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Abstract

Background: African Americans (AAs) present with cardiovascular disease (CVD) risk factors 

at younger ages than whites. Consequently, CVD and stroke occur at a higher incidence and at 

earlier decades in life in AA populations. Arterial stiffness is a predictor of CVD outcomes and 

partially explains the CVD risk experienced by racial minorities. We evaluated the differences in 

arterial stiffness observed in AAs and whites through a systematic review and meta-analysis.

Methods: We searched PubMed and SCOPUS for comparative studies published March 1995 to 

November 29, 2017 comparing arterial stiffness assessments (pulse wave velocity, augmentation 

index, and central blood pressure) between AAs and whites. Two independent reviewers examined 

195 titles/abstracts, 85 full text articles and 11 articles were included in the meta-analysis using 

random effects modeling approaches.

Main results: A total of 5060 white and 3225 AAs were included across 11 relevant studies. 

Carotid-femoral pulse wave velocity (cfPWV) measures were statistically different between AAs 

and whites (mean difference = −0.44, 95% confidence interval [CI]: -[−0.67, −0.21], p = 0.0002). 

Aortic femoral pulse wave velocity was significantly different between AAs and whites (mean 
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difference = −0.21, [95% CI] −0.35, −0.07, p = 0.003) regardless of sex. Augmentation index 

(AIx) and Augmentation index at a 75 beats per minutes heart rate (AIx @75) was also 

significantly different between AA and whites (mean difference = −4.36 [95% CI] = −6.59, −2,12, 

p = 0.0001 and −6.26, [95% CI] = −9.19, −3.33, p < 0.0001, respectively).

Conclusions: Racial disparities in arterial stiffness persist among African American racial 

groups in the United States. The lack of homogeneity in studies capturing racial disparities in 

cfPWV suggest that additional studies are needed to understand the magnitude of racial 

differences in African Americans and whites that might be clinically relevant.
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INTRODUCTION

African American (AA) life expectancy is 3.4 years shorter than whites and CVDs explain 

over one-third of this disparity.1 Hypertension (HTN) impacts over 40% of AA >20 years 

old residing in the US and poses the greatest threat to AA cardiovascular health.2 African 

Americans develop HTN as early as the second decade of life.3 One consequence of 

chronically elevated blood pressure is the development of arterial stiffness. Aortic pulse 

wave velocity (aPWV) is higher in AAs compared to non-Hispanic whites. Moreover, a 1 

m/s increase in aPWV raises the number of total CVD events, CVD mortality, and all-cause 

mortality risk, adjusted for age, sex, and other risk factors by 14%, 15%, and 15%, 

respectively.4 However, a number of the aforementioned studies included study populations 

who had compounding cardiovascular disease risk. Racial differences in arterial stiffness in 

young, asymptomatic individuals is not well understood. Assembly and function of elastin 

and collagen fibers within the vascular wall supports optimal oxygen delivery to organs and 

tissues.5 However, HTN causes abnormalities in the structure and function of elastin 

yielding stiffened vessel walls and non-compliant blood vessels.6 Arterial compliance is a 

complex process dependent upon the delicate balance of collagen and elastin production and 

degradation.6 Dysregulation of this process perturbs normal blood vessel dilation and 

contraction in response to cardiac systole and diastole which allows blood flow to transition 

from pulsatile to laminar flow and replenish oxygen to organs.7,8

Elastic central arteries, such as the aorta and carotid artery, are more likely to be 

dysfunctional in African-Americans because of a higher prevalence of CVD risk factors.9 

This results in higher levels of end-organ damage.10 However, a comprehensive comparison 

of arterial stiffness amongst healthy, young AAs and whites is currently lacking. To further 

understand this paradigm, we conducted a systematic review of the literature and meta-

analysis with the goal of identifying and understanding differences in PWV, central blood 

pressure (CBP) and augmentation index (AIx). These measurements are all important 

indices of arterial stiffness and general vascular health and might explain disparities 

observed in the AA populations in the United States.
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METHODS

Study design

Our team conducted a systematic review of the literature based on methodological 

recommendations from the Cochrane Handbook for Systematic Reviews and Meta-analysis,
11 Table 1. We reported our data according to the PRISMA (Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses) statement (Figure 1).

Eligibility criteria

Inclusion criteria.—Qualified publications were required to meet the following inclusion 

criteria: (i) study subjects had to be healthy adults with a mean age between 18 and 49 years; 

(ii) measures of CBP or PWV or AIx were available; (iii) the study population included non-

Hispanic African Americans or African Americans (black Americans of African descent 

living in the United States) and non-Hispanic Whites as a comparator group; (v) the study 

was completed in the United States; (vi) and the full-text had to be available.

Exclusion criteria.—Publications were excluded from the study if they met the following 

criteria: (i) the participants were unhealthy; (ii) the study did not stratify results by African 

Americans or non-Hispanic Whites; (iii) the published article was an editorial; (iv) and if the 

published article was a review.

Information sources and search strategy

Based on the guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA), a systematic search of SCOPUS and PubMed databases was 

conducted to find articles published up to November 29, 2017. Search terms used to identify 

eligible studies included: “augmentation index”, “central blood pressure”, “pulse wave 

velocity”, “African American”, and “African American” (Table 2). The articles were 

observational, longitudinal, retrospective, and prospective designs. Languages other than 

English were not considered for review. All retrieved publications were managed using 

EndNote X8 software.

Study selection and data management

Based on the above inclusion and exclusion criteria, an independent review process of the 

title and abstract was conducted by two investigators independent of each other. If the two 

independent investigators experienced uncertainty or ambiguity about one of the 

manuscripts, a third reviewer was consulted for resolution. Once these publications were 

identified, a full text review was conducted by the two aforementioned investigators 

independently. Once the articles are identified based on the inclusion/exclusion criteria, the 

manuscript quality assessment and data abstraction process was conducted.

Data extraction

A comprehensive data collection table was designed in Microsoft Excel (version 15.21.1) to 

collect information about each publication. The variables included in this table were author, 

year, type of participants, mean age for each racial/sex group, the total number of people in 

Buie et al. Page 3

J Natl Med Assoc. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



each race/sex group, the relevant measures (means, standard deviations, standard errors) for 

PWV, AIx, CBP, and the type of instrument used. Only one author was responsible for this 

data extraction process. However, the data quality was examined by the team biostatistician.

Grading of the evidence and assessing bias.—We used the Newcastle-Ottawa Scale 

to assess the quality of the nonrandomized study groups. Studies were judged on three broad 

categories including: the selection of study groups, the comparability of the groups, and the 

ascertainment of either the exposure or outcome of interest. Studies included in the analysis 

were cross-sectional. We assessed for publication bias using funnel plots and the Egger and 

Begg-Masumdar: Kendall’s tau bias indicators.

Data synthesis and analysis

Review Manager 5.3 (Cochrane IKMD-Copenhagen, Denmark; Freiburg, Germany; 

London, UK; USA) was used to conduct all comparisons of mean aorta-femoral PWV 

(afPWV), carotid-femoral PWV (cfPWV), aortic systolic and diastolic blood pressures 

(aSBP/aDBP), augmentation index (AIx) and augmentation index @ HR 75 (AIx @75) 

within these meta-analyses. The Mantel-Haenszel Chi2 test was used to assess heterogeneity 

within the data. We used I2 to determine the percentage of variability in effect estimates 

resulting from heterogeneity where we considered an I2 <25% as low, <50% as moderate, 

and <75% as high heterogeneity. Random-effects models were used for all analysis, as these 

allow for the possibility of racial differences to vary from study to study. Effect sizes were 

compared using z-tests. Each meta-analysis included a test (using 2-sided hypothesis testing) 

of whether the mean PWVs were significantly different (i.e. p < 0.05) between whites and 

AAs and whether there was significant heterogeneity in the racial difference across studies. 

Analyses also included 95% confidence intervals for the mean differences between whites 

and AAs and forest plots of mean differences. A total of 10 meta-analyses were conducted, 

including a total of 6 comparisons (overall and gender-specific) for cfPWV and AIx. 

Analyses were also conducted for aSBP and aDBP, AIx @75, and afPWV. When data on 

males and females were reported separately within a given study, pooled means and standard 

deviations were calculated using SAS v. 9.4 (SAS Institute, Cary, NC) by incorporating 

gender-specific sample sizes, means, and standard deviations (or standard errors).

RESULTS AND DISCUSSION

Study selection and description of included studies

The PRISMA flow diagram of selection of papers in the systematic review and meta-

analysis is shown in Figure 1. Using predefined keywords, our search returned a total of 314 

publications, (SCOPUS = 195 and PubMed = 119) that met our initial inclusion criteria. The 

search covered from March 1995 November, 2017. After accounting for 119 duplicates, two 

independent reviewers assessed the eligibility of 195 articles by reviewing title/abstract 

content against the review inclusion criteria, with disagreements resolved by discussion and 

if necessary, a third reviewer. Eighty-five full text articles met the inclusion criteria based on 

information presented in the title/abstract and were reviewed accordingly. Among the 

potential 85 full text articles reviewed, 27 full-text articles were used for qualitative analysis. 

Out of the studies excluded from the qualitative analysis, 24 included study participants 
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outside of the defined age range, 22 did not include the specified measures of arterial 

stiffness, 7 studies were completed outside the US, 1 study was a review article, 1 study was 

not accessible, and 2 articles included subjects who were unhealthy. Studies potentially 

reporting on the same population were examined and the study with the highest number of 

participants captured was included in the meta-analysis. This eliminated 5 studies that 

included information from the Bogalusa Heart Study. Although articles assessing brachial-

ankle PWV, femoral-dorsalis pedis PWV, and carotid PWV met the article inclusion criteria, 

there were too few studies on each measurement to conduct a meta-analysis using these 

articles. Other articles were excluded as a result of missing variables such as specific age of 

the study population and/or data presented in graph form without actual values provided. 

Eleven articles were included in the final quantitative meta-analysis. There were 1645 whites 

and 1888 AA included in the analysis for cfPWV analysis. There were 762 whites and 316 

AA, included in the analysis for aortic-femoral PWV studies. The AIx studies included 605 

whites and 525 AA while the AIx@75 meta-analysis included 130 whites and 122 AA. The 

aSBP and aDBP meta-analysis included 123 whites and 129 AA. Participants were from the 

general population and free of documented disease. All of the included studies were 

published from 2006 to 2017. The sample sizes of studies ranged from 24 participants to 

1029 participants. The baseline characteristics of the individual studies are shown in Table 3. 

The Newcastle-Ottawa Scale (NOS)12 was used to determine the quality of the articles 

included in the meta-analysis. Most studies provided moderate-high quality data as a whole 

with scores that ranged between 5 stars to 6 stars (Table 3).

Racial differences in measures of arterial stiffness

Carotid-femoral PWV is a surrogate measure of aortic stiffness (aPWV). Ten studies 

examined the association of race with differences in cfPWV13–21. White race was associated 

with a difference of −0.44 m/s (95% CI: −0.67, −0.21, Figure 2A) in cfPWV. Given that 

marked heterogeneity was detected (I2 = 76%), we conducted a subgroup analysis based on 

sex to identify sources of heterogeneity. Six studies were pooled to examine differences in 

males.13,15–17,21 The mean difference in AA and white male cfPWV was statistically 

significant but the heterogeneity in this subgroup was slightly higher (I2 = 80%). Two 

studies, one with two different subset populations based on socioeconomic status, were used 

for the analysis of cfPWV in AA and white females which showed high heterogeneity (I2 = 

75%) and a mean difference of −0.38 m/s (95% CI: −0.88, 0.11; Z = 1.53, p = 0.13) 

suggesting that cfPWV was higher in AA females compared to whites; however, these 

differences were not statistically significant (Figure 2B and C).15,17 Two studies were pooled 

to explore the association between afPWV and race.18,22 Whites had a different mean 

afPWV compared to AAs (–0.21; 95% CI –0.35, –0.07) corresponding to an overall effect 

ofZ = 2.93 (p = 0.003), Figure 3.

Augmentation index, a systemic measure of arterial stiffness derived from the ascending 

aortic pressure wave-form, was evaluated in five of the included studies. In 605 whites and 

525 AA, a lower AIx was observed in whites compared to AA with a mean difference of 

−4.36% (95% CI: −6.59, −2.12, I2 = 36%, Z = 3.83, p = 0.0001; Figure 4A).13,16,17,19,20 We 

observed moderate heterogeneity in this meta-analysis and conducted additional sex based 

subgroup analysis. A meta-analysis based on sex revealed that male differences in AIx 
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followed the same trends with a mean difference in AIx of−2.95% (95% CI: −5.91, −0.00, I2 

= 0%, Z = 1.96, p = 0.05; Figure 4B).13,16,17,20 However, these differences did not persist 

amongst females (Figure 4C).17,20 An additional meta-analysis of four studies was used to 

examine racial differences in AIx @75.13,14,16,17 This analysis included 130 whites and 122 

AA, and the studies were homogeneous (I2 = 0%). Whites had a lower mean difference in 

AIx@75 compared to AA (−6.26, 95% CI: −9.19, −3.33; I2 = 0%; Z = 4.10, p < 0.0001; 

Figure 5).

Racial differences in measures of central blood pressure

Four studies evaluating a total of 123 whites and 129 AAs showed no significant difference 

in aSBP or aDBP in AAs compared to whites (SBP −1.97 mmHg; 95% CI = −4.79,0.85; I2 = 

31%) and (DBP −1.53 mmHg; 95 CI = −3.24, 0.18; I2 = 0%; Figure 6A, B).13,14,17,20

Publication bias.—To assess the quality of the data, we used the Newcastle-Ottawa Scale 

(NOS). The median NOS value of quality assessments was 5.1 which suggest that the 

quality of the publications was moderate quality. To investigate potential publication bias, 

we utilized a funnel plot of included studies in the meta-analysis of the cfPWV (Figure 7) 

because it was the most inclusive. The vertical axis represents standard error in means. 

Based on the relative symmetry of this plot, we concluded that there was no evidence of 

gross publication bias, and Egger’s test result was not statistically significant (Egger’sbias = 

−1.42;p = 0.71).

Systematic review results.—We observed several additional outcome measurements 

that we have excluded from our study as a result of the insufficient availability of data to 

perform a meaningful meta-analysis. For example, Heffernan et al. and Yan et al. measured 

femoral-superior dorsalis pedis (peripheral PWV) in studies included in this meta-analysis.
13,17,21 However, the combined number of participants between the three studies were 

insufficient. Heffernan et al.13,21 and Yan et al.17 showed that there was no difference in 

peripheral PWV among AAs and whites. Carotid-radial PWV (radial) was also measured in 

several studies included in the qualitative analysis but was not reported in the quantitative 

meta-analysis. In a study examining arterial stiffness amongst monozygotic and dizygotic 

twins who were normotensive (excluded based on age) or prehypertensive, Zhu et al. showed 

that radial PWV was not different amongst prehypertensive whites and AAs.23 This same 

group of investigators examined radial PWV in healthy weight, at risk of overweight and 

overweight adults and found no significant differences based on race.23 They also examined 

cfPWV (aortic) and found similar trends in both studies.24

Our analysis also included measures of brachial-ankle PWV. Li et al. observed racial 

differences (p < 0.001) in brachial-ankle PWV (baPWV) in 835 participants who were 

registered for the Bogalusa Heart Study.25 Additionally, Guo et al. measured baPWV and 

found that no differences existed amongst AAs and whites.22 However, this study included 

other populations as well which may have increased the statistical rigor for identifying true 

differences.

Goel et al. assessed aortic arch PWV and showed a log difference amongst black and white 

participants in the Dallas Heart Study.26 However, there were no other studies in our 
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qualitative analysis that assessed aortic arch PWV. Other parameters such peripheral AIx 

were statistically different between AAs and whites in this study; however, the number of 

studies reporting on this measure was insufficient for a meta-analysis.

Summary of results

In this meta-analysis we examined vascular measures in 2841 white and 2466 black study 

participants. We observed a significant increase in arterial stiffness as measured by cfPWV 

and afPWV and an increase in wave reflection as measured by central AIx in healthy AA. In 

a subgroup analysis based on participant sex, the increase in cfPWV was significant in males 

but not females. In a subgroup analysis of AIx, the increase in wave reflection trended 

towards significance in males but not females. We also observed that central AIx@75 bpm 

arterial wave reflection measurements were significantly different between the two racial 

groups. Therefore, these assessments may be considered a potential tool for predicting and 

understanding premature cardiovascular disease risk beyond brachial blood pressure 

measurements in AA.

Individuals of African descent living in the United States have a higher burden of mortality 

associated with CVD compared to whites.27 Moreover, disparities in CVD are most 

prominent at younger ages between AA and whites.28,29 Strategies to detect the early onset 

of CVD risk in healthy populations not presenting with conventional CVD risk factors are 

missing. Evidence has accumulated demonstrating that arterial stiffness is an important CVD 

risk factor for cardiovascular disease independent of traditional risk factors30 and that aortic 

stiffness measures such as cfPWV serve as the ‘gold standard’ for predicting cardiovascular 

disease risk amongst younger individuals.31,32 Although assessments of arterial stiffness are 

included in the European Society of Hypertension and European Society of Cardiology 

(ESC) guidelines,33 the new ACC/AHA Hypertension guidelines do not include 

recommendations for these assessments as authors articulated a lack of evidence showing 

benefit for arterial stiffness screenings in asymptomatic individuals.34 However, strategies 

that address CVD disparities in younger, asymptomatic AA are needed to change the 

trajectory of health disparities in the US.

Herein, we analyzed previously published studies examining differences in vascular 

measures between AA and white populations. This summary provides additional evidence 

that racial differences in vascular stiffness measures persist in young, healthy, asymptomatic 

individuals. Moreover, measures including cfPWV, afPWV, and AIx may be suitable targets 

for reducing CVD disparities.

Sources of heterogeneity.—We observed statistical heterogeneity in the pooled data for 

cfPWV derived from various sources. First, different instruments and methodologies were 

used to assess cfPWV (see Table 4). Tonometry-based techniques using the SphyghmoCor 

device, (AtCor Medical, Australia) are reproducible based on Bland-Altman plot-analysis 

and were used for 70% of the studies included in this analysis but only 35% of the 

participants.31 The other methods were tonometry based but utilized non-directional 

transcutaneous Doppler probes and electrocardiogram monitoring. In addition, the aorta is 

an elastic capacitive vessel and elasticity of these vessels is directly impacted by age. 
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Although we limited the mean reported age for each study to 18–49, we did not limit the 

standard deviation ranges nor did we conduct subgroup analysis based on age. However, the 

age range did not appear to impact other meta-analysis included in this report. Studies from 

2007 to 2017 were included for cfPWV measures. In addition to variations in 

instrumentation, a comprehensive guideline of recommendations on how to measure PWV 

were released in 2015 by Townsend et al.31 Thus, techniques used to assess PWV may have 

varied between research teams. Despite high heterogeneity, a publication bias analysis 

demonstrated that bias did not exist for the cfPWV meta-analysis.

Strengths and limitations.—The strengths of this review include the novelty of the 

pooled groups of data. To our knowledge, this is the first meta-analysis to assess racial 

differences in vascular stiffness measures in healthy study subjects. Another strength of this 

review includes the validity of the search, and the statistical approach including random 

effects. We also used multiple measures of PWV and AIx as well as CBP measures to 

examine racial differences in the vasculature.

However, we are limited in the interpretation of the results from this meta-analysis. First, the 

heterogeneity in pooled studies from the cfPWV analysis impact the validity of the analysis 

and suggest that additional studies should be performed in order to limit the heterogeneity. 

There were a limited number of studies included in the quantitative analysis for afPWV. This 

assessment was primarily used in the Bogalusa Heart Study. We eliminated 5 articles from 

this study to avoid analyzing the same population multiple times. The number of individuals 

included in the analysis for the AIx, AIx@ 75, and the central SBP/DBP measures were also 

limited as these measures were not frequently used in studies indexed based on our search 

criteria. Whether or not these tools would be useful for understanding disparities in 

premature loss of arterial compliance in the future is unknown.

IMPLICATIONS

The results of the present study may have important clinical implications. Brachial pressure, 

the current standard for cardiovascular disease risk, is similar among young AAs and whites. 

However, to-date, measurements of arterial stiffness have not been exploited as predictors of 

cardiovascular disease risk as they are not currently utilized for treatment decisions in a 

clinical setting. Utilization of these measurements might provide early insight on disease 

development in young AAs, leading to early intervention and subsequent prevention of 

cardiovascular disease. Additional prospective studies and specifically focused research is 

needed to clarify associations between race and arterial stiffness measures.
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Fig. 1. PRISMA flow diagram.
A PRISMA flow diagram of studies selected for inclusion in this systematic review and 

meta-analysis.
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Fig. 2. Racial Differences in cfPWV.
Forest plots showing the mean differences in cfPWV pulse wave velocity as measured in 

meters/second (m/s) between African Americans and whites in (a) all sexes (b) male, and (c) 

female groups. The estimated mean difference for each group is presented as a square with 

the corresponding 95% confidence interval (CI). The pooled estimated mean difference is 

depicted as a diamond and derived from the random effects model.
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Fig. 3. Racial differences in afPWV.
Forest plots showing the mean differences aortic-femoral pulse wave velocity as measured in 

meters/second (m/s) between African Americans and whites. The estimated mean difference 

foreach group is presented as a square with the corresponding 95% confidence interval (CI). 

The pooled estimated mean difference is depicted as a diamond and derived from the 

random effects model.
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Fig. 4. Racial Differences in Aix.
Forest plots showing the mean differences in augmentation index (%) between African 

Americans and whites in (a) all sexes (b) male, and (c) female groups. The estimated mean 

difference for each group is presented as a square with the corresponding 95% confidence 

interval. The pooled estimated mean difference is depicted as a diamond and derived from 

the random effects model.
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Fig. 5. Racial Differences in Aix@75.
Forest plots showing the mean differences in augmentation index normalized to 75 bpm (%) 

between African Americans and whites. The estimated mean difference for each group is 

presented as a square with the corresponding 95% confidence interval. The pooled estimated 

mean difference is depicted as a diamond and derived from the random effects model. BPM, 

beats per minute.
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Fig. 6. Racial Differences in cBP.
Forest plots showing the mean differences central blood pressure (%) between African 

Americans and whites for (a) aortic SBP and (b) aortic DBP. The estimated mean difference 

for each group is presented as a square with the corresponding 95% confidence interval. The 

pooled estimated mean difference is depicted as a diamond and derived from the random 

effects model. SBP, systolic blood pressure; DBP, diastolic blood pressure.
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Fig. 7. Funnel plot of publication effect size in cfPWV studies.
The outer lines outline the triangular region where 95% of studies are expected to fall in the 

absence of publication biases and heterogeneity.
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