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                        ORIGINAL ARTICLE    

 Comparison of vascular stiffness in vascular dementia, Alzheimer
dementia and cognitive impairment      

    SIMON W.     RABKIN    &        GEOFF     JARVIE    

  Department of Medicine, University of British Columbia, Vancouver, B.C., Canada                              

 Abstract 
 Defi ning the vascular component(s) of the clinical diagnosis of vascular cognitive impairment (VCI) and vascular dementia 
(VaD) continues to be problematic. The goal of this study was to determine whether vascular stiffness, measured by pulse 
wave velocity (PWV), is altered in VaD, to study the utility of PWV in differentiating VaD from Alzheimer dementia (AD) 
and the relationship between PWV and cognitive function. A qualitative and quantitative structured analysis of the literature 
was conducted until September 2010, using a search strategy based on the key words: dementia, vascular dementia, demen-
tia of vascular origin, cognitive function and arterial stiffness or pulse wave velocity. Seventeen studies assessed large vessel 
vascular stiff by PWV and related it to cognitive function or dementia. Six of these studies compared PWV in 154 persons 
with VaD, 207 with AD and 197 controls without dementia. Mean PWV was signifi cantly ( p   �  0.0001) higher in VaD 
compared with controls. Mean PWV was signifi cantly ( p   �  0.002) higher in VaD compared with AD. Fourteen studies 
examined the relationship between PWV and cognitive function. The majority of studies (nine of 14) reported a signifi cant 
correlation between PWV and cognitive function. Four of eight studies that evaluated the relation using univariate analysis 
reported a signifi cant correlation of PWV with the Mini Mental State Exam (MMSE) or Hasegawa Dementia Scale, and 
the correlation with MMSE between studies showed a close agreement of correlation coeffi cients (0.206 to 0.27). In mul-
tivariate analysis, adjusted for a wide range of possible confounding factors, the majority or 80% (eight out of 10) studies 
comprising a population of 6,034 individuals found a signifi cant inverse relationship between PWV and cognitive function. 
In summary, vascular stiffness is inversely related to cognitive function. Vascular stiffness is greater in VaD compared with 
AD, suggesting PWV may be useful in identifying VaD.  

  Key Words:   Alzheimer ’ s disease  ,   pulse wave velocity  ,   vascular cognitive impairment  ,   vascular dementia  ,   vascular stiffness   

  Introduction 

 Vascular cognitive impairment (VCI) encompasses a 
spectrum from mild impairment in mental executive 
function to severe reductions in memory and execu-
tive functions or vascular dementia (VaD). VCI is 
unifi ed by a conceptual framework of disorders of 
vascular function altering cerebral blood perfusion 
to areas of the brain involved in cognitive function 
(1 – 4). VaD is the second most common kind of 
dementia after Alzheimer ’ s disease (AD) and in some 
age groups maybe the most common kind of demen-
tia (3,5). The clinical diagnosis of VCI has been 
plagued with problems in its diagnostic criteria (6 – 8) 
that have lead some investigators to conclude that 
its defi nition is  “ a work in progress ” (2). VCI is a 
composite of impairment in cognitive and executive 

function with concomitant cerebrovascular disease of 
a severity and location that can be causally linked to 
the impairment in cognitive function. Multiple tests 
of cognitive and executive function permit the clini-
cian to detect impairment in function in these spheres 
(7). Tests for vascular disease, however, are more 
problematic. Brain imaging studies provide evidence 
of structural alterations in the brain but do not con-
fi rm the presence of arterial disease. The quandary 
with using risk factors for vascular disease as sup-
porting evidence for VCI diagnosis is exemplifi ed by 
hypertension. While hypertension is a risk factor for 
cerebral vascular disease, the high prevalence of 
hypertension in older individuals (9,10) limits its 
specifi city as a diagnostic criterion for VCI, which 
also becomes manifested in older age groups. There 
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is a need for a more precise measurement of the 
presence of vascular disease. 

 Recent attention has focused on the measure-
ment of vascular stiffness, recognized by a faster 
speed of conduction of the pulse throughout the 
arterial tree, as an indicator of the status of the 
vasculature (11,12) because it is associated with 
premature cardiovascular disease (12,13). Increased 
pulse pressure, a manifestation of the increased 
arterial stiffness, is more directly applied to the brain 
and kidney than other organs because other tissues 
are protected by more ready vasoconstriction (14). 
Increased arterial stiffness is purportedly more closely 
linked to pathological changes in the cerebral 
vasculature than other vasculatures (15). Yet vascular 
stiffness was not considered amongst the potential 
adjunctive diagnostic factors in an intensive review 
of the diagnostic criteria for VCI and VaD (2). The 
principal goal of this study is to conduct a qualitative 
and quantitative structured analysis of the data to 
determine whether vascular stiffness is altered in 
VaD, to determine its utility in differentiating VaD 
from AD and to examine the relationship between 
vascular stiffness and cognitive function.   

 Methods  

 Study identifi cation 

 A MEDLINE/Pubmed/Embase search was conducted 
covering the period until August 2010, using a search 
strategy based on the key words:  dementia ,  vascular 
dementia ,  dementia of vascular origin ,  cognitive function 
and arterial stiffness , or  pulse wave velocity , as either 
text words or Subject heading terms. Only English 
language studies were evaluated. All articles were 
reviewed and the reference lists were searched for 
additional papers on the subject. 

 The strategy was to be inclusive of all possible 
studies and no papers were excluded based on 
the nature of the scientifi c journal in which they were 
published or the nature of the study. For comparison 
of arterial stiffness in patients with VaD or AD, the 
only preset exclusion criteria were studies that did 
not identify individuals with dementia as having 
AD or VaD. Six studies were identifi ed that com-
pared vascular stiffness in persons with VaD, AD or 
controls  –  without dementia. Two studies were excluded 
from comparative analysis  –  one study in which the 
entry criteria specifi cally excluded individuals with 
VaD (16) and another which did not evaluate vascular 
stiffness separately according to the type of dementia 
(i.e. VaD vs AD) (17). All studies were included 
regardless of the criteria that were used for the diag-
nosis of dementia, VaD or Alzheimer dementia. 
All studies were included regardless of the methodo-
logy used to measure cognitive function. Pulse wave 
velocity (PWV) was the index of vascular stiffness 
reported in all studies, so that PWV was considered 

the measurement of vascular stiffness, regardless of 
the instrumentation used to measure it. All vascular 
segments were considered, which include carotid 
to femoral (cfPWV), heart to brachial (hbPWV) or 
brachial to ankle/tibial artery (baPWV). If studies 
reported more than one vascular segment, then only 
cfPWV data were used. 

 Studies were reviewed and data extracted on the 
details of the diagnostic criteria for VaD and AD, 
specifi cally which clinical, brain imaging (computeri-
zed tomography, CT, or magnetic resonance imaging, 
MRI) or tests of cognitive function were used. The 
subject characteristics were also extracted, specifi -
cally individual ’ s age, sex the presence of risk factors 
for cardiovascular disease (hypertension, diabetes 
mellitus, dyslipidemia and cigarette consumption), 
the use of antihypertensive drugs and their type were 
also collected.   

 Data analysis 

 The data are presented as the mean  �  SD. Data 
analysis used STATA version 10 with online updates, 
using Metan. Tests of signifi cance compared the 
mean difference between groups ( Z  statistic).    

 Results 

 Six studies compared vascular stiffness in persons 
with VaD and performed comparisons with controls 
without dementia or persons with AD (18 – 23) 
(Table I). Diagnostic criteria for VaD varied widely 
between studies using different diagnostic criteria 
and in some studies MRI. Three studies used inter-
national standards such as the  Diagnostic and Statisti-
cal Manual of Mental Disorders  (DSM) for VaD and 
AD (20,21,22), one study used primarily the Hash-
inski Score plus MRI (stroke or multiple lacuna 
infarcts) (18), one study relied mainly on MRI (deep 
white matter lesions or periventricular hyperintensi-
ties) (23) and one study did not report its diagnostic 
criteria (19). A total of 561 persons were in the 
analysis, which included 154 with VaD, 209 with AD 
and 198 controls (Table II). The populations were 
mainly in the 70 – 80-year age group. The proportion 
of women predominated in most but not all studies. 
The proportion of persons with hypertension varied 
from 36% to 76%. While antihypertensive drug 
usage was high, there was not enough information 
reported to analyze the data according to the type 
of antihypertensive drug. Most studies had the 
expected larger proportion of AD than VaD subjects, 
with one notable exception that had almost twice as 
many VaD than AD persons (20). In that study, the 
investigators allocated persons with criteria for both 
conditions into the VaD group (20). 

 PWV was reported in all studies and was the 
index of arterial stiffness used for meta-analysis. 
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PWV, however, was either brachial – ankle or carotid –
 femoral segments (Table III). The data was consis-
tently presented as the mean and SD for each group, 
which provided the basis for the meta-analysis (24). 
Five studies directly compared VaD and controls, 
and four out of fi ve studies reported a higher PWV 

in VaD than controls, of which three studies showed 
a statistically signifi cantly greater PWV (Figure 1a). 
The mean PWV was higher in all persons with VaD 
compared with all those in the control group 
(1809  �  414 vs 1487  �  418 cm/s) (Figure 1a, inset). 
Comparison of the difference in PWV showed a 

  Table Ia. The diagnostic criteria for vascular dementia (VaD) in studies comparing pulse wave velocity in VaD, Alzheimer ’ s disease and 
controls.  

Komai 
et al., 

2002 (18)

Mizushima 
et al., 

2003 (19)

Scuteri 
et al., 

2005 (20)

Hanon 
et al., 

2005 (21)

Ohmine 
et al., 

2008 (23)

Dhoat 
et al., 

2008 (22)

No criteria  � 
Cognitive impaired  � MMSE  �  23  � MMSE, ADLs  � MMSE, CEP, 

ADLs
? MMSE  �  24  � 

Stroke  �  �  � 
Hashinski score ( � 7)  �  � 
Multiple lacunae  � MRI  �  � CT or 

MRI
WML on MRI or CT  �  � periventricular 

hyperintensities
NINDS-AIRENS or-ADRDA  �  � 

   WML, white matter hyperintensity lesions; MRI, magnetic resonance imaging; CT, computerized tomography;  � , excluded;  � , included; 
?, unknown; CEP, cognitive effi ciency profi le.   

  Table Ib. The diagnostic criteria for Alzheimer ’ s disease (AD) in studies comparing pulse wave velocity in vascular dementia, AD and 
controls.  

Komai 
et al., 2002 (18)

Mizushima 
et al., 2003 (19)

Scuteri 
et al., 2005 (20)

Hanon 
et al., 2005 (21)

Ohmine 
et al., 2008 (23)

Dhoat 
et al., 2008 (22)

No criteria  � 
Cognitive impaired  � MMSE  �  23  �  � MMSE, CEP  � 
Stroke �

Hashinski score ( � 4)  �  � 
Brain Atrophy on MRI  �  �  � CT or MRI
DSM or NINDS-AIRENS 

or-ADRDA
 �  �  � 

   MRI, magnetic resonance imaging;  � , excluded;  � , included; CEP, cognitive effi ciency profi le.   

  Table II. Characteristics of the subjects in studies comparing pulse wave velocity in persons with vascular dementia (VaD), Alzheimer ’ s 
disease (AD) and controls.  

Komai et al., 
2002 (18)

Mizushima et al., 
2003 (19)

Scuteri et al., 
2005 (20)

Hanon et al., 
2005 (21)

Ohmine et al., 
2008 (23)

Dhoat et al., 
2008 (22)

Age 84 years 73 years 79 years 79 years 70 years 78 years
Men 75% ? 36% 36 37% 47%
HTN ? 44% 66% 76 55% 36%
DM ? ? 25% ? 6.8% ?
Cigarettes ? ? 8% ? 28% ?
AntiHTN meds ? ? 65% 70% 76% ?
Nitrates ? ? 26.2% ? ?
Diuretics ? ? ? 38% ? 9% all patients
Beta-blockers ? ? ? 26% ? 13%
CCB 55% all pt ? ? 30% ? 9%
ACE/ARB ? ? ? 51% ? 4%
Other ? ? ? 10% ?
VaD  n   �  24  n   �  16  n   �  41  n   �  19  n   �  41  n   �  13
AD  n   �  25  n   �  18  n   �  24  n   �  126  n   �  0  n   �  16
Control (neither)  n   �  0  n   �  44  n   �  19  n   �  80  n   �  39(39)  n   �  16

   HTN, hypertension; DM, diabetes mellitus; ACEi, ACE inhibitors; ARB, angiotensin receptor antagonists; CCB, calcium chanel antagonists; 
?, unknown.   
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signifi cant ( p   �  0.0001) difference between VaD and 
controls (Figure 1b). 

 PWV was higher in VaD compared with AD in 
four studies, of which two reported a statistically sig-
nifi cant difference (Figure 2a). In contrast, one study 
reported a signifi cantly lower PWV in VaD than AD 
(20). The mean PWV was higher in all persons with 
VaD compared with all those with AD (1862  �  414 
vs 1430  �  310 cm/s) (Figure 2a, inset). Meta-anal-
ysis showed that there was a signifi cant ( p   �  0.002) 
difference in PWV in VaD compared with AD. 

 No study examined data on a potential gradient 
of risk, i.e. a correlation between PWV and cognitive 
impairment, in VaD. We next sought to analyze the 
relationship between PWV and cognitive function in 
all studies reporting such an association, regardless 
of the aetiology of any impairment in cognitive 
function, recognizing that a proportion of individu-
als will have VCI. Eight studies were identifi ed that 
reported such data in univariate or almost univariate 
analysis (Table III). Three of them were considered 
above (18,20,21) and fi ve additional studies were 
identifi ed (16,25 – 28). The correlation between PWV 
and cognitive function assessed by the Mini Mental 
State Exam (MMSE) showed remarkably similar 
correlation coeffi cients in three studies with  r  values 
between 0.213 and 0.27, despite differences in 
sample size (20,21,26). The correlation coeffi cient 
was larger in one study if persons with white matter 
hyperintensity lesions (WML) on brain imaging 
were included in the analysis (16), suggesting that 
VCI is more closely linked to PWV than with other 
types of cognitive impairment. One study did 
not fi nd a signifi cant association between PWV and 
MMSE, perhaps because all the participants already 
had dementia (18). Two studies did not examine the 
continuous relationship between PWV and cognitive 
function, but compared PWV in persons with 
impaired MMSE ( � 24) to persons with higher 
MMSE (24 or higher) and found no difference in 
mean PWV (27,28). In one study, a subset of per-
sons over 60 years of age with the metabolic syn-
drome showed a signifi cant inverse correlation 
between PWV and MMSE (27). In another study, 
although there was no signifi cant difference in 
MMSE in different tertiles of PWV, in one of these 
studies, its noteworthy that the highest tertile of 
PWV had an odds ratio of 1.6 times the lowest ter-
tile for impaired cognitive function (28). 

 Five additional studies were identifi ed that used 
multivariate analysis to adjust for the role of age and 
other factors in that infl uence cognition (28 – 32). 
Two of the studies that used univariate analysis did 
not use multivariate analysis (18,26). The majority 
of studies showed a statistically signifi cant associa-
tion between PWV and cognitive function, even after 
adjusting for age, sex, mean blood pressure, educa-
tional level, body mass index, lipids and cardiovas-
cular medications (Table IV). The testing for cognitive   T
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b

    Figure 1.     Pulse wave velocity (PWV) in persons with vascular dementia (VaD) compared with individuals without dementia (Control). 
(a) The PWV, mean  �  SD for persons with vascular dementia and those without dementia is shown for all studies that compared the two. 
The signifi cance level in each study is also provided. The inset shows the pooled mean  �  SD and total number of persons with vascular 
dementia and those without dementia. (b) Comparison of the differences in PWV for all studies that compared vascular dementia and 
those without dementia. The data is shown as the mean difference and the 95% confi dence interval (CI). The weighting that each study 
contributed to the overall mean is indicated as well as the overall mean (CI) and statistical testing.  

function was more extensive in some of these studies 
than the MMSE and included other tests of cognitive 
and executive function  –  Stroop, Weschler Adult 
Intelligence Scale, Blessed Memory IMC, Verbal fl u-
ency, Grober – Buske and Benton Visual Retention 
tests (25,29 – 32). One study that found no relation-
ship in univariate analysis, as expected, also found 
no relationship in multivariate analysis perhaps 
because PWV was analyzed according to tertiles of 
PWV (28). One of the studies presented the data 
only for men, as they did not fi nd an association 

between cognitive function and vascular factors in 
women (32). Taken together, in multivariate analysis, 
adjusted for a wide range of possible confounding 
factors, the majority or 80% (eight out of 10) studies 
comprising a population of 6,034 individuals found 
a signifi cant inverse relationship between PWV and 
cognitive function. There is additional supportive 
data. In a cross-sectional association study in 203 
subjects (87 men, 116 women), all of whom were 85 
years old, PWV was signifi cantly increased in the 
impaired MMSE group compared with the normal 
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    Figure 2.   Pulse wave velocity (PWV) in persons with vascular dementia compared with individuals with Alzheimer dementia (AD). 
(a) The PWV, mean  �  SD, for persons with vascular dementia (VaD) and those with Alzheimer dementia (AD) is shown for all studies 
that compared the two. The signifi cance level in each study is also provided. ns, not signifi cant. ND indicated that the  p -value was not 
reported. The inset shows the pooled mean  �  SD and total number of persons with VaD and AD. (b) Comparison of the differences in 
PWV for all studies that compared VaD and those with AD. The data is shown as the mean difference and the 95% confi dence interval 
(CI). The weighting that each study contributed to the overall mean is indicated as well as the overall mean (CI) and statistical testing.

MMSE group and the association remained evident 
after multivariate analysis considering hypertension, 
diabetes mellitus and hypercholesterolemia (33).   

 Discussion 

 This meta-analysis showed a statistically signifi cantly 
greater PWV in persons with VaD compared with 

persons without dementia as well as a statistically 
greater PWV in persons with VaD compared with 
persons with AD. The present analysis is the fi rst 
meta-analysis on this subject and encompasses 561 
persons of whom 154 had VaD, 209 had AD and 
198 were controls without dementia. A salient fea-
ture of the literature was the existence of only a few 
studies that have examined the relationship between 
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 VaD is one extreme of the spectrum of cognitive 
impairment on a vascular basis (VCI) (1,2,37). It was 
not possible to examine PWV across the spectrum of 
VCI because there were no studies that examined the 
relationship between PWV and cognitive function 
only in VCI. It is noteworthy, however, that the cor-
relation between PWV and cognitive impairment was 
higher when persons with brain imaging evidence for 
VCI, namely WML, were included in the analysis 
compared with when they were excluded from anal-
ysis (16), suggesting that VCI is more closely linked 
to PWV than other types of cognitive impairment. 
Additional support for a link between PWV and VaD 
is the neuroimaging data, showing a correlation 
between greater arterial stiffness and more extensive 
the evidence of  WML on MRI evaluated by a grading 
system or the Fazekas score (32). 

 The majority of studies report a statistically 
signifi cant correlation between PWV and MMSE 
with similar correlation coeffi cients from 0.206 to 
0.256 (20,21,26,33). There were several large studies 
that did not report an association between cognitive 

  Table IV. Multivariate analysis of the correlation of pulse wave velocity (PWV) and cognitive function after adjusting for other factors.  

 n Cognitive status
Age 
years

Cognitive 
tests Correlation Covariates

Nagai et al., 
2004 (16)

27 Cognitive impaired 76 HDS-R  β  �  0.54  ∗   ( all) Age, sex, mean BP, CVmeds

18  β   �  0.7 ∗  (no CV 
disease)

Age, sex, mean BP

Scuteri et al., 
2005 (20)

84 With and without 
cognitive impairment

77 MMSE  β   �   � 0.28 ∗∗   Age, sex, education, DM, 
LDL, HDL, CVD, BPmeds

Hanon et al., 
2005 (21)

308 74% cognitive 
impairment

78 MMSE  β   �   � 0.091∗∗∗  Age, sex, SBP, CVD, BPmeds

CEP  β   �   � 0.029 ∗∗∗   
Poels et al., 

2007 (29)
3,714 Population cohort 72 MMSE  β   �   � 0.08∗  age, sex and education

Stroop Test  β   �   � 1.18 ∗ Age, sex, education, BP, HR, 
SM, DM, BMI, TChol, 
HDL

Muller et al., 
2007 (25)

396 Community 60 MMSE  β   �   � 0.04ns 
(memory)

Age, education

Wechsler  β   �   � 0.08ns 
(processing)

Waldstein et al., 
2008 (31)

582 Community 54 Blessed  β   �   � 0.024∗  Age, sex, education, SM, BP, 
CVD, CVmeds

Benton Visual  β   �   � 0.079∗  
Elias et al., 

2009 (30)
429 Community 61 Weschler, Maine  β   �   � 0.047∗∗  Age

Kearney-Schwartz 
et al., 2009 (32)

198 Community 69 MMSE, Benton, 
Grober-Buske, 
Verbal Fluency

Men, O r   �  1.22 ∗ Age, BP, DM, SM, BMI, 
LDL, TRIG, FBS

Triantafyllidi 
et al., 2009 (38)

110 Outpatient clinic 54 Folstein ’ s MMSE  β   �   � 0.36 ∗ Age, BMI, SBP, DBP, PP, sex, 
SM, Chol, TRIG, MAU

Sugawara 
et al., 2010 (28)

388 Community 68 MMSE O r   �  1.5 ns Age, sex, education, SM, 
alcohol intake, BMI, LDL, 
TRIG, HgbA1c

   BP, blood pressure; SBP, systolic BP; DBP, diastolic BP; SM, cigarette smoking; DM, diabetes mellitus; BMI, body mass index; Chol, 
cholesterol; MAU, microalbuminuria; LDL, low-density lipoprotein-cholesterol, TRIG, triglycerides, HDL, high-density lipoprotein-
cholesterol; CV, cardiovascular; CVD, cardiovascular disease; Meds, medications; CEP, cognitive effi ciency profi le; OR, odds ratio. 
 ∗  p   �  0.05;  ∗∗    p   �  0.01.   

PWV and VaD, and the small sample size of most of 
these studies. The advantage of meta-analysis is the 
strength in combining studies with small sample sizes 
to reach conclusions that might not be otherwise evi-
dent (24). Our meta-analysis demonstrated an over-
all effect that was not uniformly evident in each study 
but was evident in several studies within each diag-
nostic category. The higher PWV in VaD validates the 
 “ vascular component ”  of VaD. 

 Qualitative analysis of the studies showed that 
the defi nitions of VaD varied widely. This fi nding 
refl ects between study lack of uniformity in diagnos-
tic criteria (for VaD) as well as the diffi culties in arriv-
ing at universally accepted diagnostic criteria for this 
condition (2,34,35). The studies also did not further 
subgroup the diagnostic criteria to identify the dis-
tribution of the different types of diseases (e.g. large 
vessel or small vessel disease) that was responsible 
for VaD (36). The disparate nature of the diagnostic 
criteria between studies should not be grounds for 
discounting their reliability but rather is refl ective of 
the state of the art in defi ning VaD (2). 
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function and PWV but these studies dichotomized 
MMSE to values below 24 and 24 or higher, and 
compared the mean PWV (27,28). This kind of anal-
ysis stands in contrast to studies that examined the 
relationship across the range of MMSE, which 
showed signifi cant correlations (38). The more com-
pelling case for a relationship between PWV and 
cognitive function comes from studies using multi-
variate analysis. A signifi cant relationship between 
PWV and cognitive function was evident in multi-
variate analysis, in the majority of studies that 
adjusted for a range of other factors including age, 
sex, education and risk factors for atherosclerotic 
vascular disease such as diabetes mellitus, hyperten-
sion, lipids and cigarette smoking. Because PWV is 
higher in VaD than AD, we speculate that a meaning-
ful part of the relationship between PWV and cogni-
tive function is related to the presence of VCI. 

 We found a statistically signifi cantly higher PWV 
in persons with VaD compared with persons with 
AD. A greater PWV in VaD was noted in all but one 
study, which reported the reverse (20). There are two 
factors that were unique in that study. First the num-
ber of persons with VaD was unusually high  –  almost 
twice the number with AD (20) compared with all 
the other studies. The investigators classifi ed persons 
with features of AD plus VaD into the VaD group 
likely producing a group that primary had AD rather 
than VaD (20). Second there was a high proportion 
of their study population on nitrate therapy (20). 
These factors may account for the differences 
between that study and the others, and may account 
for the signifi cant heterogeneity between studies. 
Other kinds of analysis strengthen the contention 
that PWV is higher in VaD than AD. Categorizing 
patients into those with higher or lower PWV showed 
a preponderance of VaD in those with high PWV and 
a higher proportion of persons with AD in the group 
with lower PWV (18). After adjusting for age, gender, 
systolic blood pressure, education level, use of 
antihypertensive medications and the presence of 
cardiovascular disease, each 2-m/s increment in PWV 
(cfPWV) was associated with an odds ratio of VaD 
of 3.5 compared with only 1.7 for AD (21). Thus the 
present meta-analysis in conjunction with other 
analysis (18,21) suggests that PWV may be useful in 
differentiating VaD from AD and perhaps useful in 
the diagnosis of VCI and VaD compared with AD. 

 Several underlying phenomena may explain the 
relationship between PWV and reduced cognitive 
function leading to VaD. PWV as an index of arterial 
stiffness is also an indicator of the status of the vas-
culature and thereby is a refl ection of the status of 
the cerebral vasculature. Atherosclerosis in the cere-
bral arteries will eventually compromise cerebral per-
fusion leading to VaD (39). The link between high 
PWV and cognitive impairment may explain the link 
between left ventricular hypertrophy (LVH) and cog-
nitive impairment because high PWV may induce 

greater LVH (40). Cardiovascular risk factors may be 
responsible for arterial stiffness and a decline in cog-
nitive function through different mechanisms. How-
ever, the more intriguing possibility is that stiff 
arteries are the cause of cerebral vascular small vessel 
disease leading to cognitive decline. Because the 
brain is not shielded from the pulsatile nature of 
blood fl ow, increases in pulsation associated with 
arterial stiffness may directly damage intracerebral 
large and small vessels as well as adversely affecting 
the integrity of the blood-brain barrier (14,15,41). 

 Distinguishing VaD from AD on the basis of vas-
cular factors alone has limitations. Some patients 
with VaD and AD have overlapping features such that 
they cannot be easily separated into only one of the 
two categories. In addition, vascular factors have 
been implicated in the production of AD as well as 
VaD (42), to blur the understanding of pathophysio-
logical mechanisms that should produce two discrete 
diseases. To the extent that vascular factors are oper-
ative in both AD and VaD, this meta-analysis suggests 
that VaD is more likely associated with large vessel 
disease that can be detected by PWV. 

 The criteria for  “ proof ”  that a cardiovascular risk 
factor is causally related to a cardiovascular disease 
are stringent (43). PWV satisfi es some but not all of 
these criteria. First, PWV is increased in patients with 
the most severe form of cognitive impairment  –  VaD. 
Second, there is a gradient of risk with increasing 
PWV being associated with lesser cognitive function 
(20,21,26). Third, multivariate analysis demon-
strated that the association of PWV and cognitive 
impairment is independent of factors that affect 
cognitive function such as age and education 
(20,25,29,31). Furthermore, the association of PWV 
and cognitive impairment is independent of other 
factors that may affect PWV such as blood pressure, 
cigarette smoking and lipids (16,20,21,29,31). 
Fourth, PWV predicts the development of impaired 
cognitive function or future cognitive decline (31,44). 
Fifth, experimental evidence provides a biological 
mechanism for a causal role for PWV in the produc-
tion of cerebral arterial disease (14,15,41). Crucial 
pieces of evidence are still missing specifi cally relat-
ing PWV to cognitive function only in persons with 
VCI and data that reduction of vascular stiffness can 
improve cognitive function or prevent its decline. 

 Limitations of this meta-analysis largely revolve 
around the underlying nature of the studies in the 
fi eld specifi cally differences in diagnostic criteria for 
VaD and AD, subject characteristics and sample size. 
It might have been preferable to relate the data to 
cognitive decline from a vascular or non-vascular 
cause but such data are not consistently available. 
The certainty to which subjects were correctly clas-
sifi ed as VaD or AD is unknown and one can only 
speculate on the extent to which it might have infl u-
enced the results. Studies of VaD are inherently dif-
fi cult. Some investigators believe that the link between 
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the vasculature and dementia is  “ an uncertain pre-
sumption in some patients ”  (4). Whether a lacunar 
infarct (stroke) is or is not responsible for symptoms 
or cognitive impairment in a given person can be 
debated. Despite these caveats, the higher PWV in 
VaD validates the concept of the  “ vascular compo-
nent ”  of VaD. The number of studies available to 
examine the question concerning the value of PWV 
as a technique to asses VCI is small and the sample 
size of most of these was also small. However, the 
meta-analysis was able to include almost 560 per-
sons. Another issue is that we included all studies, 
which meant combining studies using PWV in dif-
ferent arterial segments, which may affect the results. 
The alternative of excluding studies would have lead 
to bias in the selection studies for inclusion. The 
studies, in this meta-analysis, were done during a 
period when there was no standardized or recom-
mended arterial segment to assess vascular stiffness. 
Subsequently, European guidelines suggest that 
carotid – femoral PWV should be considered the stan-
dard measurement of arterial stiffness (12). The 
majority of studies evaluated herein used carotid –
 femoral PWV. While we assessed only PWV because 
it was the only index of arterial stiffness measured in 
all studies that investigated VaD, augmentation index 
also correlates strongly with VaD even after multi-
variate analysis considering blood pressure, cigarette 
consumption, heart rate and body mass index (23). 

 Our conclusion that PWV is higher in VaD 
compared with AD suggests the potential value for 
PWV as an additional diagnostic criterion for VaD. 
This subject requires further research in the con-
struction of a diagnostic algorithm for VCI that is 
inclusive of PWV. The signifi cant correlation between 
PWV and detailed assessment of cognitive impair-
ment suggests that PWV should be evaluated as a 
target for intervention to prevent cognitive decline. 

       Declaration of interest: The authors report no 
confl icts of interest. The authors alone are respon-
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