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         MANY    aspects of basic cognitive functioning become 
less effi cient with increasing age in adulthood. Rela-

tive to younger adults, older adults have more diffi culty ini-
tiating cognitive operations, take longer to perform such 
operations, and are more negatively affected by task com-
plexity. These age-related variations in cognitive effi ciency 
have often been attributed to declines in basic resources or 
processes thought to underlie cognition, such as speed of 
processing, working memory, and executive functions (e.g., 
 McCabe, Roediger, McDaniel, Balota, & Hambrick, 2010 ; 
 Park & Payer, 2006 ;  Salthouse, 1996 ). 

 An alternative way of conceptualizing the mechanisms 
underlying these age differences in effi ciency is in terms 
of the effort undergirding performance. Specifi cally, we 
hypothesize that aging is associated with an increase in the 
effort associated with performing a given cognitive activity. 
This leads to the straightforward expectation that older 
adults must expend more effort than younger adults to both 
initiate cognitive activity and achieve similar objective 
levels of performance. To the extent that effort requirements 
also place upper limits on task performance, aging-related 
decrements in performance would be expected when task 
demands (e.g., complexity) are high. Evidence consistent 
with this perspective can be found in research demonstrat-
ing that, relative to younger adults, older adults require 
greater environmental support to initiate strategic memory 
behaviors ( Craik & Anderson, 1999 ), are more negatively 
affected by cognitive loads ( Verhaeghen, Steitz, Sliwinski, & 
Cerella, 2003 ), and need to recruit additional areas of the 
brain to achieve successful performance ( Cabeza, 2002 ). 

 This focus on age differences in effort leads to the additional 
expectation that engaging in demanding cognitive activity 
will have greater costs in later adulthood  because  more 
effort is required to achieve a specifi ed level of performance. 
This assertion is supported by research showing that, rela-
tive to younger adults, older adults (a) display stronger cor-
tisol responses during cognitive testing ( Neupert, Miller, & 
Lachman, 2006 ), (b) recover more slowly from such stress-
related responses (e.g.,  Seeman & Robbins, 1994 ), and (c) 
are slower at replenishing blood glucose levels in the brain 
following cognitive activity ( Gold, 2005 ). 

 Although the aforementioned research appears consistent 
with increased effort and costs associated with cognitive ac-
tivity in later life, support would be enhanced through more 
objective observations of effort. Behavioral indices of effort 
associated with self-report and performance have been used 
elsewhere but may be problematic in terms of reliability 
(self-report) and validity (performance). For example, time 
spent on a task might refl ect engagement but may be relatively 
independent from intensity of effort. Given the energetic 
aspect of effort, it might be especially useful to examine 
valid indices linked to relevant physiological processes. In 
this regard, investigations with young adults have shown 
that certain aspects of the cardiovascular (CV) response 
refl ect cognitive effort (for review, see  Gendolla & Wright, 
2005 ). 

  Obrist (1981)  has argued that active coping (i.e., task 
engagement, as refl ected by expenditure of effort) is medi-
ated by sympathetic nervous system (SNS) activation of the 
CV system. Mobilization of energy to meet task demands is 
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thought to increase myocardial  β -adrenergic activity, resulting 
in increased stroke volume and heart rate (HR). Extending 
this idea,  Brehm and Self (1989)  have argued that the en-
ergy expended in a given task is positively associated with 
task diffi culty, as long as the individual perceives that suc-
cess is possible and that the task is worthwhile. Research 
based on an integration of Obrist  ’  s active coping hypothesis 
and motivational intensity theory ( Brehm & Self, 1989 ) has 
used standard measures of CV activity (e.g., HR, systolic  
blood pressure   [SBP]  and diastolic blood pressure  [DBP] ) 
to assess task engagement across a variety of contexts and 
has found that SBP is the more reliable standard CV index 
(for review, see  Gendolla & Wright, 2005 ). More so than 
HR and DBP, SBP responds in a similar way to task diffi culty 
as more direct indices of myocardial  β -adrenergic activity 
(e.g., pre-ejection period;  Richter, Friedrich, & Gendolla, 
2008 ). 

 Consistent with it being a reliable index of mental effort, 
SBP has been found to increase systematically with task 
diffi culty but only to the point where successful perfor-
mance is perceived to be still possible ( Wright & Dill, 
1993 ). This qualifi cation results in somewhat different 
expectations for performance functions when perception of 
ability is low versus high. Low ability perception resulted in 
greater SBP at lower levels of task diffi culty and a tailing 
off of SBP — suggestive of withdrawal of effort — at an ear-
lier point as task diffi culty increased (e.g.,  Wright & Dill, 
1993 ;  Wright, Murray, Storey, & Williams, 1997 ). Thus, 
effort expenditure as refl ected in SBP change is a function 
of task diffi culty and ability perception. 

 SBP also appears be a useful index of fatigue or deple-
tion, in that expenditure of effort in an initial task is related 
to expenditure in a cognitively demanding subsequent task. 
Specifi cally, Wright and colleagues ( Wright, Martin, & 
Bland, 2003 ;  Wright et al., 2007 , Experiment 1) found that 
the greater the demands associated with an initial task, the 
more effort participants had to exert to achieve a specifi ed 
level of performance in a second task. Demanding initial 
tasks deplete energy needed to sustain effort, necessitating 
increased exertion in subsequent tasks. Importantly, contin-
ued exertion across tasks is predicated on the individual per-
ceiving successful performance as possible and worthwhile. 
Otherwise, cessation of exertion or disengagement is likely 
( Wright et al., 2007 , Experiment 2). This can be viewed 
as analogous to physical fatigue, which results in an in-
crease in both the perception of diffi culty and the effort re-
quired to perform a specifi c function relative to when one is 
in a more rested state. To achieve the same effectiveness as 
a rested person, a physically fatigued person must work 
harder. 

 Adult age differences in CV reactivity have been assessed 
in a number of different settings (for review, see  Uchino, 
Birmingham, & Berg, 2010 ). This research has suggested 
that HR is a poor index of engagement in studies of aging 
due to the fact that normative changes in the heart restrict 

reactivity with increasing age. Although SBP also changes, 
exhibiting a normative increase in later life, reactivity in 
older adults does not appear to be suppressed and has been 
shown to be sensitive to context. Thus, the potential exists 
for using SBP to assess responses to task-related factors 
(e.g., diffi culty) as a marker of cognitive effort in studies of 
aging. Its utility is further enhanced by the strong theoretical 
and empirical foundation in research with younger adults. 
Unfortunately, there is little systematic work examining 
aging and CV reactivity as an index of effort during cogni-
tive activity (see  Uchino et al., 2010 ). 

 The present study examined age differences in cognitive 
effort using SBP. We used a procedure similar to that of 
 Wright and colleagues (2007 , Experiment 1) to examine the 
impact of task demands and fatigue effects associated with 
cognitive engagement. Specifi cally, young and older adults 
fi rst engaged in an extended period of cognitive activity in-
volving relatively low or high cognitive demands. Follow-
ing this initial fatigue induction period, all participants were 
then given the same challenging task to perform in order to 
determine the effects of fatigue. Our primary interest was in 
examining age differences in effort as a function of phase of 
experiment (fatigue induction vs. fatigue infl uence) and 
level of diffi culty of the fatigue induction task. Wright  and 
colleagues  found that younger adults exerted more effort 
during the initial phase when task demands were high. 
When participants viewed success as possible in the subse-
quent task (i.e., fatigue infl uence), they also found that indi-
viduals in the high-demand condition exhibited higher overall 
levels of reactivity than those in the  low- demand condition. 
This suggests that extended engagement in a cognitively 
demanding activity depletes energy, requiring greater sub-
sequent effort to achieve a specifi ed level of performance. 

 We tested the hypothesis that aging is associated with an 
increase in the cognitive effort necessary to support a fi xed 
level of performance. In other words, older adults must 
exert more effort than younger adults to attain similar levels 
of performance. We also hypothesized that effort would 
increase as task demands increased and that older adults 
would exhibit greater effort (i.e., change in reactivity from 
baseline) than younger adults at each level of objective task 
diffi culty. Another way of expressing this same idea is that 
identical levels of performance between age groups would 
be associated with greater effort in the older adults. Finally, 
we hypothesized that sustained effortful cognitive activity 
would have greater costs (i.e., fatigue effects) to the old than 
to the young.  

 M ethod   

 Participants 
 We originally tested 127 community-dwelling adults 

from the  North Carolina State University  Adult Develop-
ment Lab participant database, each of who received $30 
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(for review, see  Gendolla & Wright, 2005 ). More so than 
HR and DBP, SBP responds in a similar way to task diffi culty 
as more direct indices of myocardial  β -adrenergic activity 
(e.g., pre-ejection period;  Richter, Friedrich, & Gendolla, 
2008 ). 

 Consistent with it being a reliable index of mental effort, 
SBP has been found to increase systematically with task 
diffi culty but only to the point where successful perfor-
mance is perceived to be still possible ( Wright & Dill, 
1993 ). This qualifi cation results in somewhat different 
expectations for performance functions when perception of 
ability is low versus high. Low ability perception resulted in 
greater SBP at lower levels of task diffi culty and a tailing 
off of SBP — suggestive of withdrawal of effort — at an ear-
lier point as task diffi culty increased (e.g.,  Wright & Dill, 
1993 ;  Wright, Murray, Storey, & Williams, 1997 ). Thus, 
effort expenditure as refl ected in SBP change is a function 
of task diffi culty and ability perception. 

 SBP also appears be a useful index of fatigue or deple-
tion, in that expenditure of effort in an initial task is related 
to expenditure in a cognitively demanding subsequent task. 
Specifi cally, Wright and colleagues ( Wright, Martin, & 
Bland, 2003 ;  Wright et al., 2007 , Experiment 1) found that 
the greater the demands associated with an initial task, the 
more effort participants had to exert to achieve a specifi ed 
level of performance in a second task. Demanding initial 
tasks deplete energy needed to sustain effort, necessitating 
increased exertion in subsequent tasks. Importantly, contin-
ued exertion across tasks is predicated on the individual per-
ceiving successful performance as possible and worthwhile. 
Otherwise, cessation of exertion or disengagement is likely 
( Wright et al., 2007 , Experiment 2). This can be viewed 
as analogous to physical fatigue, which results in an in-
crease in both the perception of diffi culty and the effort re-
quired to perform a specifi c function relative to when one is 
in a more rested state. To achieve the same effectiveness as 
a rested person, a physically fatigued person must work 
harder. 

 Adult age differences in CV reactivity have been assessed 
in a number of different settings (for review, see  Uchino, 
Birmingham, & Berg, 2010 ). This research has suggested 
that HR is a poor index of engagement in studies of aging 
due to the fact that normative changes in the heart restrict 

reactivity with increasing age. Although SBP also changes, 
exhibiting a normative increase in later life, reactivity in 
older adults does not appear to be suppressed and has been 
shown to be sensitive to context. Thus, the potential exists 
for using SBP to assess responses to task-related factors 
(e.g., diffi culty) as a marker of cognitive effort in studies of 
aging. Its utility is further enhanced by the strong theoretical 
and empirical foundation in research with younger adults. 
Unfortunately, there is little systematic work examining 
aging and CV reactivity as an index of effort during cogni-
tive activity (see  Uchino et al., 2010 ). 

 The present study examined age differences in cognitive 
effort using SBP. We used a procedure similar to that of 
 Wright and colleagues (2007 , Experiment 1) to examine the 
impact of task demands and fatigue effects associated with 
cognitive engagement. Specifi cally, young and older adults 
fi rst engaged in an extended period of cognitive activity in-
volving relatively low or high cognitive demands. Follow-
ing this initial fatigue induction period, all participants were 
then given the same challenging task to perform in order to 
determine the effects of fatigue. Our primary interest was in 
examining age differences in effort as a function of phase of 
experiment (fatigue induction vs. fatigue infl uence) and 
level of diffi culty of the fatigue induction task. Wright  and 
colleagues  found that younger adults exerted more effort 
during the initial phase when task demands were high. 
When participants viewed success as possible in the subse-
quent task (i.e., fatigue infl uence), they also found that indi-
viduals in the high-demand condition exhibited higher overall 
levels of reactivity than those in the  low- demand condition. 
This suggests that extended engagement in a cognitively 
demanding activity depletes energy, requiring greater sub-
sequent effort to achieve a specifi ed level of performance. 

 We tested the hypothesis that aging is associated with an 
increase in the cognitive effort necessary to support a fi xed 
level of performance. In other words, older adults must 
exert more effort than younger adults to attain similar levels 
of performance. We also hypothesized that effort would 
increase as task demands increased and that older adults 
would exhibit greater effort (i.e., change in reactivity from 
baseline) than younger adults at each level of objective task 
diffi culty. Another way of expressing this same idea is that 
identical levels of performance between age groups would 
be associated with greater effort in the older adults. Finally, 
we hypothesized that sustained effortful cognitive activity 
would have greater costs (i.e., fatigue effects) to the old than 
to the young.  

 M ethod   

 Participants 
 We originally tested 127 community-dwelling adults 

from the  North Carolina State University  Adult Develop-
ment Lab participant database, each of who received $30 
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for participation. Participants were excluded ( N  = 17) if they 
had blood pressure readings during screening or baseline 
that were suggestive of hypertension (i.e., SBP  ≥  140 mmHg 
or DBP  ≥  90 mmHg;  Chobanian et al., 2003 ) or if they 
scored above 8 ( N  = 2) on the Short Blessed test ( Katzman, 
Brown, Peck, Schechter, & Schimmel, 1983 ). Five partici-
pants whose CV measures exceeded 3  SD  from the sample 
mean were also excluded. The fi nal sample consisted of 
52 young (26 female;  M  age  = 31.6 years, range = 19 – 45) 
and 51 older (24 female;  M  age  = 70.9 years, range = 62 – 84) 
adults. Participant characteristics are displayed in  Table 1 . 
One younger and 28 older adults reported taking hyperten-
sive medication in the last six months. Analyses revealed, 
however, that medication use was unrelated to any of our 
CV measures, and inclusion of antihypertensives as a co-
variate did not alter any results. Thus, this variable was not 
considered further.       

 Measures and Equipment  

 CV responses.  —    The Finometer MIDI (Finapres Medical 
Systems [FMS], Amsterdam,  the  Netherlands) was used to 
collect continuous SBP, DBP, and HR responses using a 
fi nger cuff. Brachial artery systolic and diastolic pressures 
were extrapolated from fi nger arterial pressure through the 
use of a height correction unit and waveform fi ltering and 
level correction methods supplied by the BeatScope soft-
ware package (FMS). The technology used in the Finometer 
MIDI has demonstrated reliability and validity (e.g. ,   Gerin, 
Pieper, & Pickering, 1993 ;  Podlesny & Kircher, 1999 ).   

 Current state questionnaire.  —    To assess current emotion-
al status, ratings on 10 different states were made using an 
11-point scale (0 =  not at all ; 10 =  extremely ). Of primary 
interest were ratings of threat, arousal (tense, calm), and 
energy states (mentally tired, mentally sharp, physically 
tired, energetic).   

 Posttest questionnaire.  —    A second questionnaire served 
as a manipulation check, using items similar to those in 

  Table 1.        Participant Characteristics  

  Measure

Young adults Older adults 

  M  SD  M  SD   

  Education (years) 16.1 2.1 16.3 2.5 
 SF-36: physical health a 51.1 4.3 44.9 8.6 
 SF-36: mental health a 50.4 8.9 57.7 5.7 
 Baseline HR a 76.4 12.4 69.6 8.2 
 Baseline SBP a 112.0 10.6 117.3 12.1 
 Baseline DBP a 65.8 7.2 61.2 5.7 
 Vocabulary 52.1 7.7 54.7 6.6 
 Digit-symbol substitution a 84.0 13.5 64.5 14.5 
 Letter-number sequencing a 11.9 2.7 10.5 2.6  

    Note.  DBP = diastolic blood pressure; HR = heart rate; SBP = systolic blood 
pressure.  

  a       Age group difference signifi cant at  p   ≤  .02.   

 Wright et al. (2003)  to assess perceptions of the test context. 
Using an 11-point scale, participants rated the diffi culty of 
the tasks in each phase, their desire to meet performance 
standards in Phase 2 (see below), evaluation concerns 
during testing, and whether the presence of the tester made 
them feel nervous.   

 Cognitive ability.  —    The vocabulary subtest from the 
Wechsler Adult Intelligence Scale-III (WAIS-III;  Wechsler, 
1997 ) was used to assess verbal ability. The WAIS-III digit-
symbol   substitution and letter-number   sequencing (LNS) 
subtests were used to assess perceptual speed and working 
memory, respectively.    

 Procedure 
 Prior to their test session, participants completed a back-

ground questionnaire and the SF-36 Health Survey ( Ware, 
1993 ). Upon arriving in the laboratory, participants had 
their blood pressure screened using a HEM-780 automatic 
blood pressure monitor (Omron Healthcare, Inc., Kyoto, 
Japan). Next, a fi nger blood   pressure cuff was attached to 
the index, middle, or ring fi nger of the participant ’ s non-
dominant hand. The choice of fi nger was primarily based on 
comfort and fi t of the fi nger cuff and did not impact the 
measurement accuracy. CV measures were collected con-
tinuously throughout baseline and  Phases  1 and 2 of the 
experiment.  

 Baseline.  —    Participants were told to relax for 10 min and 
were provided with general interest magazines (e.g.,  The 
Smithsonian ) to help pass the time. Baseline CV measures 
were assessed during the last 5 min of this period. Immedi-
ately following baseline, participants completed the current 
state questionnaire.   

 Phase 1:  fatigue   induction .  —    Participants were randomly 
assigned to a high -  or  low- diffi culty condition. Following 
 Wright and colleagues (2007) ,  low- diffi culty participants 
counted forward by ones in 3-s intervals from the number 
375 ,  whereas those in the  high- diffi culty condition counted 
backwards by threes from the same point. Counting was 
paced using an auditory cue, and participants wrote their 
responses on a piece of paper. This phase lasted for 5 min.   

 Phase 2:  fatigue   infl uence .  —    Immediately following  Phase 
 1, participants were provided with  four  pages containing 
175 single-digit multiplication problems. Participants were 
told that they would have 3 min to complete the problems as 
quickly and accurately as possible. To ensure high levels of 
motivation, they were informed that they would receive an 
additional $5 if they performed better than 80% of same-
aged participants tested in a previous study. (All partici-
pants were, in fact, given the extra $5 ,  which is included in 
the earlier mentioned compensation.) 
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 Immediately following the infl uence period, participants 
completed the current state questionnaire for the second 
time as well as the posttest questionnaire. Finally, partici-
pants were administered the Short Blessed and the three 
ability tests.   

 CV  data   preparation .  —    Continuous CV data collected 
during baseline and  Phases  1 and 2 were used to calculate 
mean responses. To allow for the examination of potential 
change over time, mean SBP, DBP, and HR scores were 
obtained for each minute during baseline  and  Phase s  1 and 2. 
Reliability was high across these time points for all mea-
sures in all three of these phases ( α  = .98  –  .99). Age Group  ×  
Task Diffi culty  ×  Time Period (minutes) analyses of vari-
ance (ANOVA) performed on each measure also revealed 
that changes in reactivity during each phase were small and 
nonsystematic. Thus, single mean reactivity scores for each 
phase were used as our primary dependent variables.     

 R esults   

 Preliminary Analyses 
 We    fi rst conducted 2  ×  2 (Age  Group ×  Task  Diffi culty ) 

ANOVAs on the participant characteristics  (  Table 1  )  to 
identify inadvertent biases in our condition assignments. 
A signifi cant interaction was observed for LNS scores, 
 F (1,99) = 8.37,  p  = .01,   

p
η2  = .08. Therefore, we entered LNS 

score as a covariate in all analyses. A signifi cant main effect 
of task was also obtained for baseline DBP,  F (1,99) = 3.97, 
 p  = .05,   

p
η2  = .04, and a signifi cant interaction was obtained 

for baseline HR,  F (1,99) = 5.18,  p  = .03,   
p

η2  = .05. These 
effects were already considered, however, due to CV base-
line responses being entered as covariates to control for 
possible variation in CV reactivity as a function of initial 
response levels.   

 Subjective Ratings 
 Interpretation of CV reactivity effects is dependent upon 

satisfying assumptions regarding participants  ’   subjective 
responses to and perceptions of the tasks. On the current 
state questionnaire ( Table 2 , top), we were primarily inter-
ested in affective and energetic states that might infl uence 
participants  ’   responses to the task. Ratings of   “  tense  ”   and 
  “  calm  ”   suggested that participants in both age groups expe-
rienced low levels of anxiety and moderate levels of arousal, 
and threat perception was uniformly low. Participants also 
reported low levels of physical and mental fatigue and 
moderately high levels of energy in both domains. The only 
signifi cant effects on any of these ratings were due to (a) 
decreases in ratings of calm ( p  < .001) and mental sharpness 
( p  = .03) over time and (b) greater variation for younger 
adults than for older adults across time in reports of physi-
cal fatigue and across task diffi culty for ratings of energetic 
states, although the observed variation was not dramatic. 

  Table 2.        Mean Ratings on Current State and Posttest Questionnaires  

  

Young adults Old adults 

 Low 
diffi culty

High 
diffi culty

Low 
diffi culty

High 
diffi culty 

  M  SD  M  SD  M  SD  M  SD   

  A. Current state questionnaire 
 Threat  
     Pre 0.3 0.6 0.4 1.0 0.5 0.7 0.3 0.5 
     Post 0.2 0.6 0.8 1.7 1.4 2.4 0.6 0.8 
 Tense  
     Pre 1.5 1.3 1.7 1.8 1.7 2.3 1.4 1.9 
     Post 3.1 2.3 4.1 2.4 3.3 2.4 3.4 2.4 
 Calm  
     Pre 8.0 1.6 8.1 1.4 8.4 1.7 8.7 1.7 
     Post 5.9 2.0 4.6 2.4 5.1 2.5 6.0 2.4 
 Physically tired  
     Pre 2.7 2.7 2.9 2.5 2.0 2.3 2.3 2.2 
     Post 1.6 2.1 2.0 2.0 2.3 2.2 2.2 2.0 
 Mentally tired  
     Pre 2.4 2.4 2.5 2.2 1.8 2.1 2.0 2.2 
     Post 2.5 2.1 3.5 2.3 2.3 1.9 2.5 1.9 
 Energetic  
     Pre 6.0 1.8 5.3 1.6 5.5 2.2 6.1 1.8 
     Post 7.1 1.5 6.0 1.9 6.0 2.3 6.3 2.1 
 Mentally sharp  
     Pre 7.4 1.5 7.3 1.6 7.1 1.9 7.5 1.7 
     Post 6.8 1.9 6.1 2.1 6.7 2.1 7.2 1.9 
 B. Posttest questionnaire 
 Phase 1 diffi culty 0.6 1.5 3.7 3.0 1.6 2.5 2.9 2.9 
 Phase 2 diffi culty 4.3 3.0 4.9 2.7 3.6 2.5 3.9 3.3 
 Phase 1 confi dence 9.6 0.8 6.3 2.8 8.4 2.0 7.7 2.5 
 Phase 2 confi dence 7.6 1.9 7.1 2.1 7.7 2.0 8.2 2.3 
 Motivation to do well 8.3 2.0 8.7 1.4 7.8 2.5 8.5 1.3 
 Performance concerns 3.8 3.4 5.7 3.6 3.8 2.9 2.2 2.4 
 Nervous about tester 1.6 2.2 1.6 2.0 0.4 0.7 0.4 0.8  

Thus, age differences in energetic and affective states were 
minimal.     

 Responses on the posttest questionnaire ( Table 2 , bottom) 
were used as a manipulation check. Consistent with ex-
pectations, a signifi cant Diffi culty  ×  Phase interaction was 
observed for perceptions of task diffi culty,  F (1,98) = 9.14, 
 p  = .01,   

p
η2  = .09; ratings in Phase 1 were greater in the  high-

 diffi culty than in the  low- diffi culty condition but no differ-
ences were observed in Phase 2, where all participants 
performed the same task. Participants ratings of confi dence 
in their ability to perform the task were relatively high, but 
a signifi cant Diffi culty  ×  Phase interaction,  F (1,98) = 23.98, 
 p  < .001,   

p
η2  = .20, mirrored the task diffi culty ratings, with 

confi dence during Phase 1 being higher in the  low- diffi culty 
than in the  high- diffi culty condition but no differences 
emerging in Phase 2. Motivation to achieve a score higher 
than the specifi ed standard was also high and stable 
across age and task diffi culty groups. No signifi cant age 
effects were observed in any of these cases. Finally, older 
adults were actually less nervous about the presence of the 
tester than were younger adults,  F (1,98) = 12.09,  p  = .001, 
  
p

η2  = .11. Younger adults also exhibited signifi cantly higher 
levels of concern that the results would refl ect poorly on 
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 Immediately following the infl uence period, participants 
completed the current state questionnaire for the second 
time as well as the posttest questionnaire. Finally, partici-
pants were administered the Short Blessed and the three 
ability tests.   

 CV  data   preparation .  —    Continuous CV data collected 
during baseline and  Phases  1 and 2 were used to calculate 
mean responses. To allow for the examination of potential 
change over time, mean SBP, DBP, and HR scores were 
obtained for each minute during baseline  and  Phase s  1 and 2. 
Reliability was high across these time points for all mea-
sures in all three of these phases ( α  = .98  –  .99). Age Group  ×  
Task Diffi culty  ×  Time Period (minutes) analyses of vari-
ance (ANOVA) performed on each measure also revealed 
that changes in reactivity during each phase were small and 
nonsystematic. Thus, single mean reactivity scores for each 
phase were used as our primary dependent variables.     

 R esults   

 Preliminary Analyses 
 We    fi rst conducted 2  ×  2 (Age  Group ×  Task  Diffi culty ) 

ANOVAs on the participant characteristics  (  Table 1  )  to 
identify inadvertent biases in our condition assignments. 
A signifi cant interaction was observed for LNS scores, 
 F (1,99) = 8.37,  p  = .01,   

p
η2  = .08. Therefore, we entered LNS 

score as a covariate in all analyses. A signifi cant main effect 
of task was also obtained for baseline DBP,  F (1,99) = 3.97, 
 p  = .05,   

p
η2  = .04, and a signifi cant interaction was obtained 

for baseline HR,  F (1,99) = 5.18,  p  = .03,   
p

η2  = .05. These 
effects were already considered, however, due to CV base-
line responses being entered as covariates to control for 
possible variation in CV reactivity as a function of initial 
response levels.   

 Subjective Ratings 
 Interpretation of CV reactivity effects is dependent upon 

satisfying assumptions regarding participants  ’   subjective 
responses to and perceptions of the tasks. On the current 
state questionnaire ( Table 2 , top), we were primarily inter-
ested in affective and energetic states that might infl uence 
participants  ’   responses to the task. Ratings of   “  tense  ”   and 
  “  calm  ”   suggested that participants in both age groups expe-
rienced low levels of anxiety and moderate levels of arousal, 
and threat perception was uniformly low. Participants also 
reported low levels of physical and mental fatigue and 
moderately high levels of energy in both domains. The only 
signifi cant effects on any of these ratings were due to (a) 
decreases in ratings of calm ( p  < .001) and mental sharpness 
( p  = .03) over time and (b) greater variation for younger 
adults than for older adults across time in reports of physi-
cal fatigue and across task diffi culty for ratings of energetic 
states, although the observed variation was not dramatic. 

  Table 2.        Mean Ratings on Current State and Posttest Questionnaires  

  

Young adults Old adults 

 Low 
diffi culty

High 
diffi culty

Low 
diffi culty

High 
diffi culty 

  M  SD  M  SD  M  SD  M  SD   

  A. Current state questionnaire 
 Threat  
     Pre 0.3 0.6 0.4 1.0 0.5 0.7 0.3 0.5 
     Post 0.2 0.6 0.8 1.7 1.4 2.4 0.6 0.8 
 Tense  
     Pre 1.5 1.3 1.7 1.8 1.7 2.3 1.4 1.9 
     Post 3.1 2.3 4.1 2.4 3.3 2.4 3.4 2.4 
 Calm  
     Pre 8.0 1.6 8.1 1.4 8.4 1.7 8.7 1.7 
     Post 5.9 2.0 4.6 2.4 5.1 2.5 6.0 2.4 
 Physically tired  
     Pre 2.7 2.7 2.9 2.5 2.0 2.3 2.3 2.2 
     Post 1.6 2.1 2.0 2.0 2.3 2.2 2.2 2.0 
 Mentally tired  
     Pre 2.4 2.4 2.5 2.2 1.8 2.1 2.0 2.2 
     Post 2.5 2.1 3.5 2.3 2.3 1.9 2.5 1.9 
 Energetic  
     Pre 6.0 1.8 5.3 1.6 5.5 2.2 6.1 1.8 
     Post 7.1 1.5 6.0 1.9 6.0 2.3 6.3 2.1 
 Mentally sharp  
     Pre 7.4 1.5 7.3 1.6 7.1 1.9 7.5 1.7 
     Post 6.8 1.9 6.1 2.1 6.7 2.1 7.2 1.9 
 B. Posttest questionnaire 
 Phase 1 diffi culty 0.6 1.5 3.7 3.0 1.6 2.5 2.9 2.9 
 Phase 2 diffi culty 4.3 3.0 4.9 2.7 3.6 2.5 3.9 3.3 
 Phase 1 confi dence 9.6 0.8 6.3 2.8 8.4 2.0 7.7 2.5 
 Phase 2 confi dence 7.6 1.9 7.1 2.1 7.7 2.0 8.2 2.3 
 Motivation to do well 8.3 2.0 8.7 1.4 7.8 2.5 8.5 1.3 
 Performance concerns 3.8 3.4 5.7 3.6 3.8 2.9 2.2 2.4 
 Nervous about tester 1.6 2.2 1.6 2.0 0.4 0.7 0.4 0.8  

Thus, age differences in energetic and affective states were 
minimal.     

 Responses on the posttest questionnaire ( Table 2 , bottom) 
were used as a manipulation check. Consistent with ex-
pectations, a signifi cant Diffi culty  ×  Phase interaction was 
observed for perceptions of task diffi culty,  F (1,98) = 9.14, 
 p  = .01,   

p
η2  = .09; ratings in Phase 1 were greater in the  high-

 diffi culty than in the  low- diffi culty condition but no differ-
ences were observed in Phase 2, where all participants 
performed the same task. Participants ratings of confi dence 
in their ability to perform the task were relatively high, but 
a signifi cant Diffi culty  ×  Phase interaction,  F (1,98) = 23.98, 
 p  < .001,   

p
η2  = .20, mirrored the task diffi culty ratings, with 

confi dence during Phase 1 being higher in the  low- diffi culty 
than in the  high- diffi culty condition but no differences 
emerging in Phase 2. Motivation to achieve a score higher 
than the specifi ed standard was also high and stable 
across age and task diffi culty groups. No signifi cant age 
effects were observed in any of these cases. Finally, older 
adults were actually less nervous about the presence of the 
tester than were younger adults,  F (1,98) = 12.09,  p  = .001, 
  
p

η2  = .11. Younger adults also exhibited signifi cantly higher 
levels of concern that the results would refl ect poorly on 
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their ability than did older adults,  F (1,98) = 10.01,  p  = .002, 
  
p

η2  = .09, and a signifi cant Age  ×  Diffi culty interaction, 
 F (1,98) = 5.02,  p  = .03,   p

η2  = .05, was due to this effect 
being stronger in the  high- diffi culty condition than in the 
 low- diffi culty condition. 

 Together, these ratings suggest that both young and older 
participants (a) perceived task diffi culty as intended, (b) 
viewed the tasks as within their capabilities, and (c) were 
highly motivated. This satisfi es basic assumptions regarding 
the validity of the current approach to assessing effort (see 
 Brehm & Self, 1989 ), allowing us to infer that participants 
in all groups generally perceived success on all tasks as pos-
sible and worthwhile. In addition, there was no evidence 
that older adults experienced higher levels of anxiety or 
threat in response to the test context, minimizing a potential 
alternative explanation for any observed effects (e.g.,  Hess, 
Auman, Colcombe, & Rahhal, 2003 ).   

 CV Responses 
 CV reactivity ( Table 3 ) during Phases 1 (fatigue induction) 

and 2 (fatigue infl uence) was determined by subtracting 
mean baseline values from the mean values obtained during 
each period ( Llabre, Spitzer, Saab, Ironson, & Schneiderman, 
1991 ). Although SBP was of primary interest, we conducted 
2  ×  2  ×  2 (Age  Group ×  Task  Diffi culty ×  Test  Phase )  analyses 
of covariance ( ANCOVAs )  for each of our three CV mea-
sures using LNS scores and baseline response as covariates. 
(Realizing    that the use of baseline CV response as a covariate 
could introduce a potential bias with ANCOVA ( Jamieson, 
2004 ), we calculated residualized change scores for each 
CV response using the appropriate baseline CV responses 
as predictors. The pattern of results obtained with the re-
sidualized changes scores was no different than that 
observed using baseline CV as a covariate.) Test phase was 
a within-participants factor.      

  Systolic blood pressure .  —    As predicted, older adults 
exhibited higher levels of reactivity than younger adults,  

  Table 3.        Mean Adjusted  Cardiovascular  Reactivity Scores as a 
Function of Age Group, Test Phase, and Phase 1 Task Diffi culty  

  

Age group and task diffi culty 

 Young adults Old adults 

 Low High Low High 

  M  SE  M  SE  M  SE  M  SE   

  Systolic blood pressure 
     Phase 1 8.4 1.8 9.2 1.5 12.1 1.7 21.6 1.5 
     Phase 2 21.0 2.5 17.6 2.2 25.7 2.5 31.2 2.2 
 Diastolic blood pressure 
     Phase 1 5.3 0.8 6.4 0.7 5.3 0.7 8.4 0.7 
     Phase 2 11.7 1.2 11.2 1.0 11.4 1.1 12.0 1.1 
 Heart rate 
     Phase 1 2.1 0.8 6.6 0.7 2.7 0.8 3.1 0.8 
     Phase 2 10.8 1.5 13.2 1.4 7.8 1.5 6.7 1.4  

  F (1,97) = 19.69,  p  < .001,   
p

η2  = .19. A signifi cant Task Dif-
fi culty  ×  Phase interaction was also obtained,    F (1,97) =   6.06, 
 p  = .02,   

p
η2  = .06, due to the change in reactivity being great-

er in the  low- diffi culty condition (10.3 vs. 23.3) than in the 
 high- diffi culty condition (15.4 vs. 24.4). Of greater interest 
is a signifi cant interaction between age and task diffi culty,  
  F (1,97) = 5.48,  p  = .02,   

p
η2  = .05. Diffi culty had a stronger 

impact on older adults ’  responses than on those of younger 
adults ( Figure 1 ). The three-way interaction was not signifi -
cant. Thus, consistent with expectations, older adults exhib-
ited higher levels of reactivity in general and in response to 
increments in diffi culty.       

  Diastolic blood pressure .  —    A Diffi culty  ×  Phase interac-
tion was the only signifi cant effect observed for DBP, 
 F (1,97) = 7.55,  p  = .01,   

p
η2  = .07. This effect was similar to 

that observed for SBP, with the change in reactivity from 
Phase 1 to Phase 2 being greater in the  low- diffi culty (5.3 
vs. 11.6) than in the  high- diffi culty condition (7.4 vs. 11.6).   

  Heart rate .  —    HR reactivity was signifi cantly greater in 
the infl uence than in the induction phase ( M s = 9.6 vs. 3.6), 
 F (1,97) = 5.82,  p  = .02,   

p
η2  = .06. Consistent with observa-

tions by  Uchino and colleagues (2010) , older adults exhib-
ited less HR reactivity than did younger adults ( M s = 5.1 vs. 
8.2),  F (1,97) = 8.41,  p  = .01,   

p
η2  = .08. This age-related 

reduction in HR reactivity was also evident in the signifi -
cant Age  ×  Diffi culty interaction,  F (1,97) = 6.33,  p  = .02, 
  
p

η2  = .06, with the difference in reactivity to the low -  and 
 high- demand tasks being greater in the young group ( M s = 6.4 
vs. 9.9) than in the old group ( M s = 5.2 vs. 4.9). Thus, consis-
tent with expectations, both DBP and HR were less sensitive 

   

 Figure 1.         Systolic blood pressure ( SBP )  reactivity as a function of age and 
Phase 1 task diffi culty   .    
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to context than SBP. The apparent reversal of age differ-
ences in HR reactivity relative to SBP most likely refl ects 
the dampening of HR reactivity in later life, which fur-
ther decreases sensitivity to context.    

 Predictors of Reactivity and Performance 
 We next conducted a series of regression analyses to 

examine specifi c predictions derived from the conceptual 
framework used to design our study. First, we examined the 
hypothesis that effort expended during the initial task would 
infl uence the amount of effort expended in the second task. 
We also examined whether this effect would be moderated 
by participant age. To do this, we performed a regression 
analysis in which baseline SBP, education ,  and  WAIS- III 
subtest scores were entered as covariates in  the  fi rst step. 
This was followed by entry of age group (dummy coded, 
with the young group as the referent), Phase 1 SBP reactiv-
ity, and fi nally the interaction between these two factors. 
Task diffi culty was not included in this and subsequent 
regression analyses  because  degree of effort expended in 
Phase 1 is essentially a proxy for diffi culty. All predictor 
variables here and in subsequent analyses were standard-
ized for purposes of centering to control for multicollinear-
ity effects. As seen in  Table 4 , age was positively associated 
with reactivity in Step 2 but was reduced to nonsignifi cance 
when Phase 1 SBP reactivity was included. Addition of 
reactivity in Step 3 also resulted in an  R  2  increment of .38. 
Thus, greater reactivity (i.e., effort) in  Phase  1 was associ-
ated with greater reactivity in Phase 2, and this relationship 
subsumed the age effect, which presumably refl ected 
normative changes in reactivity.     

 We next examined the relationship between reactivity 
and performance on the multiplication task. There were no 
signifi cant differences ( p s > .12) between young er  and older 
adults in accuracy (96.5% vs. 96.6%) or in the percent of 

  Table 4.        Prediction of Phase 2 SBP Reactivity  

  Predictor

Model 1 Model 2 Model 3 Model 4 

  β  p  β  p  β  p  β  p   

  Letter-number 
   sequencing

 − .12 .28  − .05 .66 .06 .40 .07 .36 

 Digit-symbol 
   substitution

 − .21 .05  − .01 .96 .02 .78 .02 .83 

 Vocabulary  − .07 .51  − .15 .16  − .04 .63  − .04 .56 
 Education .21 .05 .20 .05 .22 .002 .23 .001 
 Age group  —  — .39 .001 .04 .61 .04 .69 
 Phase 1  Δ SBP  —  —  —  — .77 <.001 .85 <.001 
 Age × Phase 1 
    Δ SBP

 —  —  —  —  —  —  − .09 .46 

 Model  R  2 .10 .19 .61 .62 
 df 4,98 5,97 6,96 7,95 
  p .04 .001 <.001 <.001 
  R  2  change  — .09 .42 .01 
 df  — 1,97 1,96 1,95 
  p  — .001 <.001 .46  

    Note.  SBP = systolic blood pressure.   

  Table 5.        Prediction of Phase 2 Performance  

  Predictor

Model 1 Model 2 Model 3 Model 4 

  β  p  β  p  β  p  β  p   

  Letter-number 
   sequencing

 − .02 .81 .04 .67  − .01 .982  − .02 .832 

 Digit-symbol 
   substitution

.23 .02 .42 <.001 .41 <.001 .40 <.001 

 Vocabulary .02 .88  − .06 .56  − .05 .60  − .05 .59 
 Education .35 .001 .34 <.001 .22 .02 .23 .02 
 Age group  —  — .37 .001 .38 .001 .37 .001 
 Phase 1  Δ SBP  —  —  —  —  − .50 <.001  − .68 .002 
 Phase 2  Δ SBP  —  —  —  — .55 <.001 .89 <.001 
 Age × Phase 1  Δ SBP  —  —  —  —  —  — .26 .20 
 Age × Phase 2  Δ SBP  —  —  —  —  —  —  − .45 .01 
 Model  R  2 .19 .27 .39 .43 
 df 4,98 5,97 7,95 9,93 
  p <.001 <.001 <.001 <.001 
  R  2  change  — .08 .12 .04 
 df  — 1,97 2,95 2,93 
  p  — .001 <.001 .04  

    Note.  SBP = systolic blood pressure.   

problems attempted (52.7% vs. 57.5%). The absence of age 
differences in performance along with the previously noted 
signifi cant increase in SBP reactivity with age is notable in 
suggesting that older adults had to exert more effort than 
younger adults to achieve similar levels of task performance. 
Going beyond these observations based on aggregate data, 
however, we examined this relationship more directly using 
a regression-based procedure similar to the aforementioned 
to predict performance. Number of problems attempted was 
used as the performance measure  because  it appears most 
related to effort on task. 

 We entered baseline SBP, education ,  and measures of 
ability as covariates in Step 1, age group in Step 2, both 
Phase 1 and Phase 2 reactivity in Step 3, and the interaction 
between these last two factors and age group in the fi nal 
step ( Table 5 ). Reactivity in both phases was associated 
with performance but in different ways. Specifi cally, Phase 
2 reactivity was positively associated with performance, but 
Phase 1 reactivity was negatively associated with perfor-
mance. These effects illustrate the positive linkage between 
effort expenditure and performance within a specifi c task as 
well as the negative consequences associated with previous 
effortful cognitive activity.     

 Age also moderated the effect of Phase 2 reactivity. 
Regressions within each age group suggest that the impact 
of effort on performance was more systematic in the young 
than in the old: young —  β  = .68,  t  = 4.23,  p  < .001; old —  β  = .38, 
 t  = 2.02,  p  = .05. Visual inspection of the data, however, sug-
gested a curvilinear relationship in the data of the older 
group. When the quadratic term associated with Phase 2 
reactivity was added to each of these within-age analyses 
in a fi nal step, a signifi cant increment in model strength 
was only observed in the older group, with the quadratic 
component being signifi cantly associated with performance 
( β  =   −  1.55,  t  =   −  2.38,  p  = 02). As seen in  Figure 2 , performance 
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to context than SBP. The apparent reversal of age differ-
ences in HR reactivity relative to SBP most likely refl ects 
the dampening of HR reactivity in later life, which fur-
ther decreases sensitivity to context.    

 Predictors of Reactivity and Performance 
 We next conducted a series of regression analyses to 

examine specifi c predictions derived from the conceptual 
framework used to design our study. First, we examined the 
hypothesis that effort expended during the initial task would 
infl uence the amount of effort expended in the second task. 
We also examined whether this effect would be moderated 
by participant age. To do this, we performed a regression 
analysis in which baseline SBP, education ,  and  WAIS- III 
subtest scores were entered as covariates in  the  fi rst step. 
This was followed by entry of age group (dummy coded, 
with the young group as the referent), Phase 1 SBP reactiv-
ity, and fi nally the interaction between these two factors. 
Task diffi culty was not included in this and subsequent 
regression analyses  because  degree of effort expended in 
Phase 1 is essentially a proxy for diffi culty. All predictor 
variables here and in subsequent analyses were standard-
ized for purposes of centering to control for multicollinear-
ity effects. As seen in  Table 4 , age was positively associated 
with reactivity in Step 2 but was reduced to nonsignifi cance 
when Phase 1 SBP reactivity was included. Addition of 
reactivity in Step 3 also resulted in an  R  2  increment of .38. 
Thus, greater reactivity (i.e., effort) in  Phase  1 was associ-
ated with greater reactivity in Phase 2, and this relationship 
subsumed the age effect, which presumably refl ected 
normative changes in reactivity.     

 We next examined the relationship between reactivity 
and performance on the multiplication task. There were no 
signifi cant differences ( p s > .12) between young er  and older 
adults in accuracy (96.5% vs. 96.6%) or in the percent of 

  Table 4.        Prediction of Phase 2 SBP Reactivity  

  Predictor

Model 1 Model 2 Model 3 Model 4 

  β  p  β  p  β  p  β  p   

  Letter-number 
   sequencing

 − .12 .28  − .05 .66 .06 .40 .07 .36 

 Digit-symbol 
   substitution

 − .21 .05  − .01 .96 .02 .78 .02 .83 

 Vocabulary  − .07 .51  − .15 .16  − .04 .63  − .04 .56 
 Education .21 .05 .20 .05 .22 .002 .23 .001 
 Age group  —  — .39 .001 .04 .61 .04 .69 
 Phase 1  Δ SBP  —  —  —  — .77 <.001 .85 <.001 
 Age × Phase 1 
    Δ SBP

 —  —  —  —  —  —  − .09 .46 

 Model  R  2 .10 .19 .61 .62 
 df 4,98 5,97 6,96 7,95 
  p .04 .001 <.001 <.001 
  R  2  change  — .09 .42 .01 
 df  — 1,97 1,96 1,95 
  p  — .001 <.001 .46  

    Note.  SBP = systolic blood pressure.   

  Table 5.        Prediction of Phase 2 Performance  

  Predictor

Model 1 Model 2 Model 3 Model 4 

  β  p  β  p  β  p  β  p   

  Letter-number 
   sequencing

 − .02 .81 .04 .67  − .01 .982  − .02 .832 

 Digit-symbol 
   substitution

.23 .02 .42 <.001 .41 <.001 .40 <.001 

 Vocabulary .02 .88  − .06 .56  − .05 .60  − .05 .59 
 Education .35 .001 .34 <.001 .22 .02 .23 .02 
 Age group  —  — .37 .001 .38 .001 .37 .001 
 Phase 1  Δ SBP  —  —  —  —  − .50 <.001  − .68 .002 
 Phase 2  Δ SBP  —  —  —  — .55 <.001 .89 <.001 
 Age × Phase 1  Δ SBP  —  —  —  —  —  — .26 .20 
 Age × Phase 2  Δ SBP  —  —  —  —  —  —  − .45 .01 
 Model  R  2 .19 .27 .39 .43 
 df 4,98 5,97 7,95 9,93 
  p <.001 <.001 <.001 <.001 
  R  2  change  — .08 .12 .04 
 df  — 1,97 2,95 2,93 
  p  — .001 <.001 .04  

    Note.  SBP = systolic blood pressure.   

problems attempted (52.7% vs. 57.5%). The absence of age 
differences in performance along with the previously noted 
signifi cant increase in SBP reactivity with age is notable in 
suggesting that older adults had to exert more effort than 
younger adults to achieve similar levels of task performance. 
Going beyond these observations based on aggregate data, 
however, we examined this relationship more directly using 
a regression-based procedure similar to the aforementioned 
to predict performance. Number of problems attempted was 
used as the performance measure  because  it appears most 
related to effort on task. 

 We entered baseline SBP, education ,  and measures of 
ability as covariates in Step 1, age group in Step 2, both 
Phase 1 and Phase 2 reactivity in Step 3, and the interaction 
between these last two factors and age group in the fi nal 
step ( Table 5 ). Reactivity in both phases was associated 
with performance but in different ways. Specifi cally, Phase 
2 reactivity was positively associated with performance, but 
Phase 1 reactivity was negatively associated with perfor-
mance. These effects illustrate the positive linkage between 
effort expenditure and performance within a specifi c task as 
well as the negative consequences associated with previous 
effortful cognitive activity.     

 Age also moderated the effect of Phase 2 reactivity. 
Regressions within each age group suggest that the impact 
of effort on performance was more systematic in the young 
than in the old: young —  β  = .68,  t  = 4.23,  p  < .001; old —  β  = .38, 
 t  = 2.02,  p  = .05. Visual inspection of the data, however, sug-
gested a curvilinear relationship in the data of the older 
group. When the quadratic term associated with Phase 2 
reactivity was added to each of these within-age analyses 
in a fi nal step, a signifi cant increment in model strength 
was only observed in the older group, with the quadratic 
component being signifi cantly associated with performance 
( β  =   −  1.55,  t  =   −  2.38,  p  = 02). As seen in  Figure 2 , performance 
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increased initially with effort in the old group but then de-
clined. This latter trend appears to refl ect increased levels of 
effort associated with fatigue (68% of the older adults in the 
high  task –  diffi culty condition are represented in the upper 
end of the effort distribution for that age group), which may 
result in relatively ineffi cient performance. Note that there 
is minimal overlap with the younger adults ’  effort distribu-
tion at the upper end of the older adults ’  distribution, sug-
gesting that reactivity is quite high and perhaps disruptive 
of performance.        

   

 Figure 2.        Phase 2 performance as a function of Phase 2  systolic blood pressure 
( SBP )  reactivity and age.    

 D iscussion  
 This study represents one of the fi rst systematic attempts 

to use CV reactivity as a measure of effort to examine the 
impact of aging on cognitive performance. In doing so, we 
tested three specifi c hypotheses. First, our results supported 
the hypothesis that aging would be associated with an 
increase in the cognitive effort necessary to support a fi xed 
level of performance. The easiest way to see this is by ex-
amining reactivity in Phase 1, where older adults exhibited 
a greater increase in SBP over baseline than did younger 
adults, suggestive of greater effort expenditure. 

 We also hypothesized that effort would increase as task 
demands increased in Phase 1 (fatigue induction) and that 
older adults would exhibit greater effort than younger adults 
at each level of objective task diffi culty. This hypothesis 
was generally supported in that older adults exhibited higher 
levels of reactivity in all conditions and their reactivity in-
creased with task diffi culty. The fact that younger adults did 
not exhibit the anticipated increase in reactivity with diffi -
culty was somewhat unexpected, although they did exhibit 
higher SBP reactivity to the multiplication task in Phase 2, 
which all participants rated as the most diffi cult task. 

 Finally, we hypothesized that the effort associated with 
cognitive activity would have greater costs to the old 
than to the young. The effects of exertion can be seen in two 
primary ways. First, effort expenditure in Phase 1 was 
positively associated with effort expenditure in Phase 2, 
suggesting that high levels of effort devoted to earlier tasks 
resulted in participants having to exert even greater effort to 
support subsequent task performance. Using our previous 
analogy, a physically fatigued person would have to work 
harder to achieve the same effectiveness as a rested person 
when performing a physical activity. Second, the amount of 
effort exerted during  Phase  1 was negatively correlated with 
performance in Phase 2. This effect, taken along with the 
positive association between Phase 2 effort and performance, 
helps illustrate the fact that participants in the  high- diffi culty 
condition had to exert more effort than those in the  low-
 diffi culty condition to achieve essentially identical levels of 
performance. The greater effort in the former group essen-
tially refl ects the  “ penalty ”  associated with previous effort-
ful cognitive activity — as refl ected in the aforementioned 
negative correlation. 

 As expected, fatigue effects were stronger for the old 
than the young. Specifi cally, older adults exhibited higher 
levels of effort than younger adults in Phase 2, and this ap-
peared to mainly refl ect their overall higher levels of effort 
during Phase 1. In other words, the increased effort in Phase 
2 refl ected costs associated with earlier effort expenditure. 
In addition, older adults displaying the highest levels of re-
activity in Phase 2 exhibited disruption in task performance. 
This suggests that extremely high levels of effort following 
initial depletion may result in relatively ineffi cient perfor-
mance, perhaps refl ecting disruption at high levels of 
arousal. Such disruption might be particularly strong for 
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those with reduced cognitive resources (e.g., older adults; 
 Labouvie-Vief, 2009 ;  Labouvie-Vief, Grühn, & Studer, 
2010 ). 

 An alternative way of viewing this latter trend is that the 
low levels of performance associated with high effort in the 
older adults may simply refl ect lower levels of ability. That 
is, those who are low in ability will have to exert the highest 
levels of effort, with lower performance levels simply being 
refl ective of their capabilities. The fact that this trend was 
observed while controlling for ability, however, attenuates 
the viability of such an explanation. 

 Consistent with expectations, we also found that both the 
age and task-related effects were strongest with SBP. The 
observed age effects may, in part, be related to the less con-
sistent DBP reactivity and reduced HR reactivity in later life 
(e.g.,  Uchino et al., 2010 ). To the extent that SBP reactivity 
is a cleaner refl ection of SNS response and myocardial 
 β -adrenergic activity, however, these results are also in line 
with the idea that task demands and age infl uence the effort 
associated with cognitive activity. One potential concern 
about interpreting the age effects associated with SBP is 
that age-related increases in reactivity could be due to an 
aging CV system. In spite of such age-related changes, 
however,  Uchino and colleagues (2010)  have argued that 
SBP reactivity, unlike HR reactivity, may still be a valid 
indicator of age differences in psychological processes due 
to the apparent sensitivity of this measure in assessing age 
effects across contexts. It is perhaps also notable that the 
controlling for health status did not affect the obtained 
results, suggesting that the age-related reactivity effects 
were not simply refl ections of poorer health status in 
older adults but rather something more fundamental to the 
aging process. 

 Assuming that the observed CV reactivity effects refl ect 
age differences in the effort and costs associated with cogni-
tive activity, the present results have broad-ranging implica-
tions for understanding aging. The increased reactivity 
on the part of older adults suggests greater expenditure 
of effort to support task performance. This plus the related 
observations that older adults experience greater fatigue and 
disruption of performance at higher levels of effort suggest 
that a focus on effort may be useful in understanding com-
monly observed age effects on cognition. The results also 
have signifi cance for motivational perspectives relevant to 
understanding age differences in cognitive performance. 
Research has shown that age-related variation in physical 
resources — which presumably underlie the age differences 
in CV reactivity demonstrated here — are linked to intrinsic 
motivational states associated with engagement in complex 
cognitive processing ( Hess, 2001 ;  Hess, Emery, & Neupert, 
2011 ).  Hess (2006)  ;  Hess & Emery, (2011)  has  further 
hypothesized that the increased selectivity in engagement of 
cognitive resources in later life (e.g.,  Germain & Hess, 2007 ; 
 Hess, Germain, Swaim, & Osowski, 2009 ) is, in part, an adap-
tive response to age-related increases in the effort and costs 

associated with cognitive activity   . Our study supports the 
assumptions underlying this hypothesis, although examina-
tion of specifi c linkages between aging, effort, and motiva-
tion awaits further study.   
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those with reduced cognitive resources (e.g., older adults; 
 Labouvie-Vief, 2009 ;  Labouvie-Vief, Grühn, & Studer, 
2010 ). 

 An alternative way of viewing this latter trend is that the 
low levels of performance associated with high effort in the 
older adults may simply refl ect lower levels of ability. That 
is, those who are low in ability will have to exert the highest 
levels of effort, with lower performance levels simply being 
refl ective of their capabilities. The fact that this trend was 
observed while controlling for ability, however, attenuates 
the viability of such an explanation. 

 Consistent with expectations, we also found that both the 
age and task-related effects were strongest with SBP. The 
observed age effects may, in part, be related to the less con-
sistent DBP reactivity and reduced HR reactivity in later life 
(e.g.,  Uchino et al., 2010 ). To the extent that SBP reactivity 
is a cleaner refl ection of SNS response and myocardial 
 β -adrenergic activity, however, these results are also in line 
with the idea that task demands and age infl uence the effort 
associated with cognitive activity. One potential concern 
about interpreting the age effects associated with SBP is 
that age-related increases in reactivity could be due to an 
aging CV system. In spite of such age-related changes, 
however,  Uchino and colleagues (2010)  have argued that 
SBP reactivity, unlike HR reactivity, may still be a valid 
indicator of age differences in psychological processes due 
to the apparent sensitivity of this measure in assessing age 
effects across contexts. It is perhaps also notable that the 
controlling for health status did not affect the obtained 
results, suggesting that the age-related reactivity effects 
were not simply refl ections of poorer health status in 
older adults but rather something more fundamental to the 
aging process. 

 Assuming that the observed CV reactivity effects refl ect 
age differences in the effort and costs associated with cogni-
tive activity, the present results have broad-ranging implica-
tions for understanding aging. The increased reactivity 
on the part of older adults suggests greater expenditure 
of effort to support task performance. This plus the related 
observations that older adults experience greater fatigue and 
disruption of performance at higher levels of effort suggest 
that a focus on effort may be useful in understanding com-
monly observed age effects on cognition. The results also 
have signifi cance for motivational perspectives relevant to 
understanding age differences in cognitive performance. 
Research has shown that age-related variation in physical 
resources — which presumably underlie the age differences 
in CV reactivity demonstrated here — are linked to intrinsic 
motivational states associated with engagement in complex 
cognitive processing ( Hess, 2001 ;  Hess, Emery, & Neupert, 
2011 ).  Hess (2006)  ;  Hess & Emery, (2011)  has  further 
hypothesized that the increased selectivity in engagement of 
cognitive resources in later life (e.g.,  Germain & Hess, 2007 ; 
 Hess, Germain, Swaim, & Osowski, 2009 ) is, in part, an adap-
tive response to age-related increases in the effort and costs 

associated with cognitive activity   . Our study supports the 
assumptions underlying this hypothesis, although examina-
tion of specifi c linkages between aging, effort, and motiva-
tion awaits further study.   
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