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           INTRODUCTION 

 Blood pressure is typically measured at two points within 
the cardiac cycle, systole and diastole, which are used to cal-
culate the steady component of blood pressure, mean arterial 
pressure (MAP), or its pulsatile component, pulse pressure 
(PP) (Nichols & O’Rourke,  1998 ). The steady component, 
MAP, is conceptualized as the product of cardiac output and 
total peripheral resistance. The pulsatile component, PP, is 
determined by a more complex combination of factors, in-
cluding stroke volume, arterial compliance, and wave refl ec-
tion (Safar, Levy, & Struijker-Boudier,  2003 ). Extensive 
research has investigated the effects of systolic blood pres-
sure (SBP) and diastolic blood pressure (DBP) on cognitive 
functioning (Qiu, Winblad, & Fratiglioni,  2005 ). However, 
when examined in isolation, these two points on the pressure 
curve do not fully capture important information about the 
pulsatile component of blood pressure. Indeed, compara-
tively few studies have examined the relationship between 

the pulsatile aspect of blood pressure and cognitive func-
tioning, despite substantial evidence that it is related to vas-
cular disease (Jankowski, Bilo, & Kawecka-Jaszcz,  2007 ; 
Nakayama, Hayashi, Yoshimaru, Tsumura, & Ueda,  2002 ). 

 In healthy individuals, the elastic properties of the aorta, 
carotid, and other large arteries reduce pressure fl uctuations 
that occur during the cardiac cycle. Arterial elasticity allows 
stretching to reduce pressure increases during systole and re-
coil to buffer decreased pressure during diastole (Safar et al., 
 2003 ). These factors assist in the maintenance of relatively 
constant pressure at the level of distal arterioles and capillary 
beds (Mitchell,  2008 ). Changes in elastin and collagen fi bers 
within the elastic lamina of larger vessels may be responsible 
for stiffening of large arteries with age (Mitchell,  2008 ). As 
large arteries stiffen, they lose compliance and no longer buffer 
fl uctuations in pressure throughout the cardiac cycle. The re-
sulting increase in pulsatile stress on the vessel wall may con-
tribute to the development of atherosclerosis, which can further 
exacerbate arterial stiffening (Zuckerman, Weisman, & Yin, 
 1989 ). These changes could expose smaller vessels to harmful 
pressure fl uctuations during each cardiac cycle, potentially 
leading to microvascular damage (Mitchell,  2008 ). 
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 This problem may be particularly salient in highly per-
fused organs with a rich, autoregulated microvasculature, 
such as the brain. This hypothesis is supported by studies 
showing that measures of pressure fl uctuation and arterial 
stiffness, such as PP and pulse wave velocity (PWV), have 
been associated with microvascular damage [white matter 
lesions (WML)] in older adults with hypertension (Kearney-
Schwartz et al.,  2009 ) and those with Alzheimer’s disease 
(AD) (Lee, Jeong, Choi, Sohn, & Chui,  2006 ). Additionally, 
elevated PP has been associated with declines in global 
cognitive functioning and memory in healthy populations 
(Waldstein, Rice, Thayer, Najjar, Scuteri, & Zonderman,  2008 ) 
and those with various vascular risk factors (  Abbatacola 
et al.,  2008 ; Kearney-Schwartz et al.,  2009 ). Findings have 
been less consistent with regard to the relationship between 
PP and measures of working memory, visuospatial abilities, 
executive functioning, and psychomotor speed (Dahle, 
Jacobs, & Raz,  2009 ; Kearney-Schwartz et al.,  2009 ; Muller, 
Grobbee, Aleman, Bots, & van der Schouw,  2007 ; Raz, 
Dahle, Rodrigue, Kennedy, & Land,  2009 ; Waldstein et al., 
 2008 ). Inconsistencies across studies may be related to 
methodological differences as well as variations in sample 
characteristics (e.g., age, degree of cognitive impairment, 
and prevalence of vascular risk factors). 

 Studies have found that the relationship between standard 
blood pressure measures and cognitive functioning is 
complex, curvilinear, and age-dependent (for review, Qiu, 
  Winblad, & Fratiglioni, 2005). Longitudinal studies have 
repeatedly found that elevated blood pressure in midlife is pre-
dictive of cognitive decline in late life, but cross-sectional 
studies indicate that both high and low blood pressure are 
associated with cognitive decline in older adults. Specifi -
cally, low DBP has repeatedly been associated with cogni-
tive decline in older adults (Kennelly, Lawlor, & Kenny, 
 2009 ). Although SBP increases with age, MAP remains 
constant and DBP typically decreases, leading to elevated 
PP (Mitchell,  2008 ). Thus, increased PP may be more im-
portant in age-related cognitive decline than standard blood 
pressure measures. Beyond the pulsatile strain produced by 
increased PP, elevated PP also represents an indirect measure 
of the increased arterial stiffness and atherosclerosis that 
occurs with age. Thus, even in the context of blood pressure 
that is well controlled by medications, PP may remain ele-
vated and continues to be associated with cardiovascular 
events (Van Bortel, Struiker-Boudier, & Safar,  2001 ). Taken 
together these considerations point toward PP as a particu-
larly important hemodynamic measure in studies examining 
age-related cognitive decline. 

 Given the potential differential contribution of SBP and 
DBP to cognitive performance in older adults, measures of 
pulsatile pressure that correct for these values may be more 
sensitive to age-related changes in cognition. These measures, 
referred to as fractional systolic pressure (FSP) and diastolic 
pressure (FDP), have been associated with vascular disease 
in animal and human models (Jankowski et al.,  2007 ; 
Nakayama et al.,  2002 ), but their relationship with cognition 
has not been extensively investigated. Thus, the aim of the 

present study was to examine nondemented healthy older 
adults to (1) further examine the relationship between 
measures of the pulsatile component of blood pressure and 
cognitive functioning and (2) compare these fi ndings with 
those of other more commonly used hemodynamic measures 
(e.g., systolic and diastolic blood pressure).   

 METHODS  

 Participants 

 One hundred nine nondemented individuals were recruited 
from ongoing community-based studies of normal aging and 
AD, as well as through the community  via  word-of-mouth 
and fl yers. All participants underwent medical, neurological, 
and laboratory evaluations. Individuals with a history of al-
coholism, drug abuse, learning disability, neurological, or 
psychiatric disease were excluded. Participants also under-
went a comprehensive neuropsychological battery, including 
measures of global cognitive functioning, attention, language, 
executive functioning, visuospatial abilities, memory, and 
functioning in daily living. To screen for possible dementia, 
participants with a Dementia Rating Scale (DRS) score of 
  ≤   126 were excluded from analyses (see also Jak et al.,  2009 ). 
All data were obtained in compliance with institutional 
guidelines.   

 Stroke Risk Factors and Hemodynamic Measures 

 Hemodynamic measures and vascular risk factors were ob-
tained through clinical interview and physical examination. 
Blood pressure measures were obtained from single record-
ings. Participants were seated comfortably for a few minutes 
before taking blood pressure measures. Self-reported blood 
pressure was used for participants that frequently measure 
their own blood pressure. PP and MAP were calculated from 
SBP and DBP using the following equations: PP = SBP – DBP; 
MAP = ((2 × DBP) + SBP)/3. FSP and FDP were calculated 
using the following equations, respectively: FSP = PP/SBP; 
FDP = PP/DBP (Jankowski et al.,  2007 ; Nakayama et al., 
 2002 ).   

 Neuropsychological Assessment 

 Cognitive testing was performed using a comprehensive 
neuropsychological battery described previously (Salmon 
& Butters,  1992 ). The battery included an assessment of 
global cognitive functioning as well as the following six 
neurocognitive domains:  Global  cognitive functioning was 
assessed by the DRS total score.  Attention  was measured by 
the attention subscale of the DRS and the Digit Span sub-
test of the Wechsler Adult Intelligence Scale – Revised. 
 Language  was measured with the Boston Naming Test, cat-
egory (animals) fl uency, and the supermarket items fl uency 
subtest of the DRS.  Visuospatial functioning  was deter-
mined by performance on the Block Design subtest of the 
Wechsler Intelligence Scale for Children (WISC) and the 
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construction subscale of the DRS. The use of the WISC 
block design is based on extensive use of this test in re-
search at the UCSD Alzheimer’s Disease Research Center 
( see  Salmon & Butters,  1992 ) on cognitive changes with 
aging and dementia.  Executive functioning  was assessed by 
the modifi ed Wisconsin Card Sorting Test, 48 card version 
(perseverative responses), Trail Making Test Part B, and 
the letter (FAS) fl uency test.  Verbal Memory  was assessed 
by the Logical Memory subtest of the Wechsler Memory 
Scale – Revised (immediate and delayed free recall) and 
the California Verbal Learning Test (Trials 1–5 total recall 
and long delay free recall).  Processing Speed  was measured 
by the Trail Making Test Part A. Raw scores were converted 
into  Z -scores based on the mean and standard deviation of 
the sample of participants identifi ed as normally aging ( see  
criteria set forth by Jak et al.,  2009 ). Cognitive domain 
scores represented the average  Z -score for the tests within 
each domain.   

 Statistical Analyses 

 Non-normally distributed cognitive measures were log-
transformed before z-transformation. Independent samples 
 t  tests were used to investigate differences in hemodynamic 
measures and cognitive domain scores between men and 
women, individuals on or off antihypertensive medications, 
and those with or without various stroke risk factors, in-
cluding history of atrial fi brillation (AF), cardiovascular 
disease (CVD), and transient ischemic attack (TIA) or mi-
nor stroke. Pearson product-moment correlations and  t  tests 
were used to examine the relationships between hemody-
namic measures and neuropsychological test scores, as well 
as identifi cation of appropriate covariates from demographic 
and stroke risk data. Bivariate correlations between hemo-
dynamic and neuropsychological measures were treated as 
omnibus tests by domain, with Bonferroni correction for 
multiple comparisons being applied for each cognitive do-
main (i.e.,  p  value of .05/7 = .007). Only those hemody-
namic variables found to be signifi cantly related to cognitive 
domain scores after correction for multiple comparisons 
were retained in regression models. Multiple hierarchical 
regression was used to test relationships between hemody-
namic parameters and cognitive functioning after control-
ling for relevant covariates. All signifi cance tests were 

2-tailed with a cutoff of  p  < .05, after correction for multiple 
comparisons.    

 RESULTS  

 Participant Characteristics 

 Forty-eight participants were men (44.0%). The average age at 
examination was 74.2 years ( SD  = 10.0), ranging from 48 to 93 
years, average DRS total score was 139.9 ( SD  = 3.7), ranging 
from 127 to 144, and average education was 16.2 years 
( SD  = 2.3). Average SBP was 125.8 ( SD  = 12.8), average DBP 
was 73.2 ( SD  = 9.4), 48.0% were on anti-hypertensive medica-
tions, 21.2% had evidence of CVD, 11.5% had a history of TIA 
or minor stroke, and 16.2% had AF. Results of independent 
samples  t  tests indicated no signifi cant differences in any hemo-
dynamic measures between men and women, individuals on or 
off antihypertensive medications, or those with or without a his-
tory of AF ( p  > .10). Age showed a signifi cant positive correla-
tion with SBP ( r  = 0.25;  p  < .01) and a nonsignifi cant trend 
toward a negative correlation with DBP ( r  = −0.18;  p  = .06). 
Age was strongly correlated with PP measures, including PP 
( r  = 0.38;  p  < .0001), FSP ( r  = 0.36;  p  = .0001), and FDP 
( r  = 0.36;  p  = .0001). The steady component of blood pressure, 
MAP, was not correlated with age ( r  = −0.01;  p  > .90).   

 Hemodynamic Measures and Cognition 

 Commonly used hemodynamic measures, including SBP, 
DBP, and MAP, showed no signifi cant correlations with 
scores on composite measures of cognitive functioning, after 
controlling for multiple comparisons. PP was inversely cor-
related with language ability ( p  = .0001), but showed no sig-
nifi cant relationship with other cognitive domains after 
correction for multiple comparisons. Fractionated measures 
of PP, including FSP and FDP, were also signifi cantly corre-
lated with language ability ( p  < .001). Additionally, FDP 
showed a signifi cant negative correlation with global cogni-
tive functioning ( p  = .003) ( Table 1 ).       

 Regression Analyses 

 Analysis of potential covariates for multiple regression 
analyses indicated a negative correlation between age and 

 Table 1.        Correlations between hemodynamic and cognitive measures                  

   Cognitive Domain  PP  FSP  FDP  SBP  DBP  MAP     

  Global   −0.21  −0.23  −0.29 **   −0.06  0.22  0.13   
  Attention   −0.04  0.01  −0.004  −0.08  −0.05  −0.08   
  Language   −0.36 ***   −0.34 ***   −0.36 ***   −0.23  0.19  0.02   
  Visuospatial   −0.02  −0.04  −0.08  0.01  0.03  0.03   
  Executive   −0.24  −0.20  −0.24  −0.17  0.09  −0.02   
  Memory   0.02  0.03  −0.03  0.02  0  0.01   
  Processing Speed   −0.21  −0.15  −0.18  −0.24  −0.03  −0.13   

   Note.            p  values are displayed only for relationships signifi cant after correction for multiple comparisons. ** p <.01. *** p <.001.    
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language ( r  = −0.32;  p  < .01). Education was positively cor-
related with language ( r  = 0.29;  p  < .01) and global cognitive 
functioning ( r  = 0.40;  p  < .0001). Additionally,  t  tests indi-
cated that individuals on antihypertensive medications ex-
hibited lower global cognitive functioning ( p  < .01) and 
those with AF displayed lower language ability ( p  < .05). 
Consequently, these variables were retained in regression 
models. 

 The relationship between PP and language ability re-
mained signifi cant after controlling for age, education, and 
history of AF,   β   = −0.26;  p  < .01;  Δ R 2  = 0.06 ( Figure 1 ). The 
inverse correlation between age and language ability was no 
longer signifi cant after controlling for PP and these covari-
ates,   β   = −0.13,  p  > .10,  Δ R 2  = .01. The relationship between 
FSP and language ability remained signifi cant using the 
same model,   β   = −0.24;  p  = .01;  Δ R 2  = 0.05, with similar 
results holding for FDP,   β   = −0.24;  p  < .05;  Δ R 2  = 0.05.     

 The relationship between FDP and global cognitive func-
tioning remained signifi cant after controlling for education 
and antihypertensive medication,   β   = −0.22;  p  < .05;  Δ R 2  = 0.05   
( Figure 1 ).    

 DISCUSSION 

 Our results demonstrated that nondemented older adults 
with elevated measures of the pulsatile component of blood 
pressure performed more poorly on tests of language, as well 
as global cognitive functioning, but not on tasks assessing 
attention, executive, visuospatial, memory, and processing 
speed abilities. The observed relationships between PP 
measures and cognition were of medium effect size and were 
not fully accounted for by relevant covariates, including age, 
education, and vascular risk factors. Importantly, other more 
commonly used hemodynamic measures, including SBP, 
DBP, and MAP, showed no signifi cant relationships with 

measures of cognitive function after controlling for multiple 
comparisons. All measures of the pulsatile component of 
blood pressure, including fractionated measures of PP that 
adjust for absolute values of SBP and DBP, showed similar 
negative associations with cognition, suggesting that the re-
sults were not greatly infl uenced by either of these blood 
pressure points in isolation. In fact, FDP appeared to show 
the most consistent relationship with cognition, displaying 
negative relationships with language and global cognitive 
functioning. 

 All three measures of PP showed stronger relationships 
with language functioning than any other cognitive ability, 
suggesting that this cognitive domain may be particularly 
impacted by elevations in the pulsatile component of blood 
pressure. In older adults, insidious decline in language 
abilities and executive processes have both been associated 
with functional alterations within frontal-subcortical net-
works, suggesting that the ability to access and retrieve se-
mantic information may underlie these word-fi nding 
problems (Wierenga et al.,  2008 ). Increased pulsatile pres-
sure could be impacting these functional networks through 
disruption of frontal-subcortical white matter tracts, as neu-
roimaging studies have associated increased PP with subcor-
tical leukoaraiosis (Kearney-Schwartz et al., 2009  ; Lee et al., 
 2006 ). 

 However, the current study did not observe a signifi cant 
relationship between PP and executive functioning, suggest-
ing that other mechanisms of injury may be involved. Be-
yond evidence of subcortical ischemic lesions, there may be 
more insidious neuropathologic changes associated with al-
terations in hemodynamic parameters. For example, both 
animal and human studies have found that blood pressure 
elevation can cause reductions in cerebral blood fl ow and 
increased cerebral atrophy, even in the absence of frank vas-
cular lesions (Fujishima, Ibayashi, Fujii, & Mori,  1995 ; 
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 Fig. 1.        Scatterplots of age and pulse pressure (PP) by language ability are displayed. Age (+, dashed line) and PP (  ■ , 
solid line) exhibited signifi cant inverse correlations with language ability:  r  = −0.32,  p  < .01 and  r  = −0.36,  p  < .001, 
respectively.    
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  Gesztelyi, Finnegan, DeMaro, Wang, Chen, & Fenstermacher, 
1993). These subtle neuropathological changes have been as-
sociated with cognitive dysfunction (Dai, Lopez, Carmichael, 
Becker, Kuller, & Gach,  2008 ; Vlek et al.,  2009 ), and it is 
possible that increased pulse pressure may also convey 
vulnerability through more subtle changes in neurovascular 
function. Another possibility is that more richly perfused 
areas, such as cortical gray matter, could be susceptible to 
damage or dysfunction from increased PP. It has been pro-
posed that increased microvascular perfusion in the context 
of elevated PP may be associated with particularly high risk 
of damage to these brain areas (Mitchell,  2008 ). While it is 
possible that increased PP is causing impairment through ce-
rebrovascular damage, it is also possible that PP is simply 
serving as a marker of large artery stiffness and cerebrovas-
cular disease. Thus, PP may represent a measure of systemic 
vascular disease, a causative factor in cerebrovascular dys-
function, or some combination of both. Future studies exam-
ining the relationship between PP and cerebral structure, 
function, and perfusion may provide more information re-
garding the mechanism underlying the association between 
PP and language function. 

 Although the present study did not fi nd a signifi cant asso-
ciation between executive function and measures of PP after 
correction for multiple comparisons, performance of cate-
gory fl uency tasks involves some executive processes and 
has been periodically included as a measure of executive 
function in prior studies. Given the high prevalence of age-
related decline in language ability, it may be more favorable 
to combine category fl uency measures into a language com-
posite in studies involving older adults. These semantic 
abilities frequently decline with age and are among the ear-
liest cognitive abilities to decline in the course of AD (see 
Bondi, Jak, Delano-Wood, Jacobson, Delis, & Salamon, 
 2008  for review). Studies have found that patients with AD 
exhibit elevated PP relative to controls and that elevated PP 
is associated with increased risk of developing AD (Lee 
et al.,  2006 ; Qiu et al.,  2003 ). The current study did not exam-
ine patients with AD. Thus, the signifi cance of the current 
fi ndings remains unclear in terms of risk of AD, although we 
have demonstrated signifi cant declines in semantic memory 
in the years preceding mild cognitive impairment (MCI) or 
AD diagnoses (Mickes et al.,  2007 ). Future longitudinal 
studies examining whether PP predicts declines in language 
function, or progression to MCI or dementia, will further 
establish the signifi cance of this fi nding for dementia 
research. 

 The fi ndings of the current study are limited by the nature 
of our sample, which was relatively well educated and med-
ically healthy. The relationship between PP and cognitive 
functioning may be different in individuals with a greater 
number of risk factors for cognitive impairment.     
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