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Abstract

Decline in executive functioning (EF) is a hallmark of cognitive aging. We have previously 

reported that faster vagal recovery from cognitive challenge is associated with better EF. This 

study examined the association between vagal recovery from cognitive challenge and age-related 

differences in EF among 817 participants in the Midlife in the U.S. study (aged 35–86). Cardiac 

vagal control was measured as high-frequency heart rate variability. Vagal recovery moderated the 

association between age and EF (β = .811, p = .004). Secondary analyses revealed that older 

participants (aged 65–86) with faster vagal recovery had superior EF compared to their peers who 

had slower vagal recovery. In contrast, among younger (aged 35–54) and middle-aged (aged 55–

64) participants, vagal recovery was not associated with EF. We conclude that faster vagal 

recovery from cognitive challenge is associated with reduced deficits in EF among older, but not 

younger individuals.
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Decline in executive functioning (EF) is a hallmark of cognitive aging (Jurado & Rosselli, 

2007; Lachman, Agrigoroaei, Murphy, & Tun, 2010; Royall et al., 2002; Tun & Lachman, 

2006, 2010). EF is a higher order cognitive ability that is essential for planning, executing, 

and monitoring complex goal-directed behaviors in novel situations. The formal definition 

and components of EF are still disputed (Jurado & Rosselli, 2007; Packwood, Hodgetts, & 

Tremblay, 2011; Royall et al., 2002), and the concept has been criticized for its lack of 

clarity and excess of terms (e.g., Jurado & Rosselli, 2007; Miyake et al., 2000). Four 

cognitive structures, partially controlled by the prefrontal cortex (PFC), are essential for 

executive function: attention, working memory, preparatory task set, and response 

monitoring (Barkley, 1997). Studies also emphasized the importance of shifting mental sets, 

updating/monitoring information, and response inhibition (Miyake et al., 2000) among a 

wide spectrum of other cognitive abilities (see Jurado & Rosselli, 2007; Packwood et al., 

2011; Royall et al., 2002 for the review). Although these three cognitive abilities are distinct, 

they are also interrelated, so EF may be viewed as both unitary and nonunitary construct 

(Miyake, Emerson & Friedman, 2000). The exact nature of EF as a unitary (Duncan, Emslie, 

Williams, Johnson, & Freer, 1996; de Frias, Dixon, & Strauss, 2006) or non-unitary 

construct (Godefroy, Cabaret, Petit-Chenal, Pruvo, & Rousseaux, 1999) is, however, still 

disputed. In the analysis of over 60 studies of executive function, Packwood, Hodgetts, and 

Tremblay (2011) proposed a functional EF definition in such a way that EF could be viewed 

as a system responsible for executing a task, determining rules, and guiding behavior; this 

definition is similar to the g factor definition of intelligence.

According to the inhibitory deficit theory of cognitive aging, a deficit in the inhibitory 

control system may be the main underlying reason for age-related deficits in EF (Hasher, 

Lustig, & Zacks, 2007; Hasher & Zacks, 1988). Set shifting is negatively influenced by 

advancing age (Wecker et al., 2005), although the evidence has been contradictory 

(Salthouse et al., 2000). Although age-related deficits in EF are extensively documented, 

evidence suggests that age-related decline in EF is not universal. Importantly, studies find 

greater individual differences in EF among older adults than among their younger 

counterparts (Ardila, 2007; Jurado & Rosselli, 2007). Therefore, the effort to identify 

contributors to the heterogeneity in EF among older individuals is an important research 

focus.

Cardiac vagal control (CVC), a measure of parasympathetic nervous system function, 

appears to be one factor contributing to the differences in EF in older cohorts. CVC has been 

viewed as an index of behavioral flexibility and ability to adapt to environmental challenges 

(Porges, 2007; Thayer & Lane, 2009; Thayer, Åhs, Fredrikson, Sollers Iii, & Wager, 2012). 

CVC is measured as heart rate variability (HRV; Task Force of the European Society of 

Cardiology and the North American Society of Pacing and Electrophysiology, 1996). High-

frequency (0.15–0.4 Hz) power of HRV is considered to be one of the most accurate 
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measures of CVC (Task Force of the European Society of Cardiology and the North 

American Society of Pacing and Electrophysiology, 1996). Cross-sectional research has 

shown a positive association between CVC and EF (Hansen, Johnsen, & Thayer, 2003); 

while studies that used aerobic exercise training interventions demonstrated an increase in 

CVC and improved EF in sedentary older individuals (Albinet, Boucard, Bouquet, & 

Audiffren, 2010). The rationale for linking CVC and EF is provided by the neurovisceral 

integration model that holds that both CVC and EF are governed by the same network of 

brain regions controlled by PFC (Thayer & Lane, 2009). Indeed, emerging evidence has 

linked activation of prefrontal cortical structures to CVC (Gianaros, Van Der Veen, & 

Jennings, 2004; Shapiro et al., 2000). A number of methodological issues, however, limit the 

interpretation of these previous findings, including small sample size, restriction in age 

range within the study cohort (Albinet et al., 2010; Hansen et al., 2003), inclusion of only 

male participants (Hansen et al., 2003) and absence of dynamic CVC assessments, such as 

the size and duration of vagal response to stress (Albinet et al., 2010). According to 

polyvagal theory (Porges, 2007), dynamic changes in CVC in response to psychological 

stress reflect can be used as an index of attentional control and effort (Tattersall & Hockey, 

1995; Croizet, Despres, & Gauzins, 2004). There is preliminary evidence that cardiovascular 

recovery from psychological stress may be a stronger predictor of cardiovascular morbidity 

than reactivity (Heponiemi et al., 2007; Stewart, Janicki, & Kamarck, 2006). Moreover, 

dynamic assessments of CVC may improve the ecological validity of the findings. Since 

HRV is viewed as an index of adaptability to the constantly changing environment, HRV 

dynamics may better reflect behavioral flexibility and adjustment than resting HRV. The aim 

of this study was therefore to investigate CVC as one contributor to the observed 

heterogeneity in EF among older individuals, using a more representative sample and 

including dynamic CVC assessments, such as vagal recovery from psychological stress.

Using a sample of 817 (aged 34–86 years) participants from the second wave of the Midlife 

in the U.S. study (MIDUS II), we have recently reported a significant positive association 

between vagal recovery from cognitive challenge and EF (evaluated as task switching) that 

was not seen in either global EF factor or in any of the four other cognitive tests comprising 

this factor (i.e., speed of processing, working memory, verbal ability and speed, fluid 

intelligence; Kimhy et al., 2013). The present investigation extends and expands upon this 

finding by focusing on age differences and examining whether vagal recovery moderates 

age-related deficits in EF (evaluated as task switching). Because Kimhy et al. (2013) did not 

find any association between CVC dynamics and EF evaluated as a global factor, we do not 

address age-related differences in the links between CVC dynamics and EF factor (or any of 

its other four components), but focus exclusively on task switching instead. Specifically, we 

hypothesized that while older individuals would overall perform worse on the task-switching 

test compared to their younger counterparts, those older individuals who demonstrated faster 

vagal recovery from cognitive challenge would perform better on the task-switching test 

compared to their peers who demonstrated slower vagal recovery from cognitive challenge. 

We expected to observe this effect before and after controlling for respiratory rate.

Crowley et al. Page 3

Res Aging. Author manuscript; available in PMC 2016 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Methods

Participants

The data for the current study are from the second wave of MIDUS II, a 9-year follow-up of 

the MIDUS I cohort. Our sample is based on those MIDUS respondents for whom we had 

assessments of EF and who also participated in the psychophysiology protocol. Of note, our 

report uses the same sample as utilized in Kimhy et al. (2013; N = 817).

Procedures and Measures

Assessments of executive function and psychophysiology protocol—EF was 

evaluated using the Stop and Go Switch Task (SGST; Tun & Lachman, 2006, 2010). Briefly, 

the SGST is an executive-function test that taps key abilities of attention switching and 

inhibitory control. The test includes two single-task blocks and a mixed-task block that 

requires switching between two sets of response rules. A minimum of 75% accuracy on each 

of the SGST conditions was required for inclusion in analyses, in order to ensure that the 

participants were performing the task correctly. Following Kimhy et al. (2013) and the 

approach used in the previously published MIDUS reports (Agrigoroaei & Lachman, 2011), 

we used the average reaction time to the switch and nonswitch trials of the mixed-task block 

as our measure of EF.

The psychophysiology protocol was administered in the morning after a light breakfast with 

no caffeinated beverages. ECG electrodes were placed on the left and right shoulders, and in 

the left lower quadrant. Respiration bands were put on chest and abdomen. The participant 

was seated, and a keypad for responding to the stress tasks was secured in a comfortable 

position relative to the dominant hand. The stressors used included a Mental Arithmetic task 

(Turner et al., 1986) and the Stroop color-word conflict task. Both tasks were computer-

administered (see Figure 1). Task order was counterbalanced. Responses were entered on a 

keypad, and participants were instructed to remain silent throughout the procedure. At the 

start of the experimental period, including recovery, the participants provided verbal stress 

ratings on a scale of 1–10 (just one number was given to the experimenter) and then they 

were reminded to remain silent. At the end of the each stress task and immediately prior to 

the start of the recovery period, the participants were instructed to “please sit quietly and try 

to relax.” The recovery period consisted of sitting in the same position with no distractions 

present. The experimenter was present in the room during the entire protocol.

Assessments of EF were performed 1–61 months (average 24.18 ± 14.09 months) prior to 

the psychophysiology protocol. Table 2 describes age-related differences in this time lag. 

These differences were significant, F(2, 814) = 3.36, p = .04. Therefore, we controlled for 

the time lag in all analyses.

CVC was evaluated using high-frequency (HF) HRV (Berntson et al., 1997). Following 

previously reported procedures (Crowley et al., 2011; Kimhy et al., 2013; Shcheslavskaya et 

al., 2010), analog ECG signals were digitized at 500 Hz by a National Instruments A/D 

board and passed to a microcomputer for collection. The ECG waveform was submitted to 

an R-wave detection routine implemented by proprietary event detection software, resulting 

in an RR interval series. Errors in marking R-waves were corrected interactively (Dykes et 
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al., 1986). Spectral power in the high-frequency (0.15–0.50 Hz [HF]) band was computed. 

Spectra were calculated on 60-s epochs using an interval method for computing Fourier 

transforms similar to that described by DeBoer, Karamaker, and Strackee (1984). Prior to 

computing Fourier transforms, the mean of the RR interval series was subtracted from each 

value in the series and the series was then filtered using a Hanning window (Harris, 1978) 

and the power, that is, variance (in ms2), over the low frequency and HF bands was summed. 

Estimates of spectral power were adjusted to account for attenuation produced by this filter 

(Harris, 1978). Respiratory rate was also calculated based on 1-min epochs. Because HF 

data were skewed, natural log transformation was performed prior to the statistical analysis.

Assessment of vagal recovery—Following previously reported procedures (Crowley et 

al., 2011), we averaged ln HF data for both challenges, associated recovery periods, and 5 

min to 10 min of the baseline period (Kamarck, 1992). Vagal recovery was computed by 

subtracting aggregated ln HF during the two challenges from the aggregated ln HF during 

the two associated recovery periods. Thus, greater number represented larger post-stress 

increases in ln HF.

Statistical Analysis

Data were analyzed using SPSS PASW (Predictive Analytics Software, version 18) and SAS 

(Statistical Analysis Software, version 9.2). To facilitate interpretation of our results, we 

reversed the reaction time to the task-switching test, so greater value represented faster 

reaction time (i.e., superior EF). Using multiple linear regression, we tested a model that 

included main effects for age, vagal recovery, and the Age × Vagal recovery interaction (the 

latter term to capture the hypothesized moderating effect of age) as predictors of EF. To 

adjust for the effects of vagal reactivity and age-related differences in vagal reactivity (as 

greater age was significantly negatively associated with vagal response to cognitive 

challenges), we also entered vagal reactivity (computed by subtracting averaged ln HF 

during the challenges from the baseline ln HF), and the Age × Vagal reactivity interaction in 

the model.

All analyses were adjusted for the time (in months) between the EF assessments and the 

Psychophysiology Protocol, and for the demographic, lifestyle, and medical factors 

influencing CVC and EF. Following a classification scheme we used previously with 

MIDUS data (Crowley et al., 2011; Shcheslavskaya et al., 2010), we classified menopausal 

status as pre-, peri-and postmenopausal, with premenopausal status serving as a reference in 

the model. To control for 10 diseases and medications that can alter CVC and EF (detailed in 

Table 1), we created a dummy variable that categorized the participants as either (1) having 

at least one of these diseases or taking at least one of these medications or (2) disease and 

medication-free. We created three continuous exercise/physical activity variables (vigorous, 

moderate, and light; in hours per week) to adjust for the three respective types of exercise/

physical activity evaluated separately in MIDUS II. For smoking status, we created three 

dummy variables; two of them (current smoker and ex-smoker) were entered in the model, 

while the third (never smoked) served as a reference category. Table 1 provides description 

of these covariates.
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Analyses were conducted in four steps. We entered (1) age, vagal recovery, and Age × Vagal 
recovery as predictors of EF (adjusting for vagal reactivity, Age × Vagal reactivity, and the 

time lag between the Cognitive and the Biomarker Projects); and then further adjusted our 

model, first for the effects of (2) demographic covariates, then sequentially (3) biological 

covariates (diseases and medications affecting CVC are described in Table 1), and (4) health 

behaviors.

As HRV is known to be influenced by respiration (Grossman, Wilhelm, & Spoerle, 2004), 

we followed the standard approach used in the literature (Crowley et al., 2011; Cyranowski, 

Hofkens, Swartz, Salomon, & Gianaros, 2011; Sloan et al., 2001) and conducted the 

analyses before and after adjusting for respiratory rate. To adjust for respiration, we 

conducted within-subject regression analyses with respiratory rate as a predictor of ln HF on 

a minute-by-minute basis (Crowley et al., 2011; Kimhy et al., 2013; Sloan et al., 2001). We 

used the resulting unstandardized residual scores as an estimate of the variance in ln HF that 

cannot be explained by the effect of respiratory rate, and replicated all analyses using this 

estimate.

Results

Sample and Measures

The demographic, biological, and lifestyle characteristics of the sample are described in 

Table 1. As illustrated by Figure 2, CVC declined from baseline to the task and then 

increased during the recovery period; these changes were observed before and after 

adjusting for respiratory rate (4.93 ± 1.21, 4.59 ± 11.12, 4.99 ± 1.14 Hz; and 5.77 ± 1.79, 

4.39 ± 1.46, 6.00 ± 1.74 Hz, respectively). Figure 2 also shows CVC changes for the each 

age-group.

We observed substantial age-related deficits in EF as evidenced by the significant negative 

correlation between age and average reaction time to the switch and nonswitch trials of the 

mixed-task block of the SGST test (r = −.274, p = .000). Table 3 describes age-related 

differences in EF. Age also correlated negatively with vagal reactivity and vagal recovery 

before (r = −.098, p = .006; r = −.086, p = .014, respectively) and after (r = −.142, p = .000; r 
= −.121, p = .001, respectively) adjusting for respiratory rate. Table 4 describes the 

correlations between CVC and baseline, task, and recovery periods before and after 

adjusting for respiratory rate, respectively.

The Moderating Effect of Vagal Recovery on the Association Between Age and EF

Regression analyses controlling for the time lag between the EF assessments and 

administration of the psychophysiology protocol, vagal reactivity, and age-related 

differences in vagal reactivity demonstrated that age, vagal recovery, and the Age × Vagal 
recovery interaction were significantly associated with EF (see Table 5, Step 1). All effects 

remained significant in models controlling for demographic, biological, and health behavior 

covariates (Table 5, Steps 2–4). Therefore, vagal recovery moderated the association 

between age and EF.
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To understand the nature of this moderating effect, we next sought to examine the 

relationship of vagal recovery to EF among three age-groups: younger (35–54 years; n = 

354), middle-aged (55–64 years; n = 260), and older (65–86 years; n = 203) adults. We next 

reran the moderation models using age-group as a categorical variable to estimate the slopes 

and the intercepts for the younger, middle-aged, and older groups, with the three intercepts 

centered on the grand mean. In this model, the interaction term of Age-group × Vagal 
recovery was significantly associated with EF (p = .016). The three slopes resulting from 

this effort visually portrayed the differential strength with which vagal recovery was 

associated with EF for younger, middle-aged, and older individuals. As illustrated by Figure 

3, vagal recovery related significantly to EF among older participants (p = .002), but not 

among their younger and middle-aged counterparts (p = .740, p = .115, respectively). After 

adjusting for respiratory rate, the findings remained significant (Table 5). As before, the term 

of Age-group × Vagal recovery significantly predicted EF (p = .012). Specifically, Figure 3 

demonstrates that, greater post-challenge increases in CVC were associated with faster 

reaction time to the EF task among older participants (p = .0002), but not among their 

younger and middle-aged counterparts (p = .172, p = .240, respectively).

Discussion

The primary finding of the present report highlights the role of vagal recovery in moderating 

age-related EF deficits, particularly among older individuals. Although these associations 

have been documented previously, previous investigations were limited by samples that were 

small in size (Albinet et al., 2010; Hansen et al., 2003), consisted of only male participants 

(Hansen et al., 2003), restricted the age within the study cohort (Albinet et al., 2010; Hansen 

et al., 2003), and relied exclusively on the assessments of the resting CVC levels (Albinet et 

al., 2010). Our results extend these findings by demonstrating this association in a large, 

demographically heterogeneous sample and for using dynamic CVC assessments, such as 

recovery from psychological stress. Although greater age was associated with significantly 

longer reaction time to the task-switching test, those older adults who had faster vagal 

recovery from cognitive challenge had faster reaction time compared to their peers who had 

slower vagal recovery. Adjusting for respiratory rate did not change this finding. Task 

switching, a task that encompasses attention switching and inhibitory control, the key 

components of EF, may be the purest measure of EF available in the MIDUS data set (Tun & 

Lachman, 2010). Indeed, the correlation between the task-switching test and the Trail 

Makings A and B measures (r = .32, r = .43, respectively) and Digit Symbol Substitution (r 
= −.47) measures, the established standards for EF assessment, was stronger than the 

respective correlations between these measures and other tests in the MIDUS II cognitive 

battery that tap EF, such as speed of processing, working memory, verbal ability and speed, 

and fluid intelligence (Tun & Lachman, 2010).

As we observed the association between EF and vagal recovery only among older 

individuals, our results offer limited support to the neurovisceral integration theory. If CVC 

and EF are associated, because both are governed by the same network of brain regions 

controlled by PFC, it is not clear why the association between vagal recovery and task 

switching was restricted to just one age-group. Interestingly, previous studies found 

significant age-related differences in PFC activation during performance on executive 
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function tasks. For example, Smith et al. (2001) reported that older adults (aged 65–72) and 

younger adults (aged 18–29) who performed poorly on a task-switching test recruited left 

PFC during their performance, but younger adults who performed well did not show this 

prefrontal activation. If the younger MIDUS II participants had little or no left PFC 

activation during the psychophysiology protocol and EF assessments, while older 

participants had greater left PFC activation, this may have contributed to the fact that we 

only saw the association between vagal recovery and EF in older participants. However, PFC 

activation was not evaluated in the psychophysiology protocol. Thus, we do not have 

sufficient evidence to conclude whether our results are consistent with the neurovisceral 

integration theory. Of note, faster vagal recovery may be considered not a mechanism, but 

rather a marker of better EF among older individuals. Specifically, vagal recovery may 

reflect another moderator that influences EF among older individuals. In other words, age 

may serve as a proxy for another moderating variable, particularly given the unique size and 

representativeness of our sample. Age-related differences in the association between CVC 

and EF may also be explained by the greater variability in EF among older participants. 

Indeed, previous studies showed that older individuals have greater heterogeneity in 

cognitive functioning compared to their younger counterparts (Ardila, 2007).

Our results may be interpreted within the context of the previous evidence linking 

cardiovascular functioning in older adults to their performance on cognitive tasks. Thus, 

Pearman and Lachman (2009) found that faster heart rate recovery from a challenge that 

evaluated working memory was associated with better performance on that challenge among 

older adults (aged 60–85 years), but not among their younger counterparts (aged 18–23 

years). Keary et al. (2012) found that slower heart rate recovery was associated with poor 

performance on EF tests that assessed speed of processing among older adults (aged 53–83 

years). Our study adds to this evidence by reporting the link between vagal recovery and 

executive function among older individuals.

Our results have implications for future investigations. Future studies should address 

whether older MIDUS participants with faster vagal recovery and better EF had overall 

superior level of functioning within their age-group. Of note, a recent analysis of the impact 

of social, mental, and physical activities on the association between risk factors for 

cardiovascular disease and cognitive and neuroendocrine functioning reported that older 

MIDUS participants (aged 60–84 years) who engaged in physical activities (defined as 

frequency of engaging in leisurely sports, such as light tennis, slow or light swimming, low-

impact aerobics, golfing without a power cart, brisk walking, and mowing the lawn with a 

walking lawnmower during summer and winter time) more frequently had better episodic 

memory compared to their less physically active peers (Lin, Friedman, Quinn, Chen, & 

Mapstone, 2012). Thus, physical activity may have protective effect on certain aspects of 

cognitive functioning. Recent reports indicate such benefits also extend to clinical 

populations, even those with severe psychopathology (Kimhy et al., 2014, 2015).

The limitations of this study should be considered. An important conceptual limitation of 

our study is that the PFC control of HR is attenuated in older individuals (Thayer et al., 

2009), which questions the relevance of the neurovisceral integration model as a conceptual 

framework for our study. We do not, however, know about either age-related differences in 
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the PFC control of HF power of HRV, which reflects the vagal contribution to HR (Task 

Force of the European Society of Cardiology and the North American Society of Pacing and 

Electrophysiology, 1996), or age-related differences in the PFC control of the CVC 

dynamics, such as recovery from psychological stress. Another limitation of our study is 

methodological in nature. Assessments of EF and CVC recovery were separated in time, and 

while we adjusted for this time lag in all our analyses, it still may have influenced our 

findings. There is a possibility of the potential confound of longer intervals for those 

participants who experienced greater EF decline. Indeed, EF might have declined at a 

different rate among older participants in the MIDUS study. Also, older participants who 

report better health had higher retention rates in the MIDUS study compared to their peers 

who reported better health (Radler & Ryff, 2010), thereby limiting the interpretation of our 

findings. We did not have data on the intensity of fitness training or aerobic fitness among 

MIDUS participants and relied on self-reported amount of time spent performing tasks that 

required different physical activity levels. The absence of information about the menstrual 

cycle, an important determinant of CVC (McKinley et al., 2009), further limits our results.

Conclusion

In summary, we found that faster vagal recovery from cognitive challenge is associated with 

attenuation of age-related deficits in EF, as reflected in reaction time to a task that tapped 

switching and inhibitory control. Therefore, vagal recovery may be one contributor to 

heterogeneity in EF in older individuals, a prominent feature of age-related EF decline.

Acknowledgments

We thank the staff of the Clinical Research Centers at the University of Wisconsin–Madison (UW), UCLA, and 
Georgetown University for their support in conducting this study.

Funding

The author(s) disclosed receipt of the following financial support for the research, authorship, and/or publication of 
this article: This work was supported by a grant from the National Institute on Aging (P01-AG020166; to C.D.R) to 
conduct a longitudinal follow-up of the MIDUS (Midlife in the U.S.) investigation as well as by a grant from the 
National Institute of Mental Health (K23-MH077653; to D.K.). The original study was supported by a grant from 
the John D. and Catherine T. MacArthur Foundation Research Network on Successful Midlife Development (to 
C.D.R). The study also received support from M01-RR023942 (Georgetown), M01-RR00865 (UCLA) from the 
General Clinical Research Centers Program and 1UL1RR025011 (UW) from the Clinical and Translational Science 
Award (CTSA) program of the National Center for Research Resources, National Institutes of Health and from the 
Nathaniel Wharton Fund.

References

Agrigoroaei S, Lachman ME. Cognitive functioning in midlife and old age: Combined effects of 
psychosocial and behavioral factors. The Journals of Gerontology, Series B: Psychological Sciences 
and Social Sciences. 2011; 66B:i130–i140.

Albinet CT, Boucard G, Bouquet CA, Audiffren M. Increased heart rate variability and executive 
performance after aerobic training in the elderly. European Journal of Applied Physiology. 2010; 
109:617–624. [PubMed: 20186426] 

Ardila A. Normal aging increases cognitive heterogeneity: Analysis of dispersion in WAIS-III scores 
across age. Archives of Clinical Neuropsychology. 2007; 22:1003–1011. [PubMed: 17904332] 

Barkley RA. Behavioral inhibition, sustained attention, and executive functions: constructing a 
unifying theory of ADHD. Psychological Bulletin. 1997; 121:65–94. [PubMed: 9000892] 

Crowley et al. Page 9

Res Aging. Author manuscript; available in PMC 2016 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Berntson GG, Thomas Bigger J Jr, Eckberg DL, Grossman P, Kaufmann PG, Malik M, Van Der Molen 
MW. Heart rate variability: Origins methods, and interpretive caveats. Psychophysiology. 1997; 
34:623–648. [PubMed: 9401419] 

Croizet JC, Despres G, Gauzins ME, Huguet P, Leyens JP, Meot A. Stereotype threat undermines 
intellectual performance by triggering a disruptive mental load. Personality and Social Psychology 
Bulletin. 2004; 30:721–731. DOI: 10.1177/0146167204263961 [PubMed: 15155036] 

Crowley OV, McKinley PS, Burg MM, Schwartz JE, Ryff CD, Weinstein M, Sloan RP. The interactive 
effect of change in perceived stress and trait anxiety on vagal recovery from cognitive challenge. 
International Journal of Psychophysiology. 2011; 82:225–232. [PubMed: 21945037] 

Cyranowski JM, Hofkens TL, Swartz HA, Salomon K, Gianaros PJ. Cardiac vagal control in 
nonmedicated depressed women and nondepressed controls: Impact of depression status, lifetime 
trauma history, and respiratory factors. Psychosomatic Medicine. 2011; 73:336–343. [PubMed: 
21364194] 

deBoer RW, Karemaker JM, Strackee J. Comparing spectra of a series of point events, particularly for 
heart rate variability spectra. IEEE Transactions in Biomedical Engineering. 1984; 31:384–387.

de Frias CM, Dixon RA, Strauss E. Structure of four executive functioning tests in healthy older 
adults. Neuropsychology. 2006; 20:206–214. [PubMed: 16594781] 

Duncan J, Emslie H, Williams P, Johnson R, Freer C. Intelligence and the frontal lobe: the organization 
of goal-directed behavior. Cogn Psychol. 1996; 30:257–303. DOI: 10.1006/cogp.1996.0008 
[PubMed: 8660786] 

Dykes FD, Ahmann PA, Baldzer K, Carrigan TA, Kitney RI, Giddens DP. Breath amplitude 
modulation of heart rate variability in normal full term neonates. Pediatric Research. 1986; 
20:301–308. [PubMed: 3703619] 

Gianaros PJ, Van Der Veen FM, Jennings JR. Regional cerebral blood flow correlates with heart period 
and high-frequency heart period variability during working-memory tasks: Implications for the 
cortical and subcortical regulation of cardiac autonomic activity. Psychophysiology. 2004; 41:521–
530. [PubMed: 15189475] 

Godefroy O, Cabaret M, Petit-Chenal V, Pruvo JP, Rousseaux M. Control Functions of the Frontal 
Lobes. Modularity of the Central-Supervisory System? Cortex. 1999; 35:1–20. http://dx.doi.org/
10.1016/S0010-9452(08)70782-2. [PubMed: 10213531] 

Grossman P, Wilhelm FH, Spoerle M. Respiratory sinus arrhythmia, cardiac vagal control, and daily 
activity. American Journal of Physiology—Heart and Circulatory Physiology. 2004; 287:H728–
H734. [PubMed: 14751862] 

Hansen AL, Johnsen BH, Thayer JF. Vagal influence on working memory and attention. International 
Journal of Psychophysiology. 2003; 48:263–274. [PubMed: 12798986] 

Harris FJ. On the use of windows for harmonic analysis with the discrete Fourier transform. 
Proceedings of the IEEE. 1978; 66:51–83.

Hasher, L.; Lustig, C.; Zacks, R. Inhibitory mechanisms and the control of attention. In: Conway, A.; 
Jarrold, C.; Kane, M.; Miyake, A.; Towse, J., editors. Variation in working memory. New York, 
NY: Oxford University Press; 2007. p. 227-249.

Hasher, L.; Zacks, RT. Working memory, comprehension, and aging: A review and a new view. In: 
Bower, GH., editor. The psychology of learning and motivation. Vol. 2. San Diego, CA: Academic 
Press; 1988. p. 193-225.

Heponiemi T, Elovainio M, Pulkki L, Puttonen S, Raitakari O, Keltikangas-Järvinen L. Cardiac 
autonomic reactivity and recovery in predicting carotid atherosclerosis: The cardiovascular risk in 
young Finns study. Health Psychology. 2007; 26:13–21. [PubMed: 17209693] 

Jurado MB, Rosselli M. The elusive nature of executive functions: A review of our current 
understanding. Neuropsychology Review. 2007; 17:213–233. [PubMed: 17786559] 

Kamarck TW. For distinguished early career contribution to psychophysiology—Spr Award address, 
1991—recent developments in the study of cardiovascular reactivity—contributions from 
psychometric theory and social-psychology. Psychophysiology. 1992; 29:491–503. [PubMed: 
1410179] 

Crowley et al. Page 10

Res Aging. Author manuscript; available in PMC 2016 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1016/S0010-9452(08)70782-2
http://dx.doi.org/10.1016/S0010-9452(08)70782-2


Keary TA, Galioto R, Hughes J, Waechter D, Spitznagel MB, Rosneck J, Gunstad J. Reduced heart rate 
recovery is associated with poorer cognitive function in older adults with cardiovascular disease. 
Cardiovascular Psychiatry and Neurology. 2012; :392–490. DOI: 10.1155/2012/392490

Kimhy D, Crowley OV, McKinley PS, Burg MM, Lachman ME, Tun PA, Sloan RP. The association of 
cardiac vagal control and executive functioning—Findings from the MIDUS study. Journal of 
Psychiatric Research. 2013; 47:628–635. DOI: 10.1016/j.jpsychires.2013.01.018 [PubMed: 
23434176] 

Kimhy D, Vakhrusheva J, Bartels MN, Armstrong HF, Ballon JS, Khan S, Sloan RP. Aerobic fitness 
and body mass index in individuals with schizophrenia: Implications for neurocognitive and daily 
functioning. Psychiatry Research. 2014; 220:784–791. [PubMed: 25219618] 

Kimhy D, Vakhrusheva J, Bartels MN, Armstrong HF, Ballon JS, Khan S, Sloan RP. The impact of 
aerobic exercise on brain-derived neurotrophic factor and neurocognition in individuals with 
schizophrenia: A single-blind, randomized clinical trial. Schizophrenia Bulletin. 2015; 41:859–
868. DOI: 10.1093/schbul/sbv022 [PubMed: 25805886] 

Lachman ME, Agrigoroaei S, Murphy C, Tun PA. Frequent cognitive activity compensates for 
education differences in episodic memory. American Journal of Geriatric Psychiatry. 2010; 18:4–
10. [PubMed: 20094014] 

Lin F, Friedman E, Quinn J, Chen DGD, Mapstone M. Effect of leisure activities on inflammation and 
cognitive function in an aging sample. Archives of Gerontology and Geriatrics. 2012; 54:e398–
e404. [PubMed: 22377120] 

McKinley PS, King AR, Shapiro PA, Slavov I, Fang Y, Chen IS, Sloan RP. The impact of menstrual 
cycle phase on cardiac autonomic regulation. Psychophysiology. 2009; 46:904–911. [PubMed: 
19386049] 

Miyake A, Friedman NP, Emerson MJ, Witzki AH, Howerter A, Wager TD. The unity and diversity of 
executive functions and their contributions to complex “Frontal Lobe” tasks: A latent variable 
analysis. Cognitive Psychology. 2000; 41:49–100. [PubMed: 10945922] 

Miyake A, Emerson MJ, Friedman NP. Assessment of executive functions in clinical settings: 
problems and recommendations. Semin Speech Lang. 2000; 21:169–183. [PubMed: 10879548] 

Packwood S, Hodgetts HM, Tremblay S. A multiperspective approach to the conceptualization of 
executive functions. Journal of Clinical and Experimental Neuropsychology. 2011; 33:456–470. 
[PubMed: 21271425] 

Porges SW. The polyvagal perspective. Biological Psychology. 2007; 74:116–143. [PubMed: 
17049418] 

Pearman A, Lachman ME. Heart rate recovery predicts memory performance in older adults. Applied 
Psychophysiology Biofeedback. 2009; 35:107–114. [PubMed: 19760500] 

Radler BT, Ryff CD. Who participates? Accounting for longitudinal retention in the MIDUS national 
study of health and well-being. Journal of Aging Health. 2010; 22:307–331. [PubMed: 20103686] 

Royall DR, Lauterbach EC, Cummings JL, Reeve A, Rummans TA, Kaufer DI, Coffey CE. Executive 
control function: 2.1a review of its promise and challenges for clinical research. A report from the 
committee on research of the American Neuropsychiatric Association. Journal of Neuropsychiatry 
& Clinical Neurosciences. 2002; 14:377–405. [PubMed: 12426407] 

Salthouse TA, Toth J, Daniels K, Parks C, Pak R, Wolbrette M, Hocking KJ. Effects of aging on 
efficiency of task switching in a variant of the trail making test. Neuropsychology. 2000; 14:102–
111. [PubMed: 10674802] 

Shapiro PA, Sloan RP, Bagiella E, Kuhl JP, Anjilvel S, Mann JJ. Cerebral activation, hostility, and 
cardiovascular control during mental stress. Journal of Psychosomatic Research. 2000; 48:485–
491. [PubMed: 10880670] 

Shcheslavskaya OV, Burg MM, McKinley PS, Schwartz JE, Gerin W, Ryff CD, Sloan RP. Heart rate 
recovery after cognitive challenge is preserved with age. Psychosomatic Medicine. 2010; 72:128–
133. [PubMed: 20028831] 

Sloan RP, Bagiella E, Shapiro PA, Kuhl JP, Chernikhova D, Berg J, Myers MM. Hostility, gender, and 
cardiac autonomic control. Psychosomatic Medicine. 2001; 63:434–440. [PubMed: 11382270] 

Crowley et al. Page 11

Res Aging. Author manuscript; available in PMC 2016 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Smith EE, Geva A, Jonides J, Miller A, Reuter-Lorenz P, Koeppe RA. The neural basis of task-
switching in working memory: Effects of performance and aging. Proceedings of the National 
Academy of Sciences. 2001; 98:2095–2100.

Stewart JC, Janicki DL, Kamarck TW. Cardiovascular reactivity to and recovery from psychological 
challenge as predictors of 3-year change in blood pressure. Health Psychology. 2006; 25:111–118. 
[PubMed: 16448304] 

Task Force of the European Society of Cardiology and the North American Society of Pacing and 
Electrophysiology. Heart rate variability: Standards of measurement, physiological interpretation 
and clinical use. Circulation. 1996; 93:1043–1065. [PubMed: 8598068] 

Tattersall AJ, Hockey GR. Level of operator control and changes in heart rate variability during 
simulated flight maintenance. Human Factors. 1995; 37:682–698. [PubMed: 8851773] 

Thayer JF, Lane RD. Claude Bernard and the heart-brain connection: Further elaboration of a model of 
neurovisceral integration. Neuroscience and Biobehavioral Reviews. 2009; 33:81–88. [PubMed: 
18771686] 

Thayer JF, Sollers JJ, Labiner DM, Weinand M, Herring AM, Lane RD, Ahern GL. Age related 
differences in prefrontal control of heart rate in humans: A pharmacological blockade study. 
International Journal of Psychophysiology. 2009; 72:81–88. [PubMed: 18835304] 

Thayer JF, Åhs F, Fredrikson M, Sollers JJ III, Wager TD. A meta-analysis of heart rate variability and 
neuroimaging studies: Implications for heart rate variability as a marker of stress and health. 
Neuroscience & Biobehavioral Reviews. 2012; 36:747–756. [PubMed: 22178086] 

Tun PA, Lachman ME. Telephone assessment of cognitive function in adulthood: The brief test of 
adult cognition by telephone. Age and Ageing. 2006; 35:629–632. [PubMed: 16943264] 

Tun PA, Lachman ME. Age differences in reaction time and attention in a national telephone sample of 
adults: Education, sex, and task complexity matter. Developmental Psychology. 2008; 44:1421–
1429. [PubMed: 18793073] 

Tun PA, Lachman ME. The association between computer use and cognition across adulthood: Use it 
so you won’t lose it? Psychology and Aging. 2010; 25:560–568. [PubMed: 20677884] 

Turner JR, Hewitt JK, Morgan RK, Simes J, Carroll D, Kelly KA. Graded mental arithmetic as an 
active psychological challenge. International Journal of Psychophysiology. 1986; 3:307–309. 
[PubMed: 3754545] 

Wecker NS, Kramer JH, Hallam BJ, Delis DC. Mental flexibility: age effects on switching. 
Neuropsychology. 2005; 19:345–352. DOI: 10.1037/0894-4105.19.3.345 [PubMed: 15910120] 

Biographies

Olga V. Crowley is a health psychologist and data analyst at Healthcare Innovation 

Technology Lab.

David Kimhy is an assistant professor of clinical psychology at the Columbia University 

Medical Center.

Paula S. McKinley is an assistant professor at the Columbia University Medical Center.

Matthew M. Burg is an associate professor of clinical medicine at the Columbia University 

Medical Center.

Joseph E. Schwartz is a professor of psychiatry and behavioral sciences at the Stony Brook 

University and a visiting professor of behavioral medicine at the Columbia University 

Medical Center.

Crowley et al. Page 12

Res Aging. Author manuscript; available in PMC 2016 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Margie E. Lachman is Minnie and Harold L. Fierman Professor of Psychology at the 

Brandeis University.

Patricia A. Tun is an adjunct associate professor of psychology at the Brandeis University.

Carol D. Ryff is Marie Jahoda Professor of Psychology at the University of Wisconsin-

Madison.

Teresa E. Seeman is a professor at the UCLA David Geffen School of Medicine.

Richard P. Sloan is the Nathaniel Wharton Professor of Behavioral Medicine at the 

Columbia University Medical Center.

Crowley et al. Page 13

Res Aging. Author manuscript; available in PMC 2016 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Psychophysiology protocol.
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Figure 2. 
Age-related differences in cardiac vagal control (CVC) during the psychophysiology 

protocol.
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Figure 3. 
(a) Age-related differences in the relationship of vagal recovery to task switching: Before 

adjusting for respiratory rate. (b) After adjusting for respiratory rate.
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Table 1

The Sample’s Demographic and Clinical Characteristics.

N (%) Mean (SD)

Age 817 (100%) 57.11 (11.15)

Sex Male 361 (44.2%) N/A

Female 456 (55.8%)

Education Some high school (no diploma/no GED) 26 (3.2%) N/A

Graduated from high school or received GED 165 (20.2%)

1–2 years of college, no degree yet 136 (16.6%)

3 or more years of college, no degree yet 33 (4%)

Graduated from 2-year college, vocational school 
associate degree

65 (8%)

Graduated from a 4- or 5- year college, or 
bachelor degree

194 (23.7%)

Some graduate school 37 (4.5%)

Master’s degree 123 (15.1%)

PhD, EdD, MD, LLB, JD, or other professional 
degree

35 (4.3%)

Body Mass Index (BMI) 817 (100%) 29.05 (5.92)

Diseases altering cardiac autonomic functioning High blood pressure 237 (29%) N/A

Heart disease 72 (8.8%)

Diabetes 76 (9.3%)

Circulation problems 44 (5.4%)

TIA or stroke 20 (2.4%)

Depression 145 (17.7%)

Cholesterol problems 320 (39.2%)

Asthma 87 (10.6%)

Emphysema/COPD 25 (3.1%)

Thyroid disease 95 (11.6%)

Have any of the diseases listed above Yes 580 (71%) N/A

No 237 (29%)

Medications altering cardiac autonomic control CVC 250 (30.6%) N/A

Cardiac sympathetic control 104 (12.7%)

Take any of the medications listed above Yes 538 (65.9%) N/A

No 279 (34.1%)

Have any of the diseases/take any of the medications 
listed previously

Yes 609 (74.5%) N/A

No 208 (25.5%)

Menopausal status Premenopausal 130 (15.9%) N/A

Perimenopausal 38 (4.7%) N/A

Postmenopausal 287 (35.1%) N/A

Smoking Never 461 (56.4%) N/A

Current smoker 87 (10.6%)

Ex-smoker 269 (32.9%)
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N (%) Mean (SD)

Exercise/physical activity (hours per week per person) Vigorous 817 (100%) .98 (3.01)

Moderate 817 (100%) 2.77 (5.56)

Light 817 (100%) 1.72 (4.48)

Note. COPD = chronic obstructive pulmonary disease; CVC = cardiac vagal control; GED = general equivalency diploma; TIA = transient ischemic 
attack.
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Table 2

Age-Related Differences in Time Lag Between the Cognitive Assessments and the Psychophysiology 

Protocol.

Age-Group (years old) Time Lag (months)

35–54 25.05 ± 14.81

55–64 24.70 ± 13.90

65–86 21.98 ± 12.83
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Table 3

Age-Related Differences in EF.

Age-Group (years old) Mean EF (reaction time, in seconds; not reversed)

35–54 0.99 ± .17

55–64 1.05 ± .20

65–86 1.11 ± .21

Note. EF = executive functioning.
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Table 4

Correlations between ln HF at Baseline, Task, and Recovery Values: Before Adjusting for Respiration and 

After Adjusting for Respiration.

ln HF at baseline (last 6 min) ln HF during the task

Before adjusting for respiration

 ln HF during the task r = 0.86, p < .0001

 ln HF during recovery r = 0.93, p < .0001 r = 0.86, p < .0001

After adjusting for respiration

 ln HF during the task r = 0.72, p < .0001

 ln HF during recovery r = 0.9, p < .0001 r = 0.9, p < .0001

Note. HF = high frequency.
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Table 5

The Impact of Age, Vagal Recovery, and their Interaction on EF: Before Adjusting for Respiratory Rate and 

After Adjusting for Respiratory Rate.

Predictor Unstd. β SD β p

Before adjusting for respiratory rate

Step 1 (time lag)

 Vagal recovery −.238 .084 −.655 .005

 Age −.006 .001 −.357 .000

 Vagal recovery × Age .005 .001 .761 .001

Step 2—Demographic covariates (time lag, sex, and education)

 Vagal recovery −.253 .083 −.696 .003

 Age −.006 .001 −.344 .000

 Vagal recovery × Age .005 .001 .798 .000

Step 3—Biological covariates (time lag, sex, education, BMI, and diseases/medications)

 Vagal recovery −.252 .084 −.693 .003

 Age −.005 .001 −.307 .000

 Vagal recovery × Age .005 .001 .795 .000

Step 4—Health behavior covariates (time lag, sex, education, BMI, diseases/medications, smoking, and exercise)

 Vagal recovery −.254 .084 −.699 .003

 Age −.005 .001 −.311 .000

 Vagal recovery × Age .005 .001 .799 .000

After adjusting for respiratory rate

Step 1—(time lag)

 Vagal recovery −.112 .056 −.571 .048

 Age −.008 .001 −.437 .000

 Vagal recovery × Age .003 .001 .736 .009

Step 2—Demographic covariates (time lag, sex, and education)

 Vagal recovery −.124 .056 −.635 .027

 Age −.007 .001 −.418 .000

 Vagal recovery × Age .003 .001 .795 .004

Step 3—Biological covariates (time lag, sex, education, BMI, and diseases/medications)

 Vagal recovery −.128 .056 −.654 .023

 Age −.007 .001 −.383 .000

 Vagal recovery × Age .003 .001 .809 .004

Step 4—Health behavior covariates (time lag, sex, education, BMI, diseases/medications, and smoking, exercise)

 Vagal recovery −.129 .056 −.658 .023

 Age −.007 .001 −.389 .000

 Vagal recovery × Age .003 .001 .811 .004

Note. Unstd. = unstandard.
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