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Abstract

Positive physiologic and cognitive responses to aerobic exercise have resulted in a proposed 

cardiorespiratory (CR) fitness hypothesis in which fitness gains drive changes leading to cognitive 

benefit. The purpose of this study was to directly assess the CR fitness hypothesis. Using data 

from an aerobic exercise trial, we examined individuals who completed cardiopulmonary and 

cognitive testing at baseline and 26 weeks. Change in cognitive test performance was not related to 

CR fitness change (r2=0.06, p=0.06). However, in the subset of individuals who gave excellent 

effort during exercise testing, change in cognitive test performance was related to CR fitness 

change (r2=0.33, p<0.01). This was largely due to change in the cognitive domain of Attention 

(r2=0.36, p<0.01). The magnitude of change was not explained by duration of exercise. Our 

findings support further investigation of the CR fitness hypothesis and mechanisms by which 

physiologic adaptation may drive cognitive change.
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Aerobic exercise results in well-documented physiologic adaptations that support overall 

function and health (Garber et al., 2011). Human and animal studies have documented 

changes in the brain that are associated with improved cardiorespiratory (CR) fitness after 

aerobic exercise. This is evidenced by increased frontal and parietal cerebral blood flow 

(Ainslie et al., 2008; Brown et al., 2010), cerebral angiogenesis (Bullitt et al., 2009; Isaacs, 

Anderson, Alcantara, Black, & Greenough, 1992; Kleim, Cooper, & VandenBerg, 2002; 

Swain et al., 2003), upregulation of neurotrophic factors (Erickson et al., 2011; Neeper, 

Gomez-Pinilla, Choi, & Cotman, 1995), and neurogenesis (Pereira et al., 2007; van Praag, 

Christie, Sejnowski, & Gage, 1999). Further, the benefits of aerobic exercise for supporting 

cognitive function in older adults have been consistently demonstrated. This is true of both 

large epidemiologic trials (Buchman et al., 2012; Weuve et al., 2004; Yaffe, Barnes, Nevitt, 

Lui, & Covinsky, 2001) and smaller randomized controlled trials (Colcombe et al., 2004; 

Dustman et al., 1984; Erickson et al., 2011; Kramer et al., 1999; Vidoni et al., 2015). 

Executive functions, including planning, sequencing, attention and inhibition, appear to 

selectively benefit from aerobic exercise (Colcombe & Kramer, 2003; Smiley-Oyen, Lowry, 

Francois, Kohut, & Ekkekakis, 2008), and episodic memory may benefit as well.(Smith et 

al., 2010)

The neurophysiologic responses observed following aerobic exercise have resulted in a 

proposed “cardiorespiratory fitness hypothesis” (Kramer et al., 1999). Specifically, improved 

CR fitness as a result of aerobic exercise is hypothesized as a driving force behind cognitive 

benefit. We recently reported a dose response effect of aerobic exercise on components of 

visuospatial function in a group of older adults without cognitive impairment (Vidoni et al., 

2015). We enrolled individuals into one of 3 ascending aerobic exercise doses (75 mins/wk, 

150 mins/wk, or 225 mins/wk) or a no-change in activity control group for 26 weeks. We 

found cognitive benefits at all exercise doses in attention and visuospatial function, and 

evidence of a dose-response relationship between increasing doses of aerobic exercise and 

visuospatial function. Mediation analyses suggested that gains in CR fitness over the 26-

week trial best predicted gains in cognition.

Recognizing the need to more directly assess the CR fitness hypothesis we performed a 

secondary analysis of those same data for the present report. We expected that change in CR 

fitness (measured as percent change in peak oxygen consumption, peak VO2) over the 

course of an aerobic exercise trial would be directly related to observed cognitive changes. 

Given that many factors can influence maximal achieved effort (Balady et al., 2010), we 

hypothesized that a relationship between change in fitness and cognition would be most 

apparent in those individuals who gave a physiological maximum or “excellent effort”, 

defined as a respiratory exchange ratio (RER) ≥ 1.1 (Balady et al., 2010) which we defined 

as Top Performers.

Method

Participants

We have previously reported on the results of The Trial of Exercise on Aging and Memory 

(TEAM: ClinicalTrials.gov, NCT01129115), a 26-week pilot randomized, controlled trial of 

aerobic exercise dose in nondemented individuals 65 years and older (Vidoni et al., 2015). 
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Briefly, we recruited a convenience sample of participants who were sedentary or 

underactive as defined by the Telephone Assessment of Physical Activity (Mayer, Steinman, 

Williams, Topolski, & LoGerfo, 2008), and free of cognitive impairment. Participants could 

not be insulin-dependent, have uncorrected hearing or vision problems, uncontrolled 

hypertension, or have had recent history (<2 years) of major cardiac, pulmonary, 

musculoskeletal or neuropsychiatric impairment (e.g. major depression or bipolar disorder). 

We obtained written, informed consent approved by our Institutional Review Board. For the 

present analysis, we included only those individuals who participated “per protocol” and had 

all measures at baseline and follow-up (n=59).

Assessments and Measures

A trained psychometrician administered a comprehensive cognitive testing battery. Several 

tests in this battery overlap with those in the Uniform Data Set 2.0 (UDS), a test battery 

administered by all NIH-designated Alzheimer’s Disease Centers. These UDS tests can be 

combined into an age, sex and education normed score that represents Global Cognition or 

separate cognitive domains of Attention [Digit Span (Wechsler, 1987b)], Memory [Logical 

Memory IA and IIA (Wechsler, 1987b)], Executive Function [Trailmaking B (Reitan & 

Wolfson, 1985)], Processing Speed [Trailmaking A (Reitan & Wolfson, 1985) & Digit 

Symbol Substitution (Wechsler, 1987a)],] and Language [Semantic Fluency (Morris et al., 

1989) & Boston Naming Test (Goodglass & Kaplan, 1983)]. The psychometrician also 

administered the Community Healthy Activities Model Program for Seniors physical 

activity survey (Stewart et al., 2001).

Participants performed a cardiopulmonary exercise test (CPX) using a modified Bruce 

protocol (Cornell treadmill test), which is designed for older adults (Hollenberg, Ngo, 

Turner, & Tager, 1998). Participants were attached to a 12-lead electrocardiograph to 

continuously monitor HR and rhythm. A 2-way non-rebreathing valve, headgear, 

mouthpiece, and nose clip were worn to continuously capture oxygen and carbon dioxide. 

Blood pressure and RPE were acquired during the last 30 seconds of each stage. The CPX 

was terminated if the participant reached volitional exhaustion or met absolute test 

termination criteria according to the American College of Sports Medicine guidelines 

(2014). We required that participants achieve greater than submaximal effort (RER>=1.0) on 

the baseline exercise test to be randomized (Balady et al., 2010). We tested the cognitive 

effects of 26 weeks of moderate aerobic exercise using 1 of 3 weekly durations: 75 min/wk, 

150 min/wk, or 225 min/wk. We also included a no treatment control group who were asked 

not to change their current level of physical activity. For those in the aerobic exercise 

intervention, the duration of exercise was distributed over 3–5 sessions each week. 

Participants monitored their heart rate (F4 or FT4, Polar Electro, Inc, Lake Success, NY) and 

exercised in a target heart rate zone that increased over the course of the study. In weeks 1–4 

the target heart rate zone was 40–55% of heart rate reserve (HRR) as calculated by the 

Karvonen formula. In Weeks 5–18, the target heart rate zone was 50–65 % of HRR. In 

weeks 19–26, the target heart rate zone was 60–75% of HRR. Participants primarily walked 

on a treadmill, adjusting speed and incline to achieve the desired heart rate zone. Initially, 

certified personal trainers provided supervision at every exercise session. Supervision was 

provided once a week for weeks 7 through 26, as individuals became more independent. 
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Following 26 weeks of training, CPX was again performed with the same methodology as 

baseline testing.

Cognition, physical activity, and CR fitness were measured at baseline and post-intervention. 

Immediately after baseline testing, participants were block randomized into aerobic exercise 

dose assignments based on age and sex. For those participants randomized to an exercise 

group, the intervention was conducted in the community under the guidance of certified 

personal trainers who were trained and monitored by study staff.

Analysis

To test the CR fitness hypothesis we assessed the association of percent change in peak VO2 

with our primary outcome of change in Global Cognition (the change in the average age, sex 

and education normalized cognitive test scores across the intervention) using linear 

regression, setting α=0.01 to protect against Type I error for our multiple comparisons and 

because the peak VO2 values have been used before. We planned to test the 5 cognitive 

domains only if change in Global Cognition was significantly associated with change in 

peak VO2.

We performed these analyses in two groups. First, we looked at all participants beginning 

with our cohort of individuals who finished the study, adhered to the intervention protocol, 

and gave similar effort at follow-up testing (Balady et al., 2010). We defined “similar effort” 

as RER +/− 0.1 units at follow-up testing. The use of similar RER values at pre- and post-

exercise testing with improvements in peak VO2 “provides strong support for the assertion 

that observed changes are secondary to the aerobic exercise intervention” (Balady et al., 

2010). We then looked only at the top performers who reached an RER>=1.1 on both CPX, 

which has been used in older adults (Hollenberg et al., 1998) and is used by the American 

Heart Association as a threshold for a excellent effort during an exercise test. Finally, we 

assessed the relationship of change in Global Cognition and measures of physical activity in 

the same manner.

Results

For this analysis, we focused on the 59 individuals completing follow-up testing that 

adhered to their intervention assignment (completed 80% of minutes prescribed in their 

assigned treatment arm or did not change their routine), and gave a similar effort on the 

baseline and follow-up CPX. Table 1 provides demographics and CR fitness change for our 

two cohorts of interest; all participants (n=59), and the subset who gave good effort on the 

CPX (Top Performers, defined as RER >=1.1 at both timepoints, n=26).

To test our hypothesis that change in Global Cognition would be associated with percent 

change in VO2, we first performed linear regression of change in Global Cognition against 

percent change in VO2 in all 59 subjects. Change in Global Cognition was not associated 

with percent change in VO2 (r2=0.06, p=0.06, Table 2). We then performed linear regression 

of change in Global Cognition against percent change in VO2 in only the 26 Top Performers. 

In this more restricted sample, change in Global Cognition was associated with percent 
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change in VO2 (r2=0.33, p<0.01, Figure 1A). In the cognitive domain analysis, only 

Attention was significantly related to percent change in VO2 (r2=0.36, p<0.01, Figure 1B).

To confirm that the association was due to CR fitness gains and not frequency of exercise, 

we assessed the relationship of change in estimated calories expended during monthly 

physical activity, as measured by the CHAMPS physical activity survey, to our variables of 

interest. In all 59 individuals, change in monthly physical activity was not associated with 

change in Global Cognition (r2=0.08, p=0.03), though it was associated with percent change 

in VO2 (r2=0.11, p<0.01). In our Top Performers change in monthly physical activity was 

also not associated with change in Global Cognition (r2=0.04, p<0.35), but it was more 

strongly associated with percent change in VO2 (r2=0.26, p<0.01).

Discussion

Our findings in this secondary data analysis support the CR fitness hypothesis. Our clinical 

trial (Vidoni et al., 2015) provides some evidence that cognitive benefit is linked to fitness 

change in the form of a mediation analysis. However, the purpose of that association was to 

test the effect of dose duration on cognition, with fitness as an indicator of duration effect. In 

the present analysis, we were able to treat CR fitness change as the primary effect of interest. 

In doing so, were able to more directly test the CR fitness hypothesis by focusing on a subset 

of participants who gave excellent effort on the exercise test before and after the intervention 

(Balady et al., 2010; Hollenberg et al., 1998).

Our results did not support simple engagement in physical activities as a driver of cognitive 

benefit. If the socialization, or general health benefits of increased physical activity 

explained change in cognition, we would expect that increased physical activity would be 

correlated with change in cognition, regardless of performance on the CPX. Instead we 

found that while duration of exercise and change in peak VO2 were closely related, duration 

of exercise was not related to our global cognitive outcome measure and further supports the 

CR fitness hypothesis.

Not all studies have supported the CR fitness hypothesis. Prior meta-analysis has failed to 

demonstrate a dose response of aerobic exercise on cognitive function.(Colcombe & Kramer, 

2003) Another study attempted to directly test the hypothesis and found no evidence that 

improved CR fitness was directly associated with improved executive function (Smiley-

Oyen et al., 2008). However, in that study, peak VO2 was not measured but rather estimated 

from a submaximal exercise test. In the present analysis, we used specific RER thresholds 

and also ensured that individuals were giving similar effort at pre- and post-testing. In doing 

so, we minimized other sources of test variability and increase confidence that the observed 

changes in peak VO2 were the direct result of aerobic exercise intervention (Balady et al., 

2010). It is therefore possible that the relationship between cognitive and fitness change is 

best detected when variability in either is reduced.

Evidence for the CR fitness hypothesis is important because it suggests possible physiologic 

mechanisms underlying exercise-related gains in cognition. Aerobic exercise improves peak 

oxygen uptake capacity, cerebral and peripheral vascular regulation and energy metabolism, 
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all of which may engender cerebrovascular (Ainslie et al., 2008; Albinet, Mandrick, 

Bernard, Perrey, & Blain, 2014; Brown et al., 2010) or neuroendocrine (Cotman & 

Berchtold, 2002) change that supports brain health and cognitive function. For example, one 

recent study showed that prefrontal cerebral blood flow mediated the relationship of CR 

fitness and executive function (Albinet et al., 2014). It is possible that exercise-mediated 

cerebral blood flow changes support brain tissue health and thus cognition as we age 

(Pereira et al., 2007)

Our study has important limitations. First, this was a secondary analysis of previously 

reported data. To protect ourselves against multiple comparisons bias, we used a corrected 

threshold for significance and alternative measures of cognitive performance, i.e. a 

normalized cognitive aggregate score rather than latent residuals. In our original report, we 

noted an exercise effect on Attention, and a dose response effect on Visuospatial Processing. 

These domains echo previous work that has been classified within the scope of Executive 

Function (Colcombe & Kramer, 2003; Colcombe et al., 2004; Kramer et al., 1999). In the 

present report, using a separate system for aggregating and normalizing test scores, we 

found that our global cognitive effects were driven mostly by a linear association of CR 

fitness and Attention. Second, unlike a clinical trial, we limited our sample to individuals 

who adhered to our exercise protocol and participated in all testing, thus limiting the 

generalizability of our findings to those who are willing and motivated to participate in 

exercise. The potential for bias due to dropout, especially at the highest dose of exercise, 

further complicates interpretation. However dose-response groups demonstrated similar 

changes in peak heart rate, RER and CR fitness changes (Supplementary Tables 1–3) 

suggesting a limited effect on our measures. And it is important to note that both cognitive 

testing and CPX may be influenced by motivation and we cannot discount this potential 

confound. Thus our data cannot be interpreted as definitive evidence for the CR fitness 

hypothesis.

In conclusion, we found an association between change CR fitness and change in Global 

Cognition largely driven by the Attention domain of our cognitive tests. The magnitude of 

the change was explained by change in CR fitness and not duration of exercise. Those 

individuals who were willing to give an excellent effort by reaching the physiologic max 

(RER ≥ 1.1) had a stronger association with cognition. The American Heart Association 

states that peak RER is the “most accurate and reliable” measure for an individual’s effort on 

the CPX (Balady et al., 2010). Using CPX to measure CR fitness, not estimating peak VO2 

as done by (Smiley-Oyen et al., 2008), and using recommended RER values pre- and post-

peak VO2 testing reveals cognitive improvement that we can confidently attribute to the 

exercise intervention and variability of participant effort. Our findings support the further 

investigation of the CR fitness hypothesis and mechanisms by which physiologic adaptation 

may drive cognitive change.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
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Table 2

Correlation of percent peak VO2 change over the intervention period VO2 mL/kg/min with UDS domains

All Participants (n=59)
Top CPX Performers

(n=26)

Domain r2 p r2 p

Global 0.06 0.06 0.33 <0.01

Memory 0.02 0.49

Speed 0.04 0.32

Attention 0.36 <0.01

Executive
Function 0.07 0.20

Language 0.001 0.87
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