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 Abstract 
  Background:  Vascular aging may cause cerebral microvascular damage and cognitive dysfunc-
tion. There is incremental evidence that consistently implicates arterial stiffness being involved 
in the manifestation of cognitive impairment in the elderly. However, few investigations have 
examined the relationship between arterial stiffness and cognitive impairment in midlife.  Sum-
mary:  Past studies inconsistently showed improved cognitive outcomes after antihypertensive 
therapy in elderly populations. Nevertheless, recent findings revealed that blood-pressure-
lowering treatment in young adults might eliminate or halt the progression of the detrimental 
effects related to arterial stiffness, indicating that younger adults may have more favorable 
outcomes in cognition than their older counterparts if early intervention is conducted at the 
subclinical stage. Stiffening of the aorta may lead to an excessive flow pulsatility in the brain 
that may cause microvascular structural brain damage and worse cognitive performance. Re-
cent investigations have suggested that arterial stiffness is likely to trigger initial silent brain 
damage, possibly preceding midlife, while the manifestation of cognitive decline and deterio-
ration can be foreseen in the subsequent life span.  Key Message:  Despite the recent novel 
findings, definite conclusions on causality between vascular aging and cognitive dysfunction 
cannot be drawn at present. Further well-powered longitudinal studies with superior neuroim-
aging indicator, vascular mechanical biomarkers, and sensitive cognitive assessment tools that 
examine a broad range of age populations may help extend our understanding of the asso-
ciation between vascular aging and cognitive dysfunction throughout the life span. 
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 Introduction 

 Vascular aging, coupled with enhanced pulsatile hemodynamics, has been shown to be a 
major independent determinant of cerebral microvascular damage and cognitive function 
impairment  [1, 2] . Over a decade, many investigations have suggested that marked arterial 
stiffness is associated with impaired cognitive function in elderly populations  [1, 3–6] . 
Recently, for middle-aged individuals, a reciprocal interaction between high blood pressure 
(BP) and poor cognitive performance was suggested  [7–10] . Vascular aging is acknowledged 
as the major pathophysiology for age-related hypertension  [11] ; however, the mechanisms 
by which vascular aging leads to cognitive dysfunction in midlife remain poorly understood. 
Full elucidation of the mechanisms by which the pulsatile hemodynamics may affect the 
development of cognitive dysfunction starting at a young age is crucial to safeguard vascular 
health and brain health in midlife  [12] .

  Hypertension and Cognitive Dysfunction in Midlife 

 Elevated BP level is associated with cognitive decline and increased risk of dementia  [9, 
10, 12–14] . It is clear that hypertension may disrupt the cerebral microvascular structure and 
function  [12]  and may also be associated with increased risk of ischemic damage of white 
matter regions critical for cognitive function  [9, 15] . Treatment of hypertension may help 
prevent or slow down the development of vascular brain lesions and improve cognitive 
performance in hypertensives  [16, 17] . However, results from clinical trials and randomized 
trials on the relationship between antihypertensive therapy and development of dementia 
were inconsistent, and the evidence that antihypertensive treatment improves cognition is 
not conclusive  [9, 12, 18] .

  The 17-year follow-up data from 668 community-dwelling Japanese individuals (the 
Hisayama study) demonstrated that midlife hypertension increased the risk of dementia in 
late life, regardless of BP level in late life  [19] . Consistent with Japanese studies, a western 
study found that midlife hypertension, whether treated or not, was associated with worse 
cognitive performance after 20 years of follow-up  [20] . These results may imply that the 
BP-lowering therapy has little reversing effect on the hypertension-related brain damage and 
does not provide a cognitive protection effect  [9] .

  However, it is speculated that pulsatile hemodynamics, by increasing pressure and/or 
flow pulsatility, may impose a large pulsatile stress in the brain early in the life span before 
the incidence of hypertension  [21, 22] . For example, aortic stiffness, measured by carotid-
femoral pulse wave velocity (cfPWV) was found to be strongly associated with incident 
hy pertension in the Framingham cohort  [11] . In a recent study, it was found that lowering of 
the BP level is associated with more normal cfPWV values in young adults, indicating that the 
elastic and flexible aorta with higher arterial compliance may be more likely to revert to 
normal and possibly be able to sustain the harmful effects on cognition at a younger age  [22] . 
This may partly explain why medical therapy targeting hypertension alone may not be suffi-
cient to eliminate the detrimental effects on the cerebral microcirculation resulting from 
vascular aging in the elderly. Since pulsatile hemodynamics is related to BP progression and 
precedes the development of hypertension  [11] , arterial stiffness, measured by cfPWV, is a 
superior predictor of cognitive decline compared to hypertension  [23] . This may suggest that 
attention should be focused on vascular markers, such as cfPWV, to identify individuals at 
greatest risk of hypertension progression and cognitive dysfunction.

  Early intervention or treatment for hypertension in middle age, even in the subclinical 
state, may be substantially beneficial, given the strong evidence of a deleterious influence of 
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midlife hypertension on late-life cognitive function  [14, 24] . In fact, even in prehypertensive 
(systolic BP >120 and <140 mm Hg or diastolic BP >80 and <90 mm Hg) middle-aged adults, 
an elevated systolic BP level was shown to be negatively associated with cognitive perfor-
mance, including memory and executive function  [8] . In a cohort study, prehypertension in 
midlife was also shown to be associated with increased risk of developing dementia  [25] . 
Another study found significantly worse performance on verbal episodic memory for untreated 
hypertensive women; even at the prehypertensive level, the predictive performance on 
memory domain is less satisfactory later in life  [7] . All these findings taken together indicate 
that reducing midlife BP, even at the prehypertensive level, may be beneficial for protecting 
against subsequent cognitive dysfunction and the development of dementia in later life  [7, 8] . 
Further well-founded longitudinal studies are warranted to clarify the causal relationships 
between arterial stiffness, BP level, and cognitive impairment before midlife by extending the 
study population from the elderly to the middle-aged or even young adult population.

  Vascular Aging and the Link between the Heart and the Brain 

 The brain receives abundant blood supply, by as much as 20% of cardiac output  [26] . With 
lower impedance in the cerebral microcirculation, the brain is sensitive to the harmful effects 
of excessive pressure and flow pulsatility resulting from vascular aging  [1] . Vascular aging, 
characterized by increased arterial stiffness and arterial wave reflections, has a significant 
adverse impact on the cerebral vascular system, leading to cerebral microvascular ischemia 
and structural changes and subsequent premature cognitive dysfunction later in life  [27–29] .

  Previously, for the older population, the community-based Age, Gene/Environment 
Susceptibility – Reykjavik Study found that cfPWV was associated with higher white matter 
hyperintensity volume, a common imaging evidence of cerebral injury  [1] . Moreover, carotid 
pulsatility index, pulse pressure, and cfPWV were each associated with increased risk of silent 
subcortical infarcts  [1] . Altogether, the results strongly support that stiffening of the aorta is 
associated with transmission of excessive flow pulsatility into the brain, leading to progressive 
microvascular structural brain damage in the elderly  [27] .

  In addition, the carotid pulsatility index was associated with lower whole-brain gray and 
white matter volumes, indicative of reduced mean flow concomitant with increased flow 
pulsatility in the cerebral circulation  [1] . Consequently, increased cerebrovascular resistance 
and flow pulsatility may restrict the blood flow in the brain, leading to overall brain atrophy 
and consequential adverse impacts on multiple cognitive performances. This may explain 
why the carotid pulsatility index was found to be associated with a broad range of cognitive 
domain declines, including lower memory scores, slower processing speed, and worse perfor-
mance on tests assessing executive function, whereas cfPWV and carotid pulse pressure were 
each associated with lower memory scores only  [1] .

  The underlying mechanism the vascular aging-associated cardio-cerebral interaction has 
not been clearly delineated. Compared to the carotid arteries, the aorta is highly compliant in 
young and healthy subjects. Such an impedance “mismatch” constitutes barriers of wave 
reflections when a traveling pressure wave from the ascending aorta encounters the first-
generation arteries, meaning that the pulsatile energy will not be fully transmitted into the 
distal vasculature  [1] . After midlife, progressive impedance “matching” due to a dispropor-
tionate increase in aortic impedance may dissipate the aorta-carotid interface, increase the 
excessive pressure and flow pulsatility into the cerebral circulation, and subsequently result 
in microvascular damage and remodeling as well as poor cognitive function  [1] . Therefore, 
increased aortic stiffness, being associated with cerebral ischemia, tissue damage, and 
cognitive decline, tightens the link between cardiac and cerebral structure and function.
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  Recently, attention has been paid to the younger population because it is likely that the 
negative effect of greater aortic stiffness and pulsatility can have a cumulative effect, initiating 
a silent impact on the brain earlier in the life span  [21, 30] . The Framingham Third Generation 
Cohort Study found that in younger adults aged between 30 and 45 years, only a single marker 
of cerebral atrophy was associated with cfPWV, whereas in midlife individuals (age 45–65 
years), cfPWV was associated with more advanced brain injury, evident by increased white 
matter hyperintensities in brain magnetic resonance imaging and worse cognitive perfor-
mances in processing speed and executive function  [30] . The findings highlighted the possi-
bility that arterial stiffness, causing initial brain damage to the cerebral structure, may begin in 
young adulthood, before the manifestation of cognitive decline and progressive deterioration 
in later life  [30] . Moreover, cfPWV was consistently shown to be associated with pioneering 
white matter injury (measured by fractional anisotropy) and regional earlier brain atrophy 
(measured by gray matter integrity), whereas other hemodynamic parameters, including 
augmentation index and pulse pressure, showed no significant link to change of brain structure 
 [22] . In the younger population, evidence of earlier microstructural injury prior to white matter 
hyperintensities was found, further supporting the hypothesis that initial and continuous brain 
damage related to arterial stiffness may start in or even precede midlife  [22] . However, current 
evidence cannot draw definite conclusions due to the cross-sectional study design of most 
studies. Future longitudinal analyses are warranted to identify the causation between vascular 
aging and brain structural and functional changes throughout the life span.

  Knowledge Gaps and Recommendations for Future Studies 

 Currently, studies have been done on diverse study populations, evaluating different 
measures of cerebral microvascular change, cognitive function, and arterial stiffness  [2, 31] . 
However, one systemic review and meta-analysis showed that arterial stiffness, measured by 
cfPWV or brachial-ankle pulse wave velocity (baPWV), was significantly associated with 
microvascular damage in the brain, whereas the association between arterial stiffness and 
cognitive impairment was inconclusive due to a relatively limited number of valid studies, as 
well as inconsistent results  [2] . In the midlife population, in order to identify the earliest 
changes, whether in brain structure or cognition, valid and sensitive mechanical biomarkers 
and assessment tools play crucial roles. A few potentially valuable markers are recommended 
for inclusion in future investigations.

  Firstly, regarding the neuroimaging markers in identifying brain structural changes, a 
valuable biomarker derived from magnetic resonance imaging scans, free water (FW), was 
recently proposed in identifying white matter injury  [32] . Previously, FW content was 
commonly used in detecting cerebral injury in neurologic conditions and disorders, including 
Parkinson disease and schizophrenia  [33, 34] . In the recent study, a strong association 
between cfPWV and FW content across a broad range of ages was found  [32] , indicating that 
FW may be a more sensitive marker to identify earlier white matter injury related to arterial 
stiffness in young populations. Compared to fractional anisotropy (an indicator of white 
matter degeneration) and white matter hyperintensities, excess of white matter FW might be 
temporary and possibly reversible if early interventions are given, whereas white matter 
hyperintensities, indicating permanent damage, may have an irreversible impact on cerebral 
function  [32] . Therefore, using FW to detect the changes in the brain early, before symptoms 
or substantial structural and functional damage manifest, may be beneficial.

  Secondly, in addition to commonly used vascular markers (cfPWV, baPWV, augmentation 
index, and central pulse pressure), arterial reservoir function parameters may have potential 
value in predicting cognitive change. Vascular aging is characterized not only by accelerated 
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wave transmission and more pronounced wave reflections, but also by a reduced reservoir 
function in the arterial system  [35] . Excess pressure integral derived from the reservoir-wave 
analysis was shown in a cross-sectional study to have a significant inverse association with 
gray matter volume  [36] . However, the relationship between reservoir function parameters 
and cognitive function has never been comprehensively investigated. Whether these 
mechanical biomarker should be used as estimates of vascular aging in relation to cognition 
deserves more investigations.

  Finally, in order to identify the earliest change in midlife, valid and sensitive cognitive 
function assessment tools are needed. Most studies have shown overreliance on the Mini-
Mental State Examination (MMSE) to measure cognitive function  [31] , which may limit the 
possibility of detecting minor cognitive change in various domains. The MMSE has a poor 
sensitivity for distinguishing mild cognitive impairment due to the insufficient complexity 
and executive function items  [31, 37, 38] . Compared to the MMSE, the Montreal Cognitive 
Assessment (MoCA) instrument is a more challenging test that includes higher-level language 
as well as more complex executive function and visual-spatial processing to enable detection 
of mild impairment  [39–42] . Therefore, future large-scale longitudinal studies using MoCA 
are recommended to maximize the chance of identifying earlier change in different cognitive 
domains and global cognition.

  Conclusions 

 Vascular aging, characterized by increased arterial stiffness and wave reflection, has been 
recognized as one of the fundamental mechanisms that contribute to cerebrovascular 
dysfunction and cognitive decline. Whether the cerebral/cognitive impairment resulting from 
increased pressure and flow pulsatility starts earlier in the life span (along with the progression 
of vascular aging and development of hypertension) remains inconclusive. Therefore, future 
studies extending the study population from elderly life to midlife, and even to younger adults, 
are warranted to explore the associations between vascular aging and cognition across the life 
span, and to provide opportunities and targets for effective intervention.
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