continuous heart rate monitoring throughout the exercise sessions using the heart rate monitor. Blood pressure was measured with participants seated for 5 min prior to the session and after completing the session.

In-person participants completed their supervised exercise intervention at the University of Miami Miller School of Medicine Wellness Center. Participants were fitted with a heart rate monitor and were instructed to exercise to maintain 55–64% (moderate intensity) of their maximal heart rate (determined by the fitness testing) during weeks 1–4, and to maintain 65–90% (high intensity) of their maximal heart rate during weeks 5–8. Participants were always supervised by a member of the study team, and the protocol was overseen by the PI, a licensed physical therapist. Participants could select 1 of the 4 available exercise modalities (treadmill, elliptical, stationary bike, or stationary recumbent bike) at each session. Participants were offered breaks to rest and were encouraged to hydrate throughout the session. During the sessions, participant's heart rate and exerted effort, measured using the Borg scale, were assessed every 5 min of the 50-min session and 5 min after the end of the session. The Borg scale is a numerical scale with scores ranging from 6 to 20, where 6 represents rest (no effort), and 20 represents maximal effort (37).

Remote participants took part in a supervised home-based exercise intervention over Zoom using standard telehealth procedures. Participants received a pre-planned routine of alternating body-weight exercises developed by the study team, which included exercises such as squats, marching in place, and wall push-ups, among others. Intervention details are provided in the published protocol (30). Participants were monitored utilizing the same methods and verbal prompts as the in-person participants, and were instructed to maintain the same levels of effort as during in-person participants (i.e., 55–64% during weeks 1–4 and 65–90% during weeks 5–8). In summary, the intervention was structured in warm-up, five 10-min timed blocks consisting of 8 min of exercise and 2 min of rest completing a total of 10 unique exercises, followed by a cool down.



Statistical methods

All statistical analyses were performed using IBM SPSS Statistics for Macintosh (v. 28, IMB Corp, USA) and StataCorp 2021 (v. 17, StataCorp LLC, USA) using a two-tailed 95% confidence interval (α = 0.05). All data entries were coded and double-entered into an Excel (Microsoft Corp) spreadsheet for analysis. Data are presented as means ± SD for continuous variables and as frequency and percentage (%) for categorical variables. To test the homoscedasticity assumption, we used the default test in the Stata Breusch-Pagan/Cook-Weisberg test. To test the normality of the studentized residuals, we visually inspected using the Q-Q plots and tested using the Shapiro-Wilks test of normality. We compared in-person and remote participants with regards to demographic and health status (Table 1) using pooled t-test for continuous variables and Chi-square test for categorical variables.


TABLE 1 Demographics and global health status.

[image: Table 1]

To test our primary hypothesis, we compared the cognitive performance and cardiorespiratory fitness measures before and after the 8-week exercise intervention using paired t-tests. With a significance level of 0.05, our sample of 52 participants provided a two-tailed 99% power to detect at least a moderate Cohen's d effect size of 0.67 in pre-to-post change in global cognition as assessed by the RBANS total score and in Group(engagement)*Time interaction effect as assessed by z-score global cognition. In addition, our sample provided 94% power to detect at least a moderate effect size of 0.50 in pre-to-post change in cardiorespiratory fitness as assessed by HRR2.

Neuropsychological tests were clustered in cognitive domains using a principal component analysis. Pre and post cognitive raw scores on individual tests were Z-score normalized before their inclusion in the principal component analysis with Oblimin rotation, considering the probable correlation between latent factors (38). Level of factor loading was set at 0.30. Cognitive domains were then created as the composite average of the Z-scores for each test score per the results from the principal component analysis. The global cognition score represents the average of all z-scores of all cognitive assessments.

Engagement (time spent in the target heart rate zone) is likely a major confounder of the effect of the exercise intervention, given that cardiorespiratory improvements have been demonstrated to drive cognitive improvements (14). To address this aspect as part of our secondary hypothesis, we first conducted additional analyses to evaluate its influence pre-post effects on cardiorespiratory fitness and cognition. We first quantified the proportion of total intervention time that participants maintained their prescribed target heart rate zone. The mean exercise engagement was 76.7% (95%Ci 73.9–79.6). The cutoff point of 70% was chosen to separate low-to-moderate engagement participants from high engagement participants, as it was the nearest tenth number to the lower limit of the confidence interval. Dichotomous exercise engagement variables were created, and participants were subdivided into two groups: those who maintained the prescribed target heart rate more than 70% of the exercise time (high engagement) and those who maintained the prescribed target heart rate less than 69.9% of the exercise time (low-to-moderate engagement). To assess if there was an interaction effect between the two subgroups (high and low engagement), standardized cognitive domains, overall global scores and cardiorespiratory fitness measures (HRR1, HRR2, and aerobic capacity) data were entered into mixed-effects linear models with a main effect of Time (pre vs. post), Group (high vs. low-to-moderate engagement), and Group*Time interaction effect. An exploratory analysis compared exercise engagement between in-person and remote participants using independent t-tests.

To additionally address another aspect of our secondary hypothesis regarding the association between effects on cardiorespiratory fitness and cognition, while accounting for differences in engagement, multiple linear regressions were fitted to analyze the association between cardiorespiratory fitness measures (HRR1, HRR2, and aerobic capacity [in-person and remote participant's aerobic capacity were z-score normalized]) and standardized cognitive domains. Then, models were adjusted to control for engagement (two subgroups, low and high), as well as baseline performance in cognition and cardiorespiratory fitness. Regression models were inspected to avoid departure from collinearity using the variance inflation factor assuming mean VIF < 10.

Multiple comparisons were corrected for using Benjamini and Hochberg's false discovery rate, at a q value of 0.05, after pooling the P values from the baseline comparisons with t-test or Chi-square test, linear mixed-effect models, and regression analyses for each predictor model. In specific instances when data was missing in individuals who completed the intervention, we employed random data imputation. We used systematic data imputation to address the missing values in the RBANS (Coding and Figure Recall), which was not available for those who participated in the intervention remotely. Effect sizes were interpreted based on published values: <0.2 trivial effect, 0.2–0.5 small effect, 0.5–0.8 moderate effect, >0.8 large effect (39).




Results


Participants and study adherence

Seventy-five participants were enrolled into the study, and 52 (69.3%) completed the study (Figure 1). Forty-one participants were enrolled in in-person exercises and 34 participants were enrolled in remote exercises. Of the 41 subjects enrolled in in-person exercises, 19 (46.3%) completed the study. Nine participants withdrew during assessment sessions and eight participants withdrew during exercise intervention due to time commitment (n = 10), health reasons (n = 5), and a medical contraindication to exercise that occurred after study onset (n = 2). Five participants were enrolled in the study just before the COVID-19 pandemic, and their participation was ended due to resulting public health restrictions. All but one of the 34 participants (97.1%) enrolled in remote exercises completed the study; one participant withdrew during the assessment due to time commitment. The average time (days) of exercise was 60.5 (±7.8); 64.4 days (±9.2) for in-person exercises and 58.2 (±5.9) for remote exercises.


[image: Figure 1]
FIGURE 1
 Study flowchart.


As summarized in Table 1, participants who completed the study were 62.9 ± 6.8 years old (vs. 62.0 ± 5.1 age of those who did not complete the study), and the majority were female (76.9%). The majority of participants were from White and Hispanic race-ethnic groups, overweight, and highly educated. On average, participants reported approximately 3 current diseases or comorbidities, with hypertension being present in 50%. In-person and remote participants of the study were similar, except for the difference in race-ethnicity (p = 0.02). Thus, all remaining analyses were conducted by combining all 52 participants from both in-person and remote exercise participants.



Cognitive function

The principal component analysis indicated the presence of 6 principal components for the cognitive scores. The first factor reflected verbal fluency and language and included the RBANS subsets of semantic fluency (0.794) and picture naming (0.565), and DKEFS subsets of letter fluency (0.781) and category fluency (0.660). The second component reflected verbal memory and comprised RBANS subsets of list learning (0.838), list recall (0.815), story memory (0.778), story recall (0.747), and list recognition (0.723). The third component of set-shifting contained the DKEFS subsets of category switching (−0.916) and category switching accuracy (-0.909). Working Memory was reflected in the fourth domain and included all 3 subsets of the Digit Span (forward = −0.872, backward = −0.797, sequence = −0.574), and the RBANS digit span subset (−0.793). The fifth component included RBANS subset of figure recall (0.748) and coding (0.719) reflecting visual memory. Lastly, the sixth component reflected visuospatial abilities and contained the RBANS subsets of figure copy (0.808) and line orientation (0.727).

Table 2 summarizes the results for all participants. Pre-to-post exercise analyses revealed significant differences in the verbal fluency domain (letter fluency p = 0.029, d = 0.15 and category fluency p = 0.005, d = 0.28). A statistically significant change over time was also noted in the verbal memory domain (list learning p = 0.01, d = 0.36, list recall p = 0.003, d = 0.35, and list recognition p = 0.02, d = 0.40). Finally, in the domain of working memory, significant differences were noted in digit backward p = 0.038, d = 0.22). No statistically significant differences were seen in set-shifting, visual memory and visuospatial abilities.


TABLE 2 Neuropsychological testing raw scores by cognitive domains.
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Cardiorespiratory fitness

Participants showed a pre-to-post improvement in cardiorespiratory fitness as evidenced by a statistically significant change over time in HRR1 (p = 0.01, d = 0.30), and HRR2 (p < 0.001, d = 0.50). Greater aerobic capacity over time was also found, but only in the remote participants (reps, p < 0.001, d = 0.43). These results can be seen in Table 3.


TABLE 3 Cardiorespiratory fitness.
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The influence of engagement on cardiorespiratory fitness and cognition gains

Concerning the extent to which exercise engagement influenced cardiorespiratory fitness, a linear mixed-effect model revealed a Time effect for HRR1 (F1, 48= 3.68, p = 0.04, d = 0.56) and HRR2 (F1, 48= 9.73, p = 0.003, d = 0.91) during weeks 1–4, which demonstrates significant improvements in both outcomes, which were associated with a moderate to high effect size. In addition, there was a Time*Group interaction effect (F1, 48= 4.40, p = 0.041, d = 0.60) only for HHR2, also only for the first 4 weeks. This indicated that HRR2 was significantly different between the two subgroups (high and low engagement) over time, with individuals who demonstrated high engagement demonstrating greater improvements in HRR2, compared with individuals who demonstrated low engagement (Table 4). None of the remaining comparisons reached statistical significance.


TABLE 4 Exercise engagement effect on fitness.
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Concerning the extent to which exercise engagement influenced cognition, a linear mixed-effect model revealed a Group*Time interaction effect for the visuospatial domain (F1, 49= 4.34, p = 0.042, d = 0.61), and global cognition (F1, 49= 5.26, p = 0.026, d = 0.67). This indicated that global cognition, particularly in the visuospatial domain, was higher in participants with greater engagement (Table 5). No other comparisons reached statistical significance.


TABLE 5 Exercise engagement effect on cognition.
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Associations between cognition and fitness

The first model (Baseline) adjusted only for cognition and fitness baseline measures. The second model (Baseline + EE) adjusted for both cognition and fitness baseline, and exercise engagement (high vs. low engagement).

Concerning the association between cognitive and cardiorespiratory fitness, when controlling only for baseline performance, a multiple linear regression demonstrated higher HRR1 was associated with better visual memory (β = 0.011, d = 0.27, p = 0.031) and visuospatial performance (β = 0.010, d = 0.26, p = 0.046). Higher HRR2 was associated with worse performance in verbal fluency/language (β = −0.006, d = 0.36, p = 0.004) and working memory (β = −0.004, d = 0.25, p = 0.052), and better verbal memory (β = 0.11, d = 0.45, p < 0.0001). Higher aerobic capacity was associated with better working memory (β = 0.124, d = 0.32, p = 0.011) and a worse visuospatial performance (β = −0.251, d = 0.39, p = 0.002).

When additionally adjusting for exercise engagement, higher HRR1 remained significantly associated with better visual memory (β = 0.012, d = 0.32, p = 0.013). Higher HRR2 was associated with worse verbal fluency/language (β = −0.008, d = 0.47, p < 0.0001) and working memory (β = −0.005, d = 0.26, p = 0.041), and better verbal memory (β = 0.007, d = 0.32, p = 0.013). Higher aerobic capacity was associated with better working memory (β = 0.117, d = 0.3, p = 0.02) and worse visuospatial (β = −0.280, d = 0.45, p < 0.001) and visual memory performance (β = −0.196, d = 0.39, p = 0.011).



Engagement: Time spent in prescribed heart rate zone

Participants were instructed to spend 100% of intervention time (total time = 24 h) within their prescribed target heart rate zone. Despite being supervised for the total time, participants spent 76.7% of the total intervention time in the prescribed target heart rate zone. Further, they demonstrated high engagement 63.4% of the time and low-to-moderate engagement 34.6% of the time. Because engagement was found to significantly modify the cardiorespiratory and cognitive effects, we conducted exploratory analyses to assess if engagement differed between in-person and remote participants. Surprisingly, in-person and remote participants demonstrated differences in exercise engagement during the intervention (p < 0.001, d = 1.19), with the remote participants demonstrating higher exercise engagement. Details are provided in Table 6.


TABLE 6 Exercise engagement.
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Discussion

In our study, after 8 weeks of supervised moderate-to-high-intensity aerobic exercise, participants demonstrated statistically significant improvements of a moderate effect in both HRR1 and HRR2. Verbal fluency/language and verbal memory showed statistically significant improvements, and working memory showed a statistically significant decrement, but these were associated with a small effect size. Exercise engagement, or the time spent in the prescribed heart rate zone, significantly influenced both improvements in cardiorespiratory fitness and cognitive performance regardless of whether the intervention was completed in the laboratory with in-person supervision or at home with remote supervision. An exploratory analysis revealed that remote participants were more likely to have higher exercise engagement.

Gains in cognitive performance and cardiorespiratory fitness were significantly associated with various cognitive domains, but these associations were associated with small effect sizes. The main objective of the present study was to identify clinically meaningful effects that are relevant for clinical practice and research efforts aimed at optimizing exercise interventions for cognitive gains in aging. For this reason, this discussion will mainly focus on statistically significant findings that reached at least a moderate effect size, and thus may have clinically meaningful implications.

Cardiorespiratory fitness improvements are typically measured in estimated oxygen consumption, defined as the gold-standard measure of the body's efficiency to intake, circulate and utilize oxygen during incremental exercise (40, 41). In the present study, we measured changes in cardiorespiratory function with exercise tests that are mostly used in clinical practice. HRR measures the autonomic regulation involved in the cessation of exercise, with HRR1 being predominantly attributed to an increase in parasympathetic activity, and HRR2 additionally being attributed to sympathetic decrease (26). Importantly, unlike the assessment of maximal oxygen consumption that requires over an hour to administer and access to sophisticated equipment, HRR can be measured in a few minutes requiring only access to a heart rate monitor, and minimal training. Given that exercise is more effective than any therapeutic that currently exists to maintain and improve cognitive brain health, and that cognitive improvements are driven by cardiorespiratory gains, access to simple measures like HRR will enable refining, optimization, and individualization of exercise interventions for cognitive brain health in aging and older adults.

While it is generally accepted that the minimum amount of time that is considered necessary for exercise to promote measurable improvements in cardiorespiratory performance is approximately 3 months (42), our exercise program length is consistent with other studies that have demonstrated 8 weeks to be sufficient to show positive changes in cardiorespiratory fitness and function (43, 44). Our findings of an improvement in HRR in as little as 4 weeks of moderate intensity exercise are encouraging and suggest that HRR may capture cardiorespiratory improvements that are relevant for exercise-induced cognitive gains.

A few interpretations exist for the discrepancy in the relationship between the HRR and aerobic capacity measures and the cognitive outcomes in the present study. It is likely that the use of indirect measures of aerobic capacity (total distance in the incremental shuttle and total repetitions on the 1-min sit to stand) contributed to the lack of associations with the cognitive outcomes. Another consideration is that the exercise dose (both in overall time and in group-level effort) could have been insufficient, and that a longer dose (exposure) of exercise could have been required to promote greater improvements in aerobic capacity.

Consistent with prior studies, we observed that some, but not all cognitive domains showed significant changes from baseline following the 8-week exercise program (5, 45–49). Additional support for the fact that we may have been underdosed in our exercise dose was that improvements in verbal fluency/language and verbal memory did not reach at least a moderate effect size. For the same reason, the results of the multiple regression are likely less clinically meaningful as well. While it is also possible that these changes may be attributed to a practice effect, alternate versions of each test (except the digit span) were used pre-post to mitigate this effect. However, the examination of practice effects in itself is becoming increasingly more important in the brain health interventional literature, given that the absence of a practice effect may actually be an early indicator of cognitive impairment (50).

The performance decrement seen in working memory is most likely due to test variability (this domain was assessed with components of the digit span, which was not administered with an alternate version), and given the small effect size, we do not believe this was clinically meaningful. Although our data do not allow us to differentiate between worsening of working memory due to test variability vs. a deleterious effect of the intervention on working memory or a natural progression of cognitive decline in that domain, we feel the latter two explanations are unlikely. First, our study participants were individuals who had been screened for cognitive impairment prior to study participation and in whom there was no evidence of pre-existing cognitive impairment or neurodegenerative disease. Therefore, natural progression of cognitive decline seems unlikely. Second, natural progression of cognitive decline specific to working memory in only 2 months in individuals who at baseline are cognitively unimpaired seems also most unlikely. Third, a specific deleterious effect of the intervention on working memory and in only a 2 month intervention, seems highly unlikely. Thus, we feel the most sensible explanation for the unexpected findings is in fact test variability, i.e. that the working memory “worsening” is in fact artifactual. It is also worth noting that future studies with greater exercise dosages should be conducted to replicate these results, and additionally perform comparisons with active control groups.

We found that exercise engagement was a meaningful indicator of the extent to which individuals made gains in both cardiorespiratory and cognitive function. Individuals with higher engagement also had greater improvements in HRR2 during the first 4 weeks, and greater gains in global cognition, particularly in the visuospatial domain. While not surprising, we believe that this finding has important clinical implications given that exercise engagement is rarely measured in most clinical trials of exercise and cognition (7). The broader implication of this finding is the need to include measures of effort, motivation, and engagement in clinical practice and clinical research in this field given that our findings suggest they may be driving improvements in cardiorespiratory and cognitive function.

Necessary adjustments to continue study enrollment during restrictions imposed by the COVID pandemic resulted in the fact that participants used slightly different aerobic stimuli to reach their prescribed heart rate zones. In-person participants completed their exercise on a bike, treadmill or elliptical, while remote participants completed alternating body weight exercises. While it is important to note that participants received the same instructions, and were monitored in the same manner, our analyses demonstrated that the groups differed in adherence and also in exercise engagement. First, study adherence was much higher during remote participation of the study (97.1% remote vs. 46.3% in-person). This may be attributed to the removal of barriers to exercise, such as travel time and expenses, gym access, and allowing individuals the flexibility to do it on their own time.

It is possible that the better outcomes in adherence and engagement in remote participants could have been influenced by the lack of social mobility and interaction during that time, which would make our participants especially motivated to meet with the study investigators and participate in the sessions. However, a study sought to understand how this shift to remotely supervised exercises during the COVID-19 pandemic affected participation and study adherence, and interestingly found no difference in attendance of exercise sessions between in-person and remote participants (51). Greater adherence and greater engagement in remote exercises suggests that at-home exercise programs may be beneficial for aging sedentary adults who find it difficult to maintain an exercise program through a traditional gym. Further studies are warranted to understand the meaningfulness of increased adherence and engagement to remote exercise programs.

The study population was considered at risk of cognitive decline due to health and lifestyle factors described in Table 1, age, and because they were sedentary older adults. In this study the average age of the sample was 62.9, with the youngest participant being 56. As age is the biggest risk factor for dementia, all study participants are at risk due to their age alone. All subjects in this study were sedentary (as determined by the short version of the International Physical Activity Questionnaire [IPAQ]). Physical inactivity is a well-studied risk factor for dementia. Additional factors in the study population contributing to risk of dementia include smoking (25% of study population), hypertension (48.1%), depression/anxiety (25%), heart disease (15.4%), diabetes (7.7%), and hearing loss (11.5%) (4, 52–54). The in-person and remote groups were demographically similar, with the exception of ethnicity. The in-person participants were largely Hispanic, while the remote participants were largely non-Hispanic Whites. We also observed more women participants in the remote group, although this was not statistically significant. It is important to note that recruitment methods were altered to accommodate the switch to a remote protocol after the onset of the COVID-19 pandemic, and the ethnic differences may relate to the changes in recruitment. In-person participants were primarily recruited from flyers posted on the University of Miami Miller campus and in public libraries. After the pandemic began, recruitment was moved to virtual platforms, including social media and Nextdoor.com. The difference in ethnicity in in-person and remote participants is likely related to differences in the populations who utilize these resources, such as socioeconomic and health status. This resulted in an overall sample that is likely skewed toward women with higher socioeconomic and better health status, and more technology savvy who could have reliable access to an intervention delivered via telehealth to successfully operate zoom. Given the findings obtained, future studies exploring race/ethnicity effects seem important and it will be critical to separate those from specific cultural or socio-economic factors.

The lack of a control group can be seen as a limitation, especially with neuropsychological performance measures that are influenced by practice effects (50). However, we carefully considered several potential study designs in the planning of the present investigation and decided that a single-arm intervention trial would be most appropriate to address our study aims. Thus, we did not include a control group, nor did we blind raters to the exercise that participants were undertaking due to logistical and resource availability. We were most interested in why some people show greater cognitive benefits to aerobic exercise than others do. This is a much different question than if on a group level, a sample improves in cognitive performance after exercising relative to a control group, a finding that is well established (4). Our study was planned as a first approximation to identify preliminary effects that could then be tested in a future controlled study. We did not stratify participants by cognitive improvement, as that was beyond the scope of the present study. We did however stratify participants by exercise engagement, which is reported to be a driver of change in fitness, which in turn may promote changes in cognition. Regardless of exercise mode, individuals received the same instructions, as the focus was always to achieve and attempt to maintain the target heart rate zone. Future studies with adequate sample sizes should further examine such questions.

While the use of technology can mitigate some barriers, it can also raise barriers especially for those of disadvantaged backgrounds. Future exercise programs to promote brain health should be inclusive, and thus, future research will be necessary to develop and test exercise interventions that will be inclusive on the basis of gender, education levels, health status, socioeconomic status and digital literacy, among other factors. As mentioned before, it is likely that more robust results would have been seen with a larger sample and a longer intervention. Finally, it would have been very interesting to have a post-study follow-up period to assess if individuals had been successful in continuing to exercise regularly.



Conclusions

The results of this study suggest that 8 weeks of moderate to high-intensity aerobic exercise can sufficiently increase cardiorespiratory fitness and improve cognitive function. This study also suggests that observed improvements may be driven by the changes in exercise engagement. This link between aerobic exercise driving improvements in cardiorespiratory fitness and cognitive function is of great importance for sedentary, aging individuals who are at risk of age-related cognitive decline.
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