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Abstract

Few studies have examined the association between cognitive ability and cardiovascular reactivity, although both have been implicated in later cardiovascular disease.  We studied the relationship between cognitive ability, assessed using the Alice Heim-4 test of general intelligence, simple reaction time, and subsequent cardiovascular reactivity in 409 55-year olds.  Blood pressure and heart rate reactions to an acute mental arithmetic task were measured seven years after cognitive assessment.  In regression models that adjusted for baseline cardiovascular activity, socio-demographics, body mass index, medication status, and stress task performance, cognitive ability and reaction time were associated with future cardiac reactivity.  Low reactivity was characteristic of those with relatively low cognitive ability.  The results are consistent with the notion that high reactivity may not always be a maladaptive response. 
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Given that both low cognitive ability (Batty, Shipley, Mortensen, Gale, & Deary, 2008; Hart et al., 2003; 2004)  and exaggerated cardiovascular reactions to acute stress exposure (Barnett, Spence, Manuck, & Jennings, 1997; 
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 have been implicated in cardiovascular disease, it is perhaps surprising that few studies have examined the association between cognitive ability and cardiovascular reactivity.  
However, in a study of infants, greater suppression of a heart period based index of vagal tone during the cognitive challenge afforded by the Bayley Scale of Infant Development was associated with more mature cognitive skills and more coordinated motor behaviour (DeGangi, DiPietro, Greenspan, & Porges, 1991).  A broadly similar outcome emerged from a more recent study of cardiovascular reactions to a task in which young adults were required to identify a target stimulus among a variety of distractor items (Duschek, Muckenthaler, Werner, & Reyes del Paso, 2009): R-wave to pulse interval, an index of sympathetic activity, was negatively associated with task performance, whereas respiratory sinus arrhythmia, an index of vagal tone, was positively related to performance.  The authors interpret these outcomes as suggesting an association between enhanced sympathetic and reduced vagal cardiovascular influences and improved cognitive-attentional functioning.  In contrast, no association between cardiovascular reactivity to memory tasks and task performance has been reported in studies of young adults (Backs & Seljos, 1994) and the elderly (Wright, Kunz-Ebrecht, Iliffe, Foese & Steptoe, 2005), although in the latter study, superior memory performance was associated with faster heart rate recovery following task exposure.  Given the differences in the sample study, the physiological parameters measured, and the cognitive tasks employed, it is perhaps hardly surprising that no clear consensus emerges from these studies.  
Further, with one exception (Wright, Kunz-Ebrecht, Iliffe, Foese & Steptoe, 2005), all of the studies were small scale (N ≤ 60) and did not adjust for potential confounding variables.  Perhaps more importantly, all of these previous studies measured cognitive ability as performance on the stress reactivity challenge.  In our own research on reactivity to a mental arithmetic task in a substantial community sample, task performance was associated with cardiac reactivity such that good performance characterized those exhibiting high reactivity (e.g. Carroll, Phillips, & Der, 2008).  However, tests of the association between cognitive ability and cardiovascular reactivity to mental stress would be better served by using measures of generic cognitive ability that are independent of the mental stress task employed to elicit reactivity. 
Data from the West of Scotland Twenty-07 Study allowed us to examine the association between cognitive ability and cardiovascular reactivity using measures of cognitive ability that were independent of the mental stress task used and were taken at a different time. General cognitive ability and simple reaction time were measured at entry to the study and cardiovascular reactions to acute stress were assessed seven years later.  It is worth noting that simple reaction time has been found to correlate negatively with more traditional measures of general intelligence and indeed has been regarded per se as a measure of cognitive ability (Carlson & Jensen, 1982; Rabbitt, 1996). In addition, the richness of the West of Scotland dataset allowed adjustment for a substantial number of potential confounding variables.  Based on the balance of previous evidence and recent research testifying to an association between low or blunted reactivity and a number of adverse health and behavioural outcomes (Carroll, Lovallo, & Phillips, 2009; Carroll, Phillips, & Lovallo, in press; Phillips, in press) suggestive of impaired motivational regulation, it was hypothesized that relatively lower cognitive ability and slower reaction times would be associated with lower cardiovascular reactivity.  
Methods
Participants 

Data were collected as part of the West of Scotland Twenty-07 Study.  Participants were from Glasgow and surrounding areas in Scotland, and have been followed up at regular intervals since the baseline survey in 1987 (Ford, Ecob, Hunt, Macintyre, & West, 1994).  The study’s principal aim was to investigate the processes that generate and maintain socio-demographic differences in health (Macintyre, 1987).  Participants were chosen randomly with probability proportional to the overall population of the same age within a post code area (Ecob, 1987).  Thus, this is a clustered random stratified sample.  Three narrow age cohorts were chosen (aged 15, 35, and 55 years at entry).  More complete details of the study are available elsewhere (Carroll, Phillips, & Der, 2008; Phillips, Der, & Carroll, 2009). 

The data reported here are from the oldest cohort and relate to the baseline survey during which cognitive ability, measured only in the oldest cohort, and simple reaction time were assessed and the third follow up in 1994/5 during which cardiovascular reactions to an acute mental stress were measured.  The mean (SD) temporal lag between sessions was 7.5 (0.27) years.  Data were available for 409 participants.  The sample was almost entirely Caucasian, reflecting the West-of -Scotland population from which it was drawn.  Mean age (SD) at the baseline survey was 56.1 (0.61) years and at the third follow up was 63.6 (0.60) years.  There were 221 (54%) women and 188 (46%) men, with 224 (55%) from manual and 182 (45%) from non-manual occupational households (occupational status data were missing for three participants).  Mean (SD) body mass index, calculated from measured height and weight was 26.3 (4.32) kg/m2.  The study was approved by the appropriate Ethics committee. 

Apparatus and Procedure 

In both testing sessions, participants were interviewed and tested in a quiet room in their homes by trained nurses.  During the baseline survey cognitive ability and simple reaction time were measured (Deary, Der, & Ford, 2001).  Cognitive ability was assessed using part 1 of Alice Heim-4 (AH-4) test, a measure of general mental ability; administration and scoring were carried out as described in the test manual (Heim, 1970). The test consisted of 12 practice questions followed 33 items measuring numerical reasoning ability and 32 items measuring verbal reasoning ability.  The items are of increasing difficulty and measure individuals’ ability to identify patterns and infer principles and rules.  The test has been used in other population studies of individuals in the same age range (Singh-Manoux, Ferrie, Lynch, & Marmot, 2005; Rabbitt, Diggle, Smith, Holland, & McInnes, 2001) and scores on the AH-4 correlate well (r = .66) with other tests of general intelligence such as Raven’s matrices (Heim, 1970).  Simple reaction time was determined in milliseconds using a portal device originally designed for the UK Health and Lifestyle Survey (Cox et al., 1987).  Participants rested the 2nd finger of their preferred hand on a key which they were instructed to press it as quickly as possible after 0 appeared on a small screen above.  The location of the 0 was fixed throughout the task.  Participants were given eight practice trials and 20 test trials.  The mean reaction time for these 20 trials served as an independent variable.  The duration of practice afforded to participants was similar to most studies that relate reaction times to intelligence differences (Deary, 2000).

At the third follow-up, height and weight were measured and body mass index computed.  Systolic blood pressure (SBP), diastolic blood pressure (DBP), and heart rate (HR) were measured by an Omron (model 705) sphygmomanometer.  This semi-automatic blood pressure device is recommended by the European Society of Hypertension  (O’Brien, Waeber, Parati, Staessen, & Myers, 2001).   Following the interview, (at least an hour, during which standard questions on antihypertensive medication status were asked), there was then a formal 5-min period of relaxed sitting, at the end of which a resting baseline reading of SBP, DBP, and HR was taken.  They then undertook an acute psychological stress, the paced auditory serial addition test (PASAT), which has been shown in numerous studies to reliably perturb the cardiovascular system (Ring, Burns, & Carroll, 2002; Winzer et al., 1999) and to demonstrate good test-retest reliability (Willemsen et al., 1998).  The task comprised a series of single digit numbers presented by audiotape and participants were requested to add sequential number pairs at the same time retaining the second of the pair in memory for addition to the next number presented, and so on throughout the series.  Answers were given orally and, if the participants faltered, they were instructed to recommence with the next number pair.  The correctness of answers was recorded as a measure of performance.  The first sequence of 30 numbers was presented at a rate of one every 4 seconds, and the second sequence of 30 numbers was presented at a rate of one every 2 seconds.  The whole task took 3 minutes, 2 minutes for the slower sequence, and 1 minute for the faster sequence.  A brief practice was given to ensure that participants understood the requirements of the task.  Only those who registered a score on the PASAT were included in the analyses.  Of a possible score of 60, the mean (SD) score was 41.0 (9.04).  Two further SBP, DBP, and HR readings were taken during the task, the first initiated 20 sec into the task (during the slower sequence of numbers), and the second initiated 110 sec later (at the same point during the faster sequence).  For all readings, the nurse ensured that the participant’s elbow and forearm rested comfortably on a table at heart level. The two task readings were averaged, and the resting baseline value subsequently subtracted from the resultant average task value to yield reactivity measures for SBP, DBP, and HR for each participant.  Household occupational group was classified as manual or non-manual from the occupation of the head of household, using the Registrar General’s Classification of Occupations (1980).  Head of household was usually the man. 

Statistical analysis 

Differences in AH-4 scores and simple reaction time between sexes and household occupational groups were explored using analysis of variance (ANOVA).  Repeated-measures ANOVAs, using baseline and task values, were undertaken to confirm that the PASAT perturbed cardiovascular activity, with η2, used as a measure of effect size.  The relationship between body mass index and AH-4 and simple reaction time and the relationship between total PASAT score and AH-4 and simple reaction time score were investigated by Pearson’s correlation.  Hierarchical linear regression analyses were used to determine whether AH-4 score and simple reaction time predicted cardiovascular reactivity 7.5 years later.  Baseline cardiovascular values, which have been observed to co vary with reactivity were entered in Step 1.  AH-4 and mean simple reaction time were entered in step 2 in individual analyses.  We then tested models in which, in addition to baseline, the following covariates were also entered: sex, household occupational status, body mass index, and whether or not participants were taking anti hypertensive medication.  Finally, regression analyses were undertaken in which we additionally adjusted for performance scores on the PASAT.  Given that the PASAT is also a measure of cognitive ability this could be considered as over-adjustment.  However, PASAT performance has been associated with reactivity in previous analyses of the West of Scotland Study, as have all the other covariates above (Phillips, Hunt, Der, & Carroll, in press; Carroll, Phillips, & Der, 2008; Carroll et al., 2000; Carroll, Ring, Hunt, Ford, & Macintyre, 2003).

Results 

Socio-demographics, body mass index, PASAT performance, cognitive ability, and simple reaction time 

The overall mean (SD) AH-4 score was 29.3 (10.70) and mean (SD) simple reaction time was 342.5 (96.36) msec.  The non-manual household occupational group registered substantially higher AH-4 scores than the manual occupational group, F(1,406) = 100.96, p <.001, η2 =.200, as well as much faster reaction times F(1,402) = 16.48, p < .001, η2 =.040.  There were no significant sex differences for AH-4 score or simple reaction time.  The summary statistics are reported in Table 1.  Neither cognitive ability nor simple reaction time correlated with body mass index.  AH-4 score and simple reaction time were negatively associated, r(402) = -.25, p < .001.  AH-4 score, r(406) = .43, p < .001, and simple reaction time, r(402) = -.14, p = .005, were moderately correlated with PASAT performance score. 

[Insert Table 1 about here]

Cardiovascular reactions to acute stress 

Two-way (baseline x task) repeated measures ANOVA indicated that on average the PASAT significantly increased cardiovascular activity: for SBP, F(1,407) = 311.13,  p <.001,  η2 = .764, for DBP, F(1,407) = 247.38, p <.001, η2 = .61; for HR, F(1,407) = 244.82,  p < .001, η2 = .601.  The mean baseline, stress task, and reactivity values are presented in Table 2. 

[Insert Table 2 about here]

AH-4 scores, simple reaction times, and  future cardiovascular reactivity

In the first model, adjusting only for resting baseline cardiovascular values, AH-4 scores positively predicted future HR and SBP  reactivity, β = .17, t = 3.58, p  <. 001, ΔR2 = .029 and β = .16, t = 2.40, p = .02, ΔR2 = .013, respectively; individuals with poorer cognitive ability had lower HR and SBP reactivity 7.5 years later.  AH-4 scores did not significantly predict DBP values (p = .07).  Simple reaction time negatively predicted future HR reactivity, β = -.13, t = 2.64, p = .009, ΔR2 =.016 and SBP reactivity, β = -.10, t = 2.11, p = .04, ΔR2 = 006.  Participants who responded more slowly showed lower cardiovascular reactivity.  Simple reaction time did not predict DBP (p = .85).  

In regression analyses that additionally adjusted for sex, household occupational status, body mass index, and whether or not participants were taking antihypertensive medication, AH-4 scores predicted HR reactivity, β = .155, t = 2.86, p = .004, ΔR 2= .019.  However, the association between cognitive ability and SBP reactivity was no longer significant (p = .10).  Simple reaction time predicted both HR reactivity, β = -.11, t = 2.23, p = .026, ΔR 2= .012 and SBP reactivity, β = -.10, t = 2.09, p = .037, ΔR 2= .010.   In a final model that additionally controlled for performance on the PASAT, AH-4 scores continued to predict HR reactivity, β = .11, t = 1.96, p = .050, ΔR 2= .009. This final regression model is shown in Table 3.  The association between AH-4 score and SBP reactivity was again not significant in this model (p =.84).  The same held true for simple reaction time, which in this final model continued to predict HR reactivity, β = -.10, t = 1.99, p = .047, ΔR 2= .009, but not SBP reactivity, (p =.08).  The final model for simple reaction time and HR reactivity is displayed in Table 4.  The associations between cognitive ability, simple reaction time and HR reactivity are illustrated by plotting reactivity against tertiles of AH-4 scores, Figure 1, and reaction time values, Figure 2.

[Insert Tables 3 and 4 and Figures 1 and 2 about here]

Discussion

This is the first study, as far as we are aware, to examine the prospective association between independent measures of cognitive ability and cardiovascular stress reactivity.  Previous research has been cross-sectional and has used as the measure of cognitive ability performance on the stress task.  In the present study, low cognitive ability, as indexed by relatively poor AH-4 test scores and slow reaction times, was associated with relatively low cardiovascular reactivity.  Whereas the associations with SBP reactivity were attenuated to non significance following full statistical adjustment, including PASAT performance score, the associations with HR reactivity remained significant.  Thus, taking into account baseline HR, socio-demographics, body mass index, antihypertensive medication status, and performance score on the mental arithmetic stress task, cognitive ability continued to predict cardiac reactivity over seven years later.  Post hoc analyses of tertiles of cognitive ability indicated that it was those in the top third of intelligence test scores who registered the highest cardiac reactivity, whereas those with the slowest third of reaction time speeds had the lowest reactivity. 

Accordingly, the direction of the association between cognitive ability and reactivity is in line with that of observed in two earlier studies, which found that lower cardiovascular reactivity was associated with poorer performance on the mental stress task (DeGangi, DiPietro, Greenspan, & Porges, 1991; Duschek, Muckenthaler, Werner, & Reyes del Paso, 2009).  However, it should be conceded that two other studies including a sizable study in older adults failed to find an association between reactivity and cognitive ability as revealed by performance on the stress task (Backs & Seljos, 1994; Wright, Kunz-Ebrecht, Iliffe, Foese & Steptoe, 2005).  Nevertheless, the present study is the largest study by some considerable margin to address this issue.  In addition, the direction of association observed in the present study is consistent with recent observations that low, not high, cardiovascular reactivity is associated with a range of adverse health and behavioural outcomes, such as obesity (Carroll, Phillips, & Der, 2008), symptoms of depression (Carroll, Phillips, Hunt, & Der, 2007; Phillips, Hunt, Der, & Carroll, in press; York et al., 2007), tobacco and alcohol dependence, as well as risk of dependence (al’ Absi, 2006; al’Absi, Hatuskami, & Davis, 2005; Girdler, Jamner, Jarvik, Soles, & Shapiro, 1997; Lovallo, Dickensheets, Myers, Thomas & Nixon, 2000; Pankin, Dickensheets, Nixon, & Lovallo, 2002; Phillips, Der, Hunt, & Carroll, 2009; Roy, Steptoe, & Kirschbaum, 1994).  
An important distinction is made between cardiac and vascular reactivity in terms of both task and individual specificity (Kamarck, Jennings, Pogue-Geile, & Manuck, 1994).  The most robust associations in the present study appeared for cognitive ability and cardiac reactivity.  The associations for SBP reactivity did not withstand full adjustment for possible confounders and there was no association whatsoever between cognitive ability and DBP reactivity.  Cardiac reactivity would appear to reflect both β-adrenergic and parasympathetic influences (Balanos et al., 2010; Sloan, Korten, & Myers, 1991).  Thus, low cardiac reactivity could reflect reduced β-adrenergic drive or less of a reduction in vagal tone during the stress task.  Regrettably, in the present study we cannot determine which of these was the predominant mechanism for low cardiac reactivity.  
The present study is not without limitations.  First, we measured only blood pressure and HR reactivity.  It could have proved instructive to have a more comprehensive assessment of haemodynamics, such as that afforded by impedance cardiography.  Further, a continuous rather than an intermittent of blood pressure and HR would have allowed us to chart the time course of acute stress reactivity, as well as allowing us to represent cardiac reactivity as interbeat interval rather than HR. However, the decision to test participants in their own home and the size of the sample precluded more sophisticated measurement.  Second, given the oral response mode in the PASAT, cardiovascular perturbations could be attributed to speech.  However, similar levels of HR reaction to mental arithmetic with and without a speech component have been reported (Sloan, Korten, & Myers, 1991) and we have reported substantial cardiovascular reactions to the PASAT when the mode of response manual rather than oral (Carroll, Phillips, Balanos, 2009; Balanos et al., 2010).  Third, it should be acknowledged that the present effect sizes are small.  However, our effects are of the same order as the positive associations between cardiovascular reactivity and future resting blood pressure in this sample (Carroll et al., 2003), as well as those observed in other prospective studies of reactivity and subsequent blood pressure status (Carroll, Smith, Sheffield, Shipley, & Marmot, 1995; Carroll, et al., 2001; Markovitz, Raczynski, Wallace, Chettur, & Chesney, 1998; Matthews, Woodall, & Allen, 1993; Newman, McGarvey, & Steele, 1999).  Third, determining causality even in prospective observational studies is fraught with pitfalls (Christenfeld, Sloan, Carroll, & Greenland, 2004).  Although we did adjust for a broad range of potential confounders, residual confounding as a consequence of poorly measured or unmeasured variables cannot be wholly discounted.  

In conclusion, indices of low cognitive ability were associated with low cardiac reactivity seven years later.  As such, our results are consistent with some, although not all, of the findings of previous much smaller scale studies examining the association between cognition and reactivity. They are also consistent with recent evidence indicating that low reactivity is associated with a number of adverse health and behavioural outcomes and add weight to the notion that low reactivity can also be a maladapative response to mental and behavioural challenges.
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Table 1. Mean (SD) AH-4 Score and Simple Reaction Time by Sex and Occupational Status.

	 
	 
	 
	 
	

	 
	N
	AH-4 Score (mean ± SD)
	Simple RT (ms) (mean ± SD)


	

	Sex
	
	
	
	

	
	
	
	
	

	     Male
	221
	30.0 ± 10.91
	345.3 ± 104.72
	

	
	
	
	
	

	     Female
	187
	28.5 ± 10.64
	340.3 ± 88.85
	

	
	
	
	
	

	Occupational group
	
	
	
	

	
	
	
	
	

	     Manual
	188
	24.82 ± 9.32
	360.2 ± 100.56
	

	
	
	
	
	

	     Non-manual
	220
	34.51 ± 10.06
	321.54 ± 87.18
	

	
	
	
	
	


Table 2.  Mean (SD) SBP, DBP, and HR Baseline, During PASAT, and Reactivity. 

	 
	 
	 
	 

	 
	Baseline 
	During PASAT
	Reactivity



	Systolic blood pressure (mmHg)
	144.0 ± 21.80
	156.4 ± 22.93
	12.3 ± 14.12

	
	
	
	

	Diastolic blood pressure (mmHg)
	83.7 ± 11.28
	90.72 ± 13.37
	7.0 ± 8.96

	
	
	
	

	Heart rate (bpm)
	65.9 ± 9.95
	71.95 ± 11.24
	6.1 ± 7.82


Table 3. Predictors of heart rate reactivity in the fully adjusted AH-4 score regression model. 

	 
	 
	 
	 
	 

	Step 1
	β
	t 
	p
	R2



	Baseline heart rate 
	-.199
	4.04
	<.001
	

	
	
	
	
	

	Total PASAT score 
	.139
	2.82
	.005
	

	
	
	
	
	

	Blood pressure medication status 
	-.509
	1.21
	.228
	

	
	
	
	
	

	Body mass index
	-.106
	2.16
	.031
	

	
	
	
	
	

	Occupational group 
	-.087
	1.76
	.080
	

	
	
	
	
	

	Sex
	.007
	0.148
	.882
	.099

	
	
	
	
	

	Step 2
	 
	 
	 
	 

	
	
	
	
	

	Total AH-4 score
	.114
	1.96
	.05
	.009

	
	
	
	
	


Table 4. Predictors of heart rate reactivity in the fully adjusted simple reaction time regression model. 

	 
	 
	 
	 
	 

	Step 1
	β
	t 
	p
	R2



	Baseline heart rate
	-.195
	3.94
	<.001
	

	
	
	
	
	

	Total PASAT score 
	.132
	2.67
	.005
	

	
	
	
	
	

	Blood pressure medication status 
	-.058
	1.18
	.240
	

	
	
	
	
	

	Body mass index
	.058
	1.18
	.044
	

	
	
	
	
	

	Occupational group
	-.084
	1.68
	.094
	

	
	
	
	
	

	Sex
	-.007
	0.137
	.891
	.096

	
	
	
	
	

	Step 2
	 
	 
	 
	 

	
	
	
	
	

	Simple reaction time
	-.099
	-1.99
	.05
	.009

	
	
	
	
	


Figure Captions

Figure 1. Heart rate reactivity (bpm) by tertiles of AH-4

Figure 2. Heart rate reactivity (bpm) by tertiles of simple reaction time
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