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Silent brain infarcts (SBI) and white matter hyperintensities 
(WMHs) on magnetic resonance imaging (MRI) are fre-

quently observed in older adults without apparent neurolog-
ical symptoms.1 SBI and WMH are associated with cognitive 
decline,1 dementia,2 and depression.3 Moreover, both SBI and 
WMH are associated with increased risk of stroke.1 Because 
of the significance of stroke as a leading cause of disability 
and the second-leading cause of death worldwide,4 identifying 
individuals at increased risk of subclinical cerebrovascular di-
sease may allow for earlier and more-effective stroke preven-
tion strategies.

Hypertension is associated with a variety of cardiovas-
cular diseases, including stroke, coronary artery disease, pe-
ripheral vascular disease, and heart failure.5 Elevated blood 
pressure (BP) levels are one of the most consistently identi-
fied risk factors for SBI and WMH.1,6,7 BP values obtained at 
the level of the proximal segment of the aorta (central BP) 
are more relevant than brachial BP for the pathogenesis of 

cardiovascular disease.8–11 Moreover, the normal relationship 
between central BP and brachial BP is modified in older com-
pared with younger adults because of the increasing arterial 
stiffness associated with aging.8,9 Central BP can be easily and 
noninvasively derived from the arterial waveform obtained at 
the radial artery by applanation tonometry.10 Previous studies 
demonstrated that central BP had a stronger association with 
cardiovascular events, including stroke, than brachial BP in 
community-based cohorts.12–14 The association between cen-
tral BP and silent cerebrovascular disease has not been clearly 
established, nor has a comparison between central BP and 
brachial BP been performed. The few studies on the topic 
have shown conflicting results and have been limited by small 
sample sizes15–18 and relatively young age of participants.15,16,19 
Accordingly, the aim of the present study was to investigate 
the associations of central and brachial BP with subclinical 
cerebrovascular disease in a predominantly older population-
based cohort without history of stroke.
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Abstract—Elevated blood pressure (BP) level is one of the most consistently identified risk factors for silent brain disease. BP 
values obtained at the proximal segment of the aorta (central BP) are more directly involved than brachial BP in the pathogenesis 
of cardiovascular disease. However, the association between central BP and silent cerebrovascular disease has not been clearly 
established. Participants in the CABL (Cardiovascular Abnormalities and Brain Lesions) study (n=993; mean age, 71.7±9.3 
years; 37.9% men) underwent 2-dimensional echocardiography, arterial wave reflection analysis for determination of central 
BPs, and brain magnetic resonance imaging. Central BPs were calculated from the radial pulse waveform. Subclinical silent 
cerebrovascular disease was defined as silent brain infarction and white matter hyperintensity volume. Both brachial (P=0.014) 
and central pulse pressure (P=0.026) were independently associated with silent brain infarctions after adjustment for clinical 
variables, but not adjusting for each other. None of the brachial BP values was associated with upper quartile of white matter 
hyperintensity volume in multivariable analysis. Both central systolic BP (P<0.001) and central pulse pressure (P<0.001) 
were significantly associated with upper quartile of white matter hyperintensity volume in multivariable analysis, even after 
adjustment for brachial BP. In a predominantly older population-based cohort, both brachial and central pulse pressure were 
independently associated with silent brain infarction. However, higher central systolic BP and central pulse pressure, but not 
brachial BP, were significantly associated with white matter hyperintensity volume.  (Hypertension. 2020;75:580-587. DOI: 
10.1161/HYPERTENSIONAHA.119.13478.) • Online Data Supplement
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Methods
The data that support the findings of this study are available from the 
corresponding author on reasonable request.

Study Population
The study population was drawn from the CABL (Cardiovascular 
Abnormalities and Brain Lesions) study, which was designed to in-
vestigate the cardiovascular predictors of subclinical cerebrovascular 
disease in a community-based cohort. CABL based its recruitment on 
the NOMAS (Northern Manhattan Study), an observational, prospec-
tive, population-based cohort of stroke-free participants who enrolled 
from the Northern Manhattan neighborhood between 1993 and 2001. 
The details about the study design and recruitment of NOMAS have 
been described previously.20 Between 2003 and 2008, all NOMAS 
participants remaining stroke-free were invited to participate in an 
MRI substudy. Subjects were eligible if older than 55 years and 
without contraindications to MRI. From September 2005, NOMAS 
MRI participants who voluntarily agreed to undergo a more extensive 
cardiovascular evaluation including echocardiographic parameters 
and central BPs were included in the CABL study. Thus, of the total 
of 1004 participants included in CABL, 993 who successfully under-
went 2-dimensional echocardiography and applanation tonometry of 
the radial artery constituted the population of present study. Written 
informed consent was obtained from all study participants. The 
study was approved by the Institutional Review Boards of Columbia 
University Medical Center and the University of Miami.

Risk Factor Assessment and Brachial BP 
Measurement
Cardiovascular risk factors were ascertained through direct examina-
tion and interviews conducted by trained research assistants. Among 
the variables used in the analysis, hypertension was defined as brachial 
systolic BP (SBP) ≥140 mm Hg or diastolic BP (DBP) ≥90 mm Hg, or 
antihypertensive medication use. Hypercholesterolemia was defined 
as total serum cholesterol >240 mg/dL, or the use of lipid-lowering 
medications. Diabetes mellitus was defined by current use of insulin 
or hypoglycemic agents, or a fasting glucose of ≥126 mg/dL, tested 
on ≥2 occasions. Atrial fibrillation was defined from an ECG per-
formed at the time of echocardiography or from self-reported history. 
Body mass index was calculated using height and weight (kilogram 
per square meter). Coronary artery disease was defined as a history of 
myocardial infarction, coronary artery bypass grafting, percutaneous 
coronary intervention, typical angina, or use of anti-ischemic medica-
tions. Both brachial SBP and DBP were measured on the nondominant 
arm in a sitting position after 5 minutes of rest, using a mercury sphyg-
momanometer and with arm cuff of appropriate size. Brachial BPs 
were recorded twice with a 5-minute interval at the time of brain MRI, 
and the average of the 2 recordings was used. Brachial pulse pressure 
(PP) was defined as the difference between SBP and DBP.

Central BP Measurement
For determination of central BPs, pulse wave analysis of the radial 
artery by applanation tonometry was performed using a commercially 
available device (SphygmoCor, Pulse Wave Analysis System, AtCor 
Medical, Sydney, Australia). A detailed description of the technique 
and reproducibility data have been previously published.21 Central 
SBP, DBP, and PP were calculated from the radial pulse wave by a 
validated generalized transfer function.22

Two-Dimensional Echocardiographic Examination
Transthoracic echocardiographic evaluation was performed 
according to a standardized protocol.23 Detailed information about 
methods for the echocardiography was shown in the online-only 
Data Supplement.

Image Acquisition and Interpretation of Brain MRI
A detailed description of the assessment of subclinical cerebrovas-
cular lesions has been previously published.24,25 Briefly, imaging was 

performed on a 1.5-T MRI system (Philips Medical Systems, Andover, 
MA) at Columbia University Medical Center. SBIs were defined as 
either a cavitation on the fluid-attenuated inversion recovery sequence 
of at least 3 mm in size, distinct from a vessel (owing to the lack of 
signal void on T2 sequence), and of equal intensity to cerebrospinal 
fluid in the case of lacunar infarction, or as a wedge-shaped cortical 
or cerebellar area of encephalomalacia with surrounding gliosis con-
sistent with infarction attributable to distal arterial branch occlusion. 
Interobserver agreement with regard to the detection of SBI was 
93.3%.25 WMH volume (WMHV) was determined in fluid attenuated 
inversion recovery images using the Quantum 6.2 package (Uetikon am 
See, Switzerland) on a Sun Microsystems Ultra 5 workstation. WMHV 
was expressed as the proportion of total cranial volume corrected for 
differences in head size. The upper quartile of WMHV (WMHV-Q4) 
was used as the dependent variable in the categorical analyses. All mea-
surements were analyzed blinded to participant clinical information.

Statistical Analysis
Continuous data are presented as mean±SD, and categorical variables 
are expressed as frequencies and percentages. Univariable and multivari-
able logistic regression analyses were used to evaluate the associations 
between both brachial and central BP measurements and subclinical ce-
rebrovascular disease. Independent predictors of SBI or upper quartile 
of WMHV were identified by entering all variables associated with a 
probability value 0.05 or less in the univariable analysis and the time 
interval between cardiovascular evaluation and MRI into a multivari-
able logistic regression analysis. Odds ratios and 95% CIs for signifi-
cant independent variables in the multivariable analysis were calculated. 
All calculations were performed using SAS version 9.3 (SAS Institute, 
Cary, NC), and P <0.05 were considered statistically significant.

Results

Study Population
Table 1 shows the baseline characteristics of the study cohort. 
The mean age of the study population was 71.7±9.3 years and 
37.9% of participants were men. Among 793 (79.9%) partici-
pants with hypertension at baseline, 723 (72.8%) reported use 
of antihypertensive drugs. Mean brachial BP was 135.9/78.2 
mm Hg. For central BP measurements, mean central SBP, 
DBP, and PP were 120.3, 71.7, and 48.6 mm Hg, respectively. 
SBI was present in 144 cases (14.5%). Mean WMHV was 
0.64±0.81% (median, 0.34%, interquartile range=0.52%).

Clinical Variables and Silent Cerebrovascular 
Disease
Clinical variables associated with SBI and upper quartile of 
WMHV using univariable logistic regression analysis are 
shown in Table 2. Older age (P<0.001), presence of hyper-
tension (P=0.002) and atrial fibrillation (P=0.001), lower 
left ventricular (LV) ejection fraction (P=0.021), higher 
LV mass index (P<0.001) and greater left atrial diameter 
index (P<0.001) were significantly associated with the pres-
ence of SBI. Male sex showed a marginal association with 
SBI (P=0.052). Older age (P<0.001), black race/ethnicity 
(P=0.002), presence of hypertension (P<0.001) and atrial 
fibrillation (P=0.005), lower body mass index (P=0.004), 
higher heart rate (P=0.013), greater LV mass index (P<0.001), 
and higher left atrial diameter index (P<0.001) were signifi-
cantly associated with the upper quartile of WMHV.

Brachial BP, Central BP, and SBI
Univariable and multivariable logistic regression were per-
formed to identify BP variables associated with SBI (Table 3). 
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Among brachial BP measurements, SBP and PP were associ-
ated with SBI (both P<0.01), whereas brachial DBP did not 
show a significant association with SBI in the univariable anal-
ysis. On the contrary, lower central DBP and higher central 

PP were directly associated with SBI in unadjusted models 
(both P<0.05). In the multivariable analysis with adjustment 
for age, sex, hypertension, atrial fibrillation, and time interval 
between tests, both brachial and central PP were independ-
ently associated with SBI (both P<0.05). Furthermore, an ad-
ditional model to assess whether central BPs are associated 
with SBI independently from brachial BPs was performed by 
entering both pressures in the same model (Table 4). No cen-
tral BP measurements show significant relationships with SBI 
after adjustment for brachial BP.

When hypertension was defined as brachial SBP ≥130 
mm Hg or DBP ≥80 mm Hg, or antihypertensive medication 
use in accordance with the most recent guidelines,26 these 
significant associations remained consistent (Table S1 in the 
online-only Data Supplement). However, these associations 
did not reach statistical significance after further adjustment 
for pertinent echocardiographic variables (Table S2).

Because 22 of 144 SBIs (15.3%) were cortical lesions, 
which may have nonmicrovascular origin and might have 
diluted the association between BP values and SBI, we per-
formed a sensitivity analysis excluding those cortical lesions; 
even in this analysis, central SBP (P=0.45), central PP 
(P=0.50), brachial SBP (P=0.35), and brachial PP (P=0.21) 
were not associated with SBI in multivariable models.

Brachial BP, Central BP, and Upper Quartile of 
WMHV
The association between BP variables and the upper quartile 
of WMHV is shown in Table 5. Although brachial SBP and PP 
were associated with WMHV-Q4 in univariable analysis (both 
P<0.001), no significant association persisted in multivariable 
analysis. Central SBP and central PP were significantly asso-
ciated with the upper quartile of WMHV in unadjusted models 
(both P<0.001). These associations persisted after adjustments 
for possible clinical confounders (P<0.001). Both central SBP 
and central PP were still associated with WMHV-Q4 after fur-
ther adjustment for brachial BP (Table 6).

Moreover, central SBP and PP remained independently 
associated with the presence of WMHV-Q4 even after apply-
ing the lower BP cutoffs (130/80 mm Hg) from the current hy-
pertension guidelines (Table S1), and after further adjustment 
for echocardiographic variables (Table S2).

Discussion
In our community-based population free of stroke, we dem-
onstrate that a significant relationship exists between central 
BP and silent cerebrovascular disease. Both brachial and cen-
tral BP measurements were associated with subclinical di-
sease in univariable analyses. Although brachial and central 
BP showed similar lack of a significant association with SBI 
in multivariable analyses, central BP, but not brachial BP, was 
independently associated with the presence of upper quartile 
of WMH after adjustment for possible confounders.

Central SBP and PP for the Prediction of 
Cardiovascular Disease
Central BP has been shown to have better predictive value for 
cardiovascular outcomes, including brain disease, than bra-
chial BP. As central BP provides an accurate representation 

Table 1. Baseline Characteristics of the Study Population

Characteristic n=993

Age, y 71.7±9.3

Male sex, n (%) 376 (37.9%)

Race

    White, n (%) 140 (14.1%)

    Black, n (% 157 (15.8%)

    Hispanic, n (%) 674 (67.9%)

    Others, n (%) 22 (2.2%)

Hypertension, n (%) 793 (79.9%)

Antihypertensive drug use, n (%) 723 (72.8%)

Hypercholesterolemia, n (%) 674 (67.9%)

Statin use, n (%) 500 (50.4%)

Diabetes mellitus, n (%) 294 (29.6%)

Smoking history, n (%) 524 (52.8%)

Atrial fibrillation, n (%) 62 (6.2%)

BMI, kg/m2 28.3±4.9

Underweight (BMI<18.5), n (%) 8 (0.8%)

Normal weight (18.5≤BMI<25), n (%) 249 (25.1%)

Overweight (BMI≥25), n (%) 736 (74.1%)

Coronary artery disease, n (%) 60 (6.0%)

Heart rate, bpm 67.9±11.1

Brachial BP variables

    Brachial SBP, mm Hg 135.9±17.5

    Brachial DBP, mm Hg 78.2±9.6

    Brachial PP, mm Hg 57.7±14.9

Central BP variables

    Central SBP, mm Hg 120.3±19.0

    Central DBP, mm Hg 71.7±10.3

    Central PP, mm Hg 48.6±15.7

Echocardiographic variables

    LV ejection fraction, % 63.7±7.1

    LV ejection fraction <50%, n (%) 41 (4.1%)

    LV ejection fraction <35%, n (%) 8 (0.8%)

    LV mass index, g/m2 103.0±26.1

    LA diameter index, mm/m2 22.4±3.2

Brain MRI

    SBI, n (%) 144 (14.5%)

    WMHV/total cranial volume, % 0.64±0.81

Values are mean±SD or n (%). BMI indicates body mass index; BP, blood 
pressure; DBP, diastolic blood pressure; LA, left atrial; LV, left ventricle; MRI, 
magnetic resonance imaging; PP, pulse pressure; SBI, silent brain infarcts; SBP, 
systolic blood pressure; and WMHV, white matter hyperintensity volume.
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of perfusion pressure of the cerebral vessels, it is conceiv-
able that central BP may affect the likelihood to develop pre-
clinical cerebrovascular diseases.8,9,11 Among the central BP 
variables, our study showed that SBP and PP, as indicators of 
pulsatile pressure, were more strongly associated with silent 

cerebrovascular diseases than corresponding brachial BPs. 
This finding is consistent with the excellent predictive value 
of central SBP and PP for cardiovascular outcomes reported 
in previous studies. Pini et al12 demonstrated that central SBP 
and PP, but not brachial SBP or PP, independently predicted 

Table 2. Clinical Variables Associated With Silent Brain Infarction and Upper Quartile of White Matter Hyperintensity Volume

Variable

SBI WMHV-Q4

OR (95% CI) P Value OR (95% CI) P Value

Age, >70 y 2.49 (1.68–3.69) <0.001 5.25 (3.67–7.49) <0.001

Sex, male 1.42 (1.00–2.03) 0.052 0.89 (0.66–1.19) 0.43

Race

    White 1 (reference)  1 (reference)  

    Black 1.43 (0.79–2.59) 0.24 2.24 (1.33–3.78) 0.002

    Hispanic 0.76 (0.46–1.27) 0.30 1.13 (0.73–1.77) 0.58

    Others 1.58 (0.53–4.72) 0.42 2.19 (0.84–5.71) 0.11

Hypertension 2.40 (1.37–4.19) 0.002 2.76 (1.76–4.31) <0.001

Hypercholesterolemia 1.01 (0.69–1.48) 0.96 0.91 (0.67–1.23) 0.53

Statin use 1.16 (0.81–1.65) 0.42 1.04 (0.78–1.38) 0.81

Diabetes mellitus 1.27 (0.87–1.85) 0.21 1.12 (0.82–1.52) 0.49

Smoking history 1.03 (0.73–1.47) 0.86 1.15 (0.86–1.54) 0.33

Atrial fibrillation 2.61 (1.46–4.67) 0.001 2.13 (1.26–3.62) 0.005

BMI, kg/m2 0.98 (0.94–1.01) 0.20 0.96 (0.93–0.99) 0.004

Underweight (BMI<18.5) 0.68 (0.08–5.71) 0.73 1.37 (0.32–5.86) 0.67

Normal weight (18.5≤BMI<25) 1 (reference)  1 (reference)  

Overweight (BMI≥25) 0.75 (0.51–1.11) 0.15 0.68 (0.50–0.94) 0.020

Coronary artery disease 1.69 (0.89–3.22) 0.11 1.54 (0.88–2.68) 0.13

Heart rate, per 10 bpm 1.04 (0.89–1.21) 0.65 1.17 (1.03–1.32) 0.013

Echocardiography

    LV ejection fraction, % 0.97 (0.95–1.00) 0.021 0.99 (0.97–1.01) 0.19

    LV mass index, g/m2 1.02 (1.01–1.02) <0.001 1.02 (1.01–1.02) <0.001

    LA diameter index, mm/m2 1.10 (1.04–1.16) <0.001 1.11 (1.06–1.16) <0.001

Univariable logistic regression analysis. BMI indicates body mass index; LA, left atrial; LV, left ventricle; OR, odds ratio; SBI, silent 
brain infarcts; and WMHV-Q4, upper quartile of white matter hyperintensity volume.

Table 3. Blood Pressure Variables Associated With Silent Brain Infarction

BP Variable

Univariable Multivariable Model*

OR (95% CI) P Value OR (95% CI) P Value

Brachial BP variables

    Brachial SBP, per 10 mm Hg 1.17 (1.06–1.29) 0.002 1.11 (1.00–1.24) 0.058

    Brachial DBP, per 10 mm Hg 0.97 (0.80–1.16) 0.73 0.95 (0.79–1.15) 0.62

    Brachial PP, per 10 mm Hg 1.26 (1.12–1.41) <0.001 1.17 (1.03–1.33) 0.014

Central BP variables

    Central SBP, per 10 mm Hg 1.08 (0.99–1.18) 0.095 1.04 (0.95–1.15) 0.42

    Central DBP, per 10 mm Hg 0.80 (0.67–0.95) 0.012 0.85 (0.71–1.02) 0.082

    Central PP, per 10 mm Hg 1.22 (1.09–1.35) <0.001 1.14 (1.02–1.29) 0.026

Univariable and multivariable logistic regression analysis. BP indicates blood pressure; DBP, diastolic blood pressure; OR, odds 
ratio; PP, pulse pressure; and SBP, systolic blood pressure.

*Adjusted for age, sex, hypertension, atrial fibrillation, and time interval between tests.

D
ow

nloaded from
 http://ahajournals.org by on January 8, 2020



584  Hypertension  February 2020

future cardiovascular events in the Dicomano Study. Similarly, 
central PP was more strongly associated with future cardio-
vascular events than brachial BP in the Strong Heart study.14 
Furthermore, a recent meta-analysis suggested that central PP 
may be a better predictor for future events than brachial PP 
although it did not reach independent statistical significance 
in multivariate analysis (P=0.057).11 For cerebrovascular di-
sease, Chuang et al13 recently demonstrated that central SBP is 
a significant predictor for future stroke. Increased pulsatility, 
which is correlated with higher central SBP and PP,13 may di-
rectly and negatively impact cerebral vessel integrity, particu-
larly in watershed areas of cerebral circulation. This possible 
underlying mechanism of stroke and silent brain disease6,7,9,15 
may also provide a possible explanation for our results.

Central BP and SBI
In the present study, the relationship of central BP with SBI 
was weaker than that with WMH. Both brachial and central 
PP were independently associated with SBI in multivariable 
analysis. As PP rises with age, particularly after 60 years,7 
elevated PPs may be strong indicators of high pulsatility in 

our older population. In fact, this result is consistent with 
previous studies in older cohorts.6,18 On the contrary, Ochi 
et al15 showed a significant association between central SBP 
and SBI in the Japanese population but also a relationship 
between both SBPs and SBI that we did not confirm. The 
high frequency of antihypertensive use in our cohort, and 
the lower mean SBP (by ≈10 mm Hg compared with the 
Japanese cohort) may have affected our ability to detect an 
independent role for SBP. Furthermore, we adjusted for car-
diac variables, such as LV mass27 and left atrial size,28 both 
associated with elevated BP and silent brain disease. This 
further adjustment may have been a factor in weakening the 
association that we observed between central BP and SBI. 
On the contrary, central PP was not significantly associated 
with silent cerebral disease in the Framingham Offspring 
study.19 Compared with the CABL participants, the relatively 
better baseline health status of the Framingham cohort may 
have weakened the ability to detect the association between 
central BP and silent brain disease.

Moreover, we found central PP to be no longer associ-
ated with SBI after adjustment for brachial BP. The significant 

Table 4. Comparison of the Association of Brachial and Central Blood Pressure With Silent Brain Infarction

Brachial vs Central BP

Multivariable Model 1* Multivariable Model 2†

OR (95% CI) P Value OR (95% CI) P Value

Brachial vs central SBP

    Brachial SBP, per 10 mm Hg 1.16 (1.04–1.30) 0.007 1.11 (0.99–1.25) 0.086

    Central SBP, per 10 mm Hg 1.02 (0.92–1.12) 0.77 1.01 (0.91–1.12) 0.90

Brachial vs central DBP

    Brachial DBP, per 10 mm Hg 1.11 (0.90–1.36) 0.34 1.05 (0.84–1.31) 0.67

    Central DBP, per 10 mm Hg 0.76 (0.62–0.93) 0.008 0.83 (0.67–1.03) 0.084

Brachial vs central PP

    Brachial PP, per 10 mm Hg 1.18 (1.04–1.34) 0.011 1.13(0.99–1.29) 0.073

    Central PP, per 10 mm Hg 1.14 (1.01–1.28) 0.040 1.10 (0.97–1.25) 0.15

BP indicates blood pressure; DBP, diastolic blood pressure; OR, odds ratio; PP, pulse pressure; and SBP, systolic blood pressure.
*Brachial and central blood pressure are included in the same model.
†Brachial and central blood pressure are included in the same model adjusted for age, sex, hypertension, atrial fibrillation, and time 

interval between tests.

Table 5. Clinical Variables Associated With Upper Quartile of White Matter Hyperintensity Volume

BP Variable

Univariable Multivariable Model*

OR (95% CI) P Value OR (95% CI) P Value

Brachial BP variables

    Brachial SBP, per 10 mm Hg 1.17 (1.08–1.27) <0.001 1.08 (0.98–1.19) 0.15

    Brachial DBP, per 10 mm Hg 1.08 (0.93–1.26) 0.30 1.13 (0.96–1.34) 0.15

    Brachial PP, per 10 mm Hg 1.21 (1.10–1.33) <0.001 1.04 (0.93–1.16) 0.50

Central BP variables

    Central SBP, per 10 mm Hg 1.21 (1.12–1.30) <0.001 1.19 (1.09–1.29) <0.001

    Central DBP, per 10 mm Hg 0.93 (0.80–1.07) 0.28 1.09 (0.94–1.28) 0.25

    Central PP, per 10 mm Hg 1.37 (1.25–1.51) <0.001 1.27 (1.14–1.42) <0.001

Univariable and multivariable logistic regression analysis. BP indicates blood pressure; DBP, diastolic blood pressure; OR, odds 
ratio; PP, pulse pressure; and SBP, systolic blood pressure.

*Adjusted for age, race, hypertension, atrial fibrillation, body mass index, heart rate, and time interval between tests.
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correlation between brachial and central BPs may have been a 
factor in weakening the association that we observed between 
them and SBI.

As the definition of SBI in this study, which included cor-
tical lesions that may recognize a nonmicrovascular etiology, 
might dilute the strength of their associations with the vas-
cular risk factors, we further analyzed the association between 
BP variables and SBI excluding the cortical lesions. However, 
neither central SBP nor central PP (or the corresponding bra-
chial values) showed a significant association with SBI in the 
in fully adjusted models of this sensitivity analysis, suggesting 
that the lack of association was not driven by heterogeneity in 
the lesions considered as SBI.

Surprisingly, we did not observe a significant association 
between diabetes mellitus and the presence of silent cerebro-
vascular disease. However, despite the well-established role 
of diabetes mellitus as a risk factor for vascular diseases in-
cluding stroke, recent systematic reviews showed that the as-
sociation between diabetes mellitus and silent brain disease 
remains unclear.29

Central BP and WMH
Higher central SBP and PP were significantly associated 
with WMHV in multivariable analysis, even after adjust-
ment for brachial BP, and even after further adjustment for 
pertinent echocardiographic parameters. These findings are 
consistent with a previous study that reported that central 
SBP was associated with WMHV, and this association was 
independent of atherosclerotic parameters including carotid 
artery intima-media thickness.16 Although the pathophysi-
ology of WMH remains uncertain and may be multifactorial, 
WMH is believed to be of at least partial vascular origin, 
representing areas of demyelination, gliosis, arteriosclerosis, 
and microinfarction presumed to be caused by ischemia.1 
These mechanisms may reflect the fact that the most consist-
ently identified risk factors for WMH are advanced age and 
hypertension.1 This may also explain why central SBP and 
central PP showed a stronger association with WMHV than 
with SBI in our study.

Strengths and Limitations
The main strength of the present study is the large popula-
tion-based sample of predominantly older participants, and 
the extensive adjustment for possible confounders, including 
pertinent cardiac variables such as LV mass and left atrial 
size. However, our study also has several limitations. First, 
the study participants were older than 55 years and with a 
large representation of Hispanic ethnicity, which might not 
allow the extension of the results to populations with dif-
ferent demographics. Second, the frequency of hyperten-
sion and antihypertensive drug use in our cohort is relatively 
high. Although the significant associations between central 
BP and silent brain diseases persisted even after adjustment 
for antihypertensive treatment, the results might not be di-
rectly applicable to cohorts with different risk factors pro-
files or higher frequencies of normotensive subjects. Third, 
detailed information about the neurological diseases and 
baseline cognitive function was not included in the present 
study; although participants with prior stroke were excluded, 
participants with history of transient ischemic attacks were 
present in the CABL cohort. Finally, our results were derived 
from a cross-sectional design, which prevents establishing a 
causal relationship between central BP and silent cerebrovas-
cular disease.

Perspectives
This study identified that both brachial and central PP were in-
dependently associated with SBI, whereas higher central SBP 
and PP, but not brachial BP, were significantly associated with 
WMHV in a predominantly older population-based cohort 
without history of stroke. Central BP, estimated noninvasively 
by radial applanation tonometry, has the potential to be clin-
ically useful as an indicator subclinical brain damage from 
high BP.8–11 Therefore, the measurement of central BP and 
consequent estimation of the risk of subclinical brain disease 
may be important for implementing more effective stroke 
prevention strategies. This possibility could be evaluated in 
future prospective studies. Moreover, antihypertensive drugs 
such as renin-angiotensin antagonists and calcium antagonists 

Table 6. Comparison of the Association of Brachial and Central Blood Pressure With Upper Quartile of White Matter Hyperintensity Volume

Brachial vs Central BP

Multivariable Model 1* Multivariable Model 2†

OR (95% CI) P Value OR (95% CI) P Value

Brachial vs central SBP

    Brachial SBP, per 10 mm Hg 1.09 (0.99–1.19) 0.067 1.01 (0.91–1.12) 0.92

    Central SBP, per 10 mm Hg 1.17 (1.08–1.27) <0.001 1.18 (1.08–1.30) <0.001

Brachial vs central DBP

    Brachial DBP, per 10 mm Hg 1.17 (0.98–1.38) 0.076 1.11 (0.92–1.34) 0.30

    Central DBP, per 10 mm Hg 0.87 (0.74–1.01) 0.074 1.05 (0.88–1.25) 0.60

Brachial vs central PP

    Brachial PP, per 10 mm Hg 1.05 (0.94–1.17) 0.43 0.95 (0.84–1.07) 0.41

    Central PP, per 10 mm Hg 1.35 (1.22–1.50) <0.001 1.29 (1.15–1.45) <0.001

BP indicates blood pressure; DBP, diastolic blood pressure; OR, odds ratio; PP, pulse pressure; and SBP, systolic blood pressure.
*Brachial and central blood pressure are included in the same model.
†Brachial and central blood pressure are included in the same model adjusted for age, race, hypertension, atrial fibrillation, body mass 

index, heart rate, and time interval between tests.
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may exert a greater effect on central BP than β blockers and 
diuretics despite similar effects on brachial BP.8,10,30 Whether 
a differential effect of antihypertensive drugs on central BP 
may have different effects on cerebrovascular outcomes is a 
possibility that will require further investigation.

Sources of Funding
This work was supported by grants from the National Institute of 
Neurological Disorders and Stroke (grant R01 NS36286 to M.R. Di 
Tullio and R37 NS29993 to R.L. Sacco and M.S.V. Elkind).

Disclosures
None.

References
 1. Smith EE, Saposnik G, Biessels GJ, Doubal FN, Fornage M, Gorelick  

PB, Greenberg SM, Higashida RT, Kasner SE, Seshadri S; American 
Heart Association Stroke Council; Council on Cardiovascular Radiology 
and Intervention; Council on Functional Genomics and Translational 
Biology; and Council on Hypertension. Prevention of stroke in patients 
with silent cerebrovascular disease: a scientific statement for health-
care professionals from the American Heart Association/American 
Stroke Association. Stroke. 2017;48:e44–e71. doi: 10.1161/STR. 
0000000000000116

 2. Breteler MM, van Amerongen NM, van Swieten JC, Claus JJ, Grobbee DE, 
van Gijn J, Hofman A, van Harskamp F. Cognitive correlates of ventric-
ular enlargement and cerebral white matter lesions on magnetic reso-
nance imaging. The Rotterdam Study. Stroke. 1994;25:1109–1115. doi: 
10.1161/01.str.25.6.1109

 3. O’Brien J, Ames D, Chiu E, Schweitzer I, Desmond P, Tress B. Severe 
deep white matter lesions and outcome in elderly patients with major 
depressive disorder: follow up study. BMJ. 1998;317:982–984. doi: 
10.1136/bmj.317.7164.982

 4. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, Blaha MJ, Cushman M, 
de Ferranti S, Després JP, Fullerton HJ, Howard VJ, et al; American Heart 
Association Statistics Committee and Stroke Statistics Subcommittee. 
Heart disease and stroke statistics–2015 update: a report from the 
American Heart Association. Circulation. 2015;131:e29–322. doi: 
10.1161/CIR.0000000000000152

 5. Whelton PK, Carey RM, Aronow WS, Casey DE Jr, Collins KJ, 
Dennison Himmelfarb C, DePalma SM, Gidding S, Jamerson KA, Jones DW, 
et al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/
NMA/PCNA Guideline for the prevention, detection, evaluation, and 
management of high blood pressure in adults: a report of the American 
College of Cardiology/American Heart Association Task Force on 
Clinical Practice Guidelines. J Am Coll Cardiol. 2018;71:e127–e248. doi: 
10.1016/j.jacc.2017.11.006

 6. Waldstein SR, Wendell CR, Lefkowitz DM, Siegel EL, Rosenberger WF, 
Spencer RJ, Manukyan Z, Katzel LI. Interactive relations of blood pressure 
and age to subclinical cerebrovascular disease. J Hypertens. 2012;30:2352–
2356. doi: 10.1097/HJH.0b013e3283595651

 7. Gutierrez J, Elkind MS, Cheung K, Rundek T, Sacco RL, 
Wright CB. Pulsatile and steady components of blood pressure and 
subclinical cerebrovascular disease: the Northern Manhattan Study. J 
Hypertens. 2015;33:2115–2122. doi: 10.1097/HJH.0000000000000686

 8. McEniery CM, Cockcroft JR, Roman MJ, Franklin SS, Wilkinson IB. 
Central blood pressure: current evidence and clinical importance. Eur 
Heart J. 2014;35:1719–1725. doi: 10.1093/eurheartj/eht565

 9. O’Rourke MF, Hashimoto J. Mechanical factors in arterial aging: 
a clinical perspective. J Am Coll Cardiol. 2007;50:1–13. doi: 
10.1016/j.jacc.2006.12.050

 10. Agabiti-Rosei E, Mancia G, O’Rourke MF, Roman MJ, Safar ME, 
Smulyan H, Wang JG, Wilkinson IB, Williams B, Vlachopoulos C. 
Central blood pressure measurements and antihypertensive therapy: 
a consensus document. Hypertension. 2007;50:154–160. doi: 
10.1161/HYPERTENSIONAHA.107.090068

 11. Vlachopoulos C, Aznaouridis K, O’Rourke MF, Safar ME, Baou K, 
Stefanadis C. Prediction of cardiovascular events and all-cause mortality 
with central haemodynamics: a systematic review and meta-analysis. Eur 
Heart J. 2010;31:1865–1871. doi: 10.1093/eurheartj/ehq024

 12. Pini R, Cavallini MC, Palmieri V, Marchionni N, Di Bari M, Devereux RB, 
Masotti G, Roman MJ. Central but not brachial blood pressure predicts 

cardiovascular events in an unselected geriatric population: the ICARe 
Dicomano Study. J Am Coll Cardiol. 2008;51:2432–2439. doi: 
10.1016/j.jacc.2008.03.031

 13. Chuang SY, Cheng HM, Bai CH, Yeh WT, Chen JR, Pan WH. Blood 
pressure, carotid flow pulsatility, and the risk of stroke: a community-
based study. Stroke. 2016;47:2262–2268. doi: 10.1161/STROKEAHA. 
116.013207

 14. Roman MJ, Devereux RB, Kizer JR, Lee ET, Galloway JM, Ali T, Umans  
JG, Howard BV. Central pressure more strongly relates to vascular di-
sease and outcome than does brachial pressure: the Strong Heart Study. 
Hypertension. 2007;50:197–203. doi: 10.1161/HYPERTENSIONAHA. 
107.089078

 15. Ochi N, Kohara K, Tabara Y, Nagai T, Kido T, Uetani E, Ochi M, Igase M, 
Miki T. Association of central systolic blood pressure with intracerebral 
small vessel disease in Japanese. Am J Hypertens. 2010;23:889–894. doi: 
10.1038/ajh.2010.60

 16. Shrestha I, Takahashi T, Nomura E, Ohtsuki T, Ohshita T, Ueno H, 
Kohriyama T, Matsumoto M. Association between central systolic blood 
pressure, white matter lesions in cerebral MRI and carotid atherosclerosis. 
Hypertens Res. 2009;32:869–874. doi: 10.1038/hr.2009.121

 17. Takami T, Yamano S, Okada S, Sakuma M, Morimoto T, Hashimoto H, 
Somekawa S, Saito Y. Major risk factors for the appearance of white-mat-
ter lesions on MRI in hypertensive patients with controlled blood pressure. 
Vasc Health Risk Manag. 2012;8:169–176. doi: 10.2147/VHRM.S30507

 18. Mitchell GF, van Buchem MA, Sigurdsson S, Gotal JD, Jonsdottir MK, 
Kjartansson Ó, Garcia M, Aspelund T, Harris TB, Gudnason V, et al. 
Arterial stiffness, pressure and flow pulsatility and brain structure and 
function: the Age, Gene/Environment Susceptibility–Reykjavik study. 
Brain. 2011;134(pt 11):3398–3407. doi: 10.1093/brain/awr253

 19. Tsao CW, Seshadri S, Beiser AS, Westwood AJ, Decarli C, Au R, 
Himali JJ, Hamburg NM, Vita JA, Levy D, et al. Relations of arterial stiff-
ness and endothelial function to brain aging in the community. Neurology. 
2013;81:984–991. doi: 10.1212/WNL.0b013e3182a43e1c

 20. Sacco RL, Khatri M, Rundek T, Xu Q, Gardener H, Boden-Albala B, 
Di Tullio MR, Homma S, Elkind MS, Paik MC. Improving global vas-
cular risk prediction with behavioral and anthropometric factors. The mul-
tiethnic NOMAS (Northern Manhattan Cohort Study). J Am Coll Cardiol. 
2009;54:2303–2311. doi: 10.1016/j.jacc.2009.07.047

 21. Russo C, Jin Z, Palmieri V, Homma S, Rundek T, Elkind MS, Sacco RL, 
Di Tullio MR. Arterial stiffness and wave reflection: sex differences 
and relationship with left ventricular diastolic function. Hypertension. 
2012;60:362–368. doi: 10.1161/HYPERTENSIONAHA.112.191148

 22. Pauca AL, O’Rourke MF, Kon ND. Prospective evaluation of a method 
for estimating ascending aortic pressure from the radial artery pressure 
waveform. Hypertension. 2001;38:932–937. doi: 10.1161/hy1001.096106

 23. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, 
Ernande L, Flachskampf FA, Foster E, Goldstein SA, Kuznetsova T, 
et al. Recommendations for cardiac chamber quantification by ech-
ocardiography in adults: an update from the American Society of 
Echocardiography and the European Association of Cardiovascular 
Imaging. J Am Soc Echocardiogr. 2015;28:1.e14–39.e14. doi: 10.1016/j. 
echo.2014.10.003

 24. Wright CB, Paik MC, Brown TR, Stabler SP, Allen RH, Sacco RL, 
DeCarli C. Total homocysteine is associated with white matter hyperin-
tensity volume: the Northern Manhattan Study. Stroke. 2005;36:1207–
1211. doi: 10.1161/01.STR.0000165923.02318.22

 25. Willey JZ, Moon YP, Paik MC, Yoshita M, Decarli C, Sacco RL, Elkind MS, 
Wright CB. Lower prevalence of silent brain infarcts in the physically 
active: the Northern Manhattan Study. Neurology. 2011;76:2112–2118. 
doi: 10.1212/WNL.0b013e31821f4472

 26. Whelton PK, Carey RM, Aronow WS, Casey DE Jr, Collins KJ, 
Dennison Himmelfarb C, DePalma SM, Gidding S, Jamerson KA, Jones DW, 
et al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/
NMA/PCNA Guideline for the prevention, detection, evaluation, and 
management of high blood pressure in adults: a report of the American 
College of Cardiology/American Heart Association Task Force on 
Clinical Practice Guidelines. Hypertension. 2018;71:e13–e115. doi: 
10.1161/HYP.0000000000000065

 27. Nakanishi K, Jin Z, Homma S, Elkind MS, Rundek T, Tugcu A, Yoshita M, 
DeCarli C, Wright CB, Sacco RL, et al. Left ventricular mass-geometry 
and silent cerebrovascular disease: The Cardiovascular Abnormalities 
and Brain Lesions (CABL) study. Am Heart J. 2017;185:85–92. doi: 
10.1016/j.ahj.2016.11.010

 28. Russo C, Jin Z, Liu R, Iwata S, Tugcu A, Yoshita M, Homma S, 
Elkind MS, Rundek T, Decarli C, et al. LA volumes and reservoir 

D
ow

nloaded from
 http://ahajournals.org by on January 8, 2020



Matsumoto et al  Central Blood Pressure and Silent Brain Disease  587

function are associated with subclinical cerebrovascular disease: 
the CABL (Cardiovascular Abnormalities and Brain Lesions) 
study. JACC Cardiovasc Imaging. 2013;6:313–323. doi: 10.1016/j. 
jcmg.2012.10.019

 29. Fanning JP, Wong AA, Fraser JF. The epidemiology of silent brain in-
farction: a systematic review of population-based cohorts. BMC Med. 
2014;12:119. doi: 10.1186/s12916-014-0119-0

 30. Williams B, Lacy PS, Thom SM, Cruickshank K, Stanton A, Collier D,  
Hughes AD, Thurston H, O’Rourke M; CAFE Investigators; Anglo-
Scandinavian Cardiac Outcomes Trial Investigators; CAFE Steering 
Committee and Writing Committee. Differential impact of blood pressure-
lowering drugs on central aortic pressure and clinical outcomes: principal 
results of the Conduit Artery Function Evaluation (CAFE) study. Circulation. 
2006;113:1213–1225. doi: 10.1161/CIRCULATIONAHA.105.595496

What Is New?
•	The association between central blood pressure (BP) and silent cerebro-

vascular disease has not been clearly established nor has a comparison 
between central BP and brachial BP been performed.

•	This study sought to investigate the associations of central BP and bra-
chial BP with subclinical cerebrovascular disease in a predominantly 
older population-based large cohort.

What Is Relevant?
•	Elevated BP level is one of the most consistently identified risk factors 

for silent brain disease.

•	Our findings support the hypothesis that central BPs are more directly 
involved than brachial BP in the pathogenesis of cardiovascular disease.

Summary

Central systolic BP and central pulse pressure, but not brachial BP, 
were independently associated with the presence of silent cerebro-
vascular disease in a predominantly older population-based cohort.

Novelty and Significance
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