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Relationship of visit-to-visit and ambulatory
blood pressure variability to vascular function
in African Americans

Keith M Diaz1, Praveen Veerabhadrappa1, Mohammed A Kashem2, Deborah L Feairheller3, Kathleen M Sturgeon1,
Sheara T Williamson1, Deborah L Crabbe2 and Michael D Brown1,4

Visit-to-visit clinic blood pressure variability (BPV) and 24-h BPV have both been identified as independent risk factors for

cardiovascular (CV) morbidity and mortality; however, the mechanisms contributing to the increased CV risk as yet are unclear.

The purpose of this study was to assess the relationship between BPV and endothelial function in a cohort of putatively

healthy African Americans. A total of 36 African Americans who were sedentary, non-diabetic, non-smoking, free of CV and

renal disease and not on antihypertensive medication followed an American Heart Association low fat, low salt diet for 6 weeks.

Upon completion of the 6-week dietary stabilization period, participants underwent 24-h ambulatory BP monitoring and had

their office blood pressure (BP) measured on 3 separate days. Right brachial artery diameter was assessed at rest, during

reactive hyperemia (flow-mediated vasodilation: FMD), and after nitroglycerin administration (nitroglycerin-mediated vasodilation:

NMD). Participants classified as having decreased endothelial function according to either %FMD or the FMD/NMD ratio

had significantly higher 24-h BPV and a trend for higher visit-to-visit BPV when compared with participants with normal

endothelial function. Continuous variable analyses revealed a significant positive association between NMD and 24-h diastolic

BPV (DBPV). Visit-to-visit systolic BPV (SBPV), 24-h SBPV and 24-h DBPV were all negatively associated with the FMD/NMD

ratio. All relationships remained significant after adjustment for age, body mass index and mean BP levels. These results may

suggest that BPV is increased in African Americans with decreased endothelial function and is associated with the vascular

smooth muscle response to nitric oxide.
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INTRODUCTION

For many years, transient fluctuations in blood pressure (BP) were
generally thought to not have prognostic importance or mandate
treatment in the same way as elevations in mean BP. However, in
recent years evidence has accumulated to show that blood pressure
variability (BPV) has a striking relationship with cardiovascular (CV)
risk and is predictive of future CV events, independent of mean BP
levels. Two recent examples were provided by data from the Pressioni
Arteriose Monitorate E Loro Associazioni (PAMELA) and the
Ohasama studies, which both reported that measures of BPV within
a 24-h period were independent predictors of CV mortality in the
general population.1,2 In addition to fluctuations in BP from reading-
to-reading over a 24-h period using ambulatory blood pressure
monitoring (ABPM), several publications in 2010 and 2011 have
shown that visit-to-visit variability in clinic BP is also a powerful

predictor of CV events and all-cause mortality.3,4 Most recently,
Muntner et al.3 via retrospective analysis of the general population-
based Third National Health and Nutrition Examination Survey
(NHANES III), showed that visit-to-visit BPV was associated with
increased all-cause mortality independent of mean BP levels, as
subjects in the middle and highest tertiles of visit-to-visit BPV had
a 450% greater risk of all-cause mortality than subjects in the lowest
tertile of visit-to-visit BPV.
Despite the mounting evidence and growing interest in visit-to-visit

and ambulatory BPV, scant attention has been paid to the mechanisms
by which high BPV may confer a greater CV risk. It has been suggested
that the augmented mechanical stress placed on the vasculature as a
result of increased variability of blood flow may induce a subclinical
inflammatory vascular response which, in turn, could lead to the
impairment of endothelial function.5 In support of this hypothesis,
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we and several others have shown that high 24-h BPV is strongly
associated with biomarkers of systemic and vascular inflammation,
independent of mean BP levels.5–8 However, to the best of our
knowledge, no previous study has assessed the relationship between
BPV and endothelial function. When considering that impaired
endothelial function has been strongly associated with CV morbidity
and mortality,9–11 the previously observed associations between high
BPV and increased CV risk could be mediated via the impairment of
endothelial function. The purpose of this study, therefore, was to
investigate the association between endothelial function and both
visit-to-visit and ambulatory BPV in a cohort of putatively healthy
African Americans.

METHODS

Participants
Participants were recruited via mailed brochures and local newspaper adver-

tisements. On response to either, participants were contacted by telephone to

assess eligibility. Each participant gave written informed consent following

explanation of study protocols during their first laboratory visit. The protocol

was approved by the Temple University Institutional Review Board.

The study included African Americans between the ages of 40–75 who were

sedentary (regular aerobic exercise o2 days per week), non-smoking, non-

morbidly obese (body mass index (BMI) o40kgm–2), not on lipid-lowering

medication, had a clinic BP o160/100mmHg, and had no history of CV

disease, diabetes, hypercholesterolemia, renal disease or lung disease. Both pre-

(n¼15) and postmenopausal (n¼12) women were included in the study; all

postmenopausal women were not on hormone replacement therapy. Participants

on more than one antihypertensive medication were excluded from the study.

Screening
To ensure the eligibility of all qualified participants, three screening visits were

completed before inclusion in the study. Screening visit one consisted of blood

sampling and urinalysis following a 12-h overnight fast to assess blood

chemistries and renal function. Any individual with total cholesterol

4240mgdl–1 or fasting blood glucose 4126mgdl–1 were excluded from the

study. Estimated glomerular filtration rate (eGFR) was calculated using the

four-variable modification of diet in renal disease (MDRD) study equation

specific to African Americans.12 Any individual who exhibited evidence of renal

disease (eGFR o60mlmin–1 per 1.73m2) was excluded from the study.

Screening visits two and three required all qualified participants to undergo

a physician-administered physical examination and echocardiogram bicycle

stress test to confirm that participants displayed no evidence of CV, pulmonary

or other chronic diseases.

Dietary stabilization
In order to rule out the confounding effect of variations in dietary intake,

participants who met all inclusion criteria after screening underwent dietary

stabilization for 6 weeks before testing. Any participant receiving antihyper-

tensive monotherapy (n¼12) was tapered off of their medication during this

dietary stabilization period. Participants were instructed by a Registered Dietician

on the American Heart Association Dietary Guidelines for Healthy American

Adults.13 This diet consisted of B55% of total daily calories from carbo-

hydrates, 15% from protein, and o30% from fat, with saturated fat p10% of

total calories, sodiump3–4 g per day, and cholesterol intakeo300mg per day.

Participants met with the dietician once per week at which time body weight

was recorded for each visit. Participants were required to remain within 5% of

their study entry body weight for the duration of the study. Compliance to

the prescribed diet was monitored by completion of a 3-day food record at the

conclusion of dietary stabilization. All participants who were in compliance

with the diet underwent testing 1–2 weeks after dietary stabilization.

Office BP measurements
Office BP measurements were made in accordance with JNC 7 guidelines14 on

three separate visits by trained laboratory personnel. BP was measured using

a mercury sphygmomanometer after 5min of quite rest in a chair with feet on

the floor and arm supported at heart level. The appropriate size cuff was

determined by upper arm circumference. BP measurements were performed

in triplicate, 5min apart and the average of the three values was used as the

BP for the visit. The mean duration between visits 1 and 2 was 7±1 days.

The mean duration between visits 2 and 3 was 8±1 days. Using the mean

systolic BP (SBP) and diastolic BP (DBP) from each visit, the s.d. and coeffi-

cient of variation for SBP and DBP across study visits were calculated as

measures of BPV.

24-H ABPM
Participants underwent 24-h ABPM using a non-invasive monitor (SpaceLabs

Medical, Model 90219, Redmond, WA, USA) beginning on the morning of

each participant’s typical day, with the exclusion of Friday through Sunday.

The BP cuff was fitted to participant’s non-dominant arm with cuff size

determined by upper arm circumference. BP measurements were obtained at

30-min intervals during the day (0600–2200 hours) and 60-min intervals at

night (2200–0600 hours). Participants were instructed not to exercise before

or during the monitoring period and to pause momentarily and maintain their

body position during each BP measurement. Throughout the duration of the

recording period, participants were required to maintain a diary in which they

recorded their activity at the time of each BP measurement. Only recordings

of good technical quality (480% of valid BP measurements) were included in

final analyses.

Analysis of ABPM data
Mean values were calculated for 24-h SBP and DBP. BPV was calculated using

two different parameters: the average real variability index (ARV) and the time

rate of variation index. The ARV index and the time rate of variation index

were calculated as previously described.15 The rationale for selecting the ARV

index for BPV calculations is based on previous studies that have reported

the ARV index to be a more reliable representation of time series variability

than s.d. or coefficient of variation.16,17 We selected the time rate

of variation as an additional measure of BPV because it accounts for the order

in which the BP measurements are obtained, as well as the time between

successive readings.18 Moreover, this parameter permits the evaluation of how

fast or slow and in which direction BP values change. The rationale for using

both the ARV index and the time rate of variation was to allow us to quantify

the absolute magnitude of BPV (ARV index), while also considering the

magnitude of BPV in relation to the time that elapsed between successive BP

readings (time rate of BPV).

Bioelectrical impedance analysis
Body composition was assessed by whole-body bioelectrical impedance analysis

using the single frequency impedance instrument ImpediMed DF50 (San

Diego, CA, USA). Bioelectrical impedance analysis was measured at 50 kHz

on the right side of the body, with two electrodes placed on each dorsal right

hand and dorsal right foot while participants were lying in a supine position

with their legs slightly apart and hands resting next to the body palms down.

Participants were asked to remove all jewelry and other accessories before

measurements. All electrode sites were cleaned with an alcohol swab before

attachment. Measures were taken after at least 10min of lying in the supine

position to reduce possible errors from acute changes in body fluid distri-

bution. Three measurements were taken; and the mean output values of

impedance, phase, resistance and reactance were used for calculations of total

fat mass and total lean body mass according to the manufacturer’s standard

operating procedures.

Brachial artery ultrasound assessment of endothelial-dependent
and -independent function
Brachial artery (BA) diameter was measured in response to increased flow

(flow-mediated vasodilation: FMD) and in response to nitroglycerin (nitro-

glycerin-mediated vasodilation: NMD) as previously described.19 All measure-

ments were performed in the morning following an overnight fast during

which time participants refrained from food, drink (with the exception of

water), caffeine, alcohol, antihistamine and anti-inflammatory medications.
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A 7.5-MHz linear phased array ultrasound transducer attached to a Sonos 5500

ultrasound machine (Philips Medical Systems, Bothell, WA, USA) was used to

image the BA longitudinally. Electrocardiogram was continuously monitored.

All measurements of BA diameter were taken after at least 10min of lying in the

supine position by a trained cardiologist in a quiet and dim room at controlled

ambient temperatures (20–26 1C). The participant¢s right arm was comfortably

immobilized in the extending position, allowing for ultrasound scanning of the

BA artery 5–10 cm above the antecubital fossa. Baseline images of the right BA

were first obtained. After recording of baseline images, reactive hyperemia was

induced by distal occlusion of the vessel using a cuff inflated to suprasystolic

pressure (200mmHg) for 5min on the right forearm, distal to the antecubital

fossa as described by Corretti et al.20 BA diameter was imaged at 60 s and

recorded for 5min post cuff-release. After at least 15min of rest, new baseline

images were obtained and a 0.4mg nitroglycerin tablet was given sublingually

to assess endothelium-independent vasodilation. Images were then recorded

4min later.

Offline image analysis was performed by trained personnel blinded to image

sequence and participants’ clinical data. Arterial diameter was measured from

the anterior to the posterior ‘m’ line (the interface between media and

adventitia) at end-diastole, incident with the R-wave on the electrocardiogram.

BA vasodilator response to reactive hyperemia and nitroglycerin was calculated

as the maximal % change in BA diameter (FMD: at 60 s; NMD: at 4min) from

baseline. As an additional index of endothelial function, the ratio of response to

intrinsic nitric oxide (NO)/response to exogenous NO (FMD/NMD ratio) was

calculated in order to correct for vascular smooth muscle (VSM) function in

each participant.

Statistical analysis
Data are expressed as means±s.e.m. The distribution of all variables was

examined using the Shapiro–Wilk test of normality. Variables that were not

normally distributed (total cholesterol, high-density lipoprotein cholesterol and

triglycerides) were log transformed for statistical analyses, but true physiolo-

gical values are reported throughout the paper for ease of interpretation.

Participants were classified into groups according to their %FMD, %NMD and

FMD/NMD Ratio. Any participant at or above the median value for the

vascular function measure (%FMD, %NMD or FMD/NMD ratio) was classi-

fied as having normal function; while any participant below the median for

the vascular function measure was classified as having decreased function.

Comparisons between groups were tested using the independent t-test for

continuous variables and Pearson’s w2-test for dichotomous variables.

The relationship of each clinical variable and BP parameter with %FMD,

%NMD and the FMD/NMD ratio as continuous variables was tested using

univariate regression analyses. All variables significantly associated with

%FMD, %NMD or the FMD/NMD ratio in univariate regression analyses

were then inserted separately into a multivariate regression model containing

variables known to impact vascular function: age, BMI, 24-h SBP and 24-h

DBP. For all BPV indices entered into the model, the corresponding mean BP

value was entered into each model (for example, if the dependent variable for a

given model was a 24-h BPV variable, the model was adjusted for 24-h SBP and

DBP). Each model was evaluated for multicollinearity among variables. The

variance inflation factor was o5 for all models (range: 1.031–3.247). P-values

o0.05 were considered statistically significant for all analyses. Statistical analyses

were performed using SPSS version 17.0 (SPSS, Chicago, IL, USA).

RESULTS

A total of 36 African Americans who met the study criteria formed the
study population. The average age was 52.0±1.0 years and 25% were
male. Mean BMI for the entire study group was 32.3±0.9 kgm–2 and
the mean total cholesterol was 4.9±0.1mmol l–1. The mean office SBP
and DBP were 125.5±1.9mmHg and 79.9±1.0mmHg, respectively.
The mean 24-h SBP and DBP from ABPM were 127.8±1.8mmHg
and 78.7±1.4mmHg, respectively. Mean %FMD for the entire study
group was 7.2±0.4% and the mean for %NMD was 16.1±0.9%.
Table 1 shows the comparisons between normal and decreased

endothelial function groups for all clinical characteristics and BP

parameters when classified according to their %FMD. Fat mass and
% body fat were significantly higher in the decreased endothelial
function group. BMI and the prevalence of females also tended to be
higher in the decreased endothelial function group, but not signifi-
cantly. A trend for lower serum creatinine levels in the decreased
endothelial function group was also found. There were no significant
differences between the normal and decreased endothelial function
groups for mean BP levels obtained from office measures or ABPM.
For measures of visit-to-visit office BPV, the s.d. of DBP across visits
tended to be higher in the decreased endothelial function group,
however, this difference did not reach statistical significance. For
measures of BPV obtained during ABPM, 24-h SBP variability
(SBPV) was significantly higher in the decreased endothelial function
group.
Table 2 shows the comparisons between normal and decreased

endothelial function groups for all clinical characteristics and BP

Table 1 Clinical characteristics and BP parameters for endothelial

function groups classified according to %FMD

Normal

endothelial

function

Decreased

endothelial

function

%FMD X7% %FMD o7%

Variable (n¼18) (n¼18) P-value

Age (years) 51.3±1.6 52.2±1.2 0.68

Male (%)/female (%) 7 (39%)/

11 (61%)

2 (11%)/

16 (89%)

0.05

Antihypertensive medication (%) 27.7 38.8 0.48

BMI (kg m–2) 31.0±1.5 34.2±1.0 0.09

Fat-free mass (kg) 52.8±2.5 54.6±1.8 0.56

Fat mass (kg) 33.7±3.2 44.5±1.9 0.008*

% Fat 37.9±2.0 45.9±1.3 0.002*

Total cholesterol (mmol l–1) 5.0±0.1 4.8±0.1 0.34

LDL cholesterol (mmol l–1) 2.8±0.1 2.6±0.1 0.27

HDL cholesterol (mmol l–1) 1.6±0.1 1.7±0.1 0.53

Triglycerides (mmol l–1) 1.1±0.1 0.8±0.1 0.17

Fasting glucose (mmol l–1) 5.3±0.1 5.3±0.1 0.89

Serum creatinine (mmol l–1) 82.2±2.6 74.2±2.6 0.06

eGFR (ml min–1 per 1.73 m2) 92.9±3.3 97.4±4.0 0.39

Baseline BA diameter (mm) 3.5±0.1 3.6±0.1 0.82

FMD (%) 9.2±0.3 5.4±0.2 o0.001*

NMD (%) 17.5±1.1 15.0±1.4 0.18

FMD/NMD ratio 0.55±0.03 0.43±0.05 0.06

Office SBP (mm Hg) 122.3±2.5 128.7±2.8 0.10

Office DBP (mm Hg) 77.8±1.6 82.0±1.9 0.11

Office SBPV STD (mm Hg) 5.1±0.6 6.5±0.8 0.21

Office DBPV STD (mmHg) 3.7±0.6 5.3±0.6 0.07

Office SBPV CV (%) 4.2±0.5 4.8±0.5 0.44

Office DBPV CV (%) 4.7±0.8 6.4±0.8 0.13

24-h SBP (mm Hg) 127.8±2.3 127.9±3.0 0.97

24-h DBP (mmHg) 77.7±1.5 79.7±2.5 0.51

24-h SBPV (mm Hg) 8.1±0.3 9.4±0.5 0.04*

24-h DBPV (mm Hg) 7.5±0.3 8.4±0.5 0.14

24-h rate of SBPV (mmHgmin–1) 0.24±0.01 0.27±0.01 0.14

24-h rate of DBPV (mm Hgmin–1) 0.21±0.01 0.24±0.01 0.10

Abbreviations: BA, brachial artery; BMI, body mass index; BP, blood pressure; CV, coefficient of
variation; DBP, diastolic blood pressure; DBPV, diastolic blood pressure variability; eGFR,
estimated glomerular filtration rate; FMD, flow-mediated vasodilation; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; NMD, nitroglycerin-mediated vasodilation; SBP,
systolic blood pressure; SBPV, systolic blood pressure variability; STD, standard deviation.
*denotes significant difference between endothelial function groups.
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parameters when classified according to their FMD/NMD ratio. Fat
mass and % body fat were higher in the decreased endothelial function
group, however, this difference was only significant for % body fat.
The decreased endothelial function group also showed nonsignificant
trends for a higher prevalence of females, lower low-density lipopro-
tein cholesterol, lower serum creatinine levels and higher eGFR. For
measures of visit-to-visit office BPV, the s.d. of SBP across visits
tended to be higher in the decreased endothelial function group,
however, this difference did not reach statistical significance. For
measures of BPV obtained during ABPM, 24-h DBP variability
(DBPV), the rate of 24-h SBPV and the rate of 24-h DBPV were all
significantly higher in the decreased endothelial function group. Also,
24-h SBPV tended to be higher in the decreased endothelial function
group, however, this difference was not statically significant.

When participants were divided into normal (%NMD X16%,
n¼18) or decreased (%NMD o16%, n¼18) smooth muscle-depen-
dent dilation groups according to their %NMD, there were no
significant differences between the two groups for mean BP levels
and all BPV indices.
The regression and Pearson correlation coefficients from univariate

regression analyses of all clinical and BP variables significantly
associated with either %FMD, %NMD or FMD/NMD ratio are
provided in Table 3. Triglyceride levels and female gender were both
significantly associated with %FMD. Mean BP levels and BPV indices
showed no associations with %FMD. Total cholesterol, serum creati-
nine, eGFR, 24-h DBPV and the rate of 24-h DBPV were all
significantly associated with %NMD. The positive values of the
Pearson correlation coefficients indicate that higher BPV was asso-
ciated with higher %NMD. The s.d. of SBP across office visits, the
coefficient of variation of SBP across office visits, 24-h DBPV, the rate
of 24-h SBPV and the rate of 24-h DBPV were all significantly
associated with the FMD/NMD ratio. The negative values of the
Pearson correlation coefficients indicate that higher BPV was asso-
ciated with a lower FMD/NMD ratio. All remaining clinical variables
and mean BP levels showed no significant associations with %NMD
or the FMD/NMD ratio.
The regression and partial correlation coefficients from the multi-

variate regression model are provided in Table 4. Serum creatinine,
eGFR, 24-h DBPV and the rate of 24-h DBPV all remained signifi-
cantly associated with %NMD. For the FMD/NMD ratio, the s.d. of
SBP across office visits, the coefficient of variation of SBP across office
visits, 24-h DBPV, the rate of 24-h SBPVand the rate of 24-h DBPVall
remained significantly associated with the FMD/NMD ratio after
adjusting for age, BMI and mean BP levels.

DISCUSSION

In this study, we investigated the relationship between measures of
endothelial-dependent and -independent vasodilation and BPV in a
cohort of African Americans. To fully elucidate this relationship, two
measures of BPV were used: visit-to-visit BPV, reflective of long-term
BP fluctuations over days and weeks; and 24-h BPV, reflective of
short-term BP fluctuations over hours. To the best of our knowledge,
our study is the first to report on the relationship between measures of
endothelial function and visit-to-visit BPV in any population. More-
over, although some studies have investigated the relationship between
endothelial function and variables derived from ABPM,21,22 never has
the relationship between endothelial function and fluctuations in BP
from measurement to measurement during ABPM been investigated.
Thus, our study is also the first to report on the relationship between
measures of endothelial function and 24-h BPV in any population.
Our results show that African Americans with decreased endothelial
function, classified using either %FMD or the FMD/NMD ratio, had
higher 24-h BPV. Moreover, while not statistically significant, the
decreased endothelial function group also had a trend for higher visit-
to-visit BPV. When analyzed as continuous variables, our results show
that higher visit-to-visit SBPV, and 24-h SBPV and DBPV were all
significantly associated with a lower FMD/NMD ratio, independent of
age, BMI and mean BP. The use of the FMD/NMD ratio as a marker of
endothelial function is predicated off the assumption that NMD is
representative of the maximal achievable diameter of the BA; hence,
the lower the FMD/NMD ratio the less that an individual attains of
their maximal vasodilatory capacity. Therefore, our finding that high
BPV is associated with a lower FMD/NMD ratio may indicate that
endothelial-specific vasodilatory mechanisms are impaired in African
Americans who exhibit high BPV.

Table 2 Clinical characteristics and BP parameters for endothelial

function groups classified according to FMD/NMD ratio

Normal

endothelial

function

Decreased

endothelial

function

FMD/NMD

ratio X0.48

FMD/NMD

ratio o0.48

Variable (n¼18) (n¼18) P-value

Age (years) 53.0±1.8 50.6±1.0 0.25

Male (%)/female (%) 7 (39%)/

11 (61%)

2 (11%)/

16 (89%)

0.05

Antihypertensive medication (%) 33.3 33.3 1.00

BMI (kg m–2) 31.9±1.4 33.2±1.2 0.48

Fat-free mass (kg) 54.7±2.6 53.0±1.9 0.59

Fat mass (kg) 35.0±3.0 42.4±2.6 0.07

% Fat 38.3±2.1 44.9±1.5 0.01*

Total cholesterol (mmol l–1) 5.0±0.1 4.7±0.1 0.11

LDL cholesterol (mmol l–1) 2.9±0.1 2.5±0.1 0.08

HDL cholesterol (mmol l–1) 1.6±0.1 1.7±0.1 0.69

Triglycerides (mmol l–1) 1.0±0.1 0.9±0.1 0.35

Fasting glucose (mmol l–1) 5.2±0.1 5.3±0.1 0.76

Serum creatinine (mmol l–1) 73.2±2.2 62.5±1.5 0.004*

eGFR (ml min–1 per 1.73 m2) 90.2±3.7 99.4±3.3 0.07

Baseline BA diameter (mm) 3.6±0.1 3.6±0.1 0.99

FMD (%) 8.0±0.5 6.8±0.4 0.11

NMD (%) 12.6±1.0 19.4±1.0 o0.001*

FMD/NMD ratio 0.66±0.04 0.35±0.01 o0.001*

Office SBP (mm Hg) 122.7±2.1 127.8±1.8 0.19

Office DBP (mmHg) 78.1±1.0 81.4±2.1 0.17

Office SBPV STD (mmHg) 4.8±0.7 6.6±0.7 0.09

Office DBPV STD (mm Hg) 3.4±0.8 5.0±0.6 0.22

Office SBPV CV (%) 3.9±0.6 5.0±0.5 0.15

Office DBPV CV (%) 5.0±0.9 6.0±0.7 0.41

24-h SBP (mm Hg) 125.8±2.2 129.8±2.9 0.29

24-h DBP (mm Hg) 79.6±1.3 77.8±2.6 0.54

24-h SBPV (mm Hg) 8.1±0.3 9.3±0.4 0.06

24-h DBPV (mmHg) 7.4±0.3 8.6±0.4 0.04*

24-h rate of SBPV (mm Hgmin–1) 0.23±0.01 0.27±0.01 0.02*

24-h rate of DBPV (mm Hg min–1) 0.20±0.01 0.25±0.01 0.01*

Abbreviations: BA, brachial artery; BMI, body mass index; BP, blood pressure; CV, coefficient of
variation; DBP, diastolic blood pressure; DBPV, diastolic blood pressure variability; eGFR,
estimated glomerular filtration rate; FMD, flow-mediated vasodilation; HDL, high-density
lipoprotein; LDL, low-density lipoprotein; NMD, nitroglycerin-mediated vasodilation; SBP,
systolic blood pressure; SBPV, systolic blood pressure variability; STD, standard deviation.
*denotes significant difference between endothelial function groups.
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As a result of the cross-sectional design of this study, it is difficult to
ascertain whether high BPV precedes impaired endothelial function or
vice versa. The most compelling evidence for high BPV being a cause
rather than a consequence of impaired endothelial function stems
from animal studies using sinoaortic-denervation (SAD) rats. SAD is a
procedure whereby the arterial baroreflex system is interrupted,
causing significant increases in BPV without eliciting changes in
mean BP levels. SAD rats, therefore, are considered to be an animal
model for BPV, as the physiological changes caused by high BPV can
be investigated without the confounding effect of hypertension.23

Previous studies in SAD rats have shown that impaired endothelial
function is present in this animal model of high BPV after SAD, thus
providing experimental evidence in support of the hypothesis that
high BPV may be a contributing factor in the pathogenesis impaired
endothelial function.24,25 It has also been reported that inflammatory-
related factors are increased in SAD rats, and that long-term anti-
inflammatory and antioxidant treatment prevents SAD-induced organ
damage; suggestive that inflammation could be the underlying
mechanism facilitating endothelial dysfunction in SAD rats.26 In this
study, our finding of increased BPV in African Americans categorized
as having decreased endothelial function provides the first clinical data

in human subjects that high BPV may be associated with impaired
endothelial function. We have also previously reported in this cohort
of African Americans that high BPV is associated with increased
circulating levels of biomarkers for systemic inflammation.9 Both
findings coincide with experimental findings in SAD rats, and could
strengthen the hypothesis that BPV confers a greater CV risk through
the induction of vascular damage, which in turn may attenuate
endothelial function. Of course, prospective longitudinal studies are
needed to confirm this hypothesis.
It has been proposed that the FMD/NMD ratio is the best available

marker of endothelial function because differences in the VSM
response to NO can be accounted for.27,28 The FMD/NMD ratio
was first utilized in 1993, when Celermajer et al.29 showed that the
FMD/NMD ratio was decreased in adult smokers when compared
with adult non-smokers. Subsequent studies utilizing the FMD/NMD
ratio have reported that it is decreased in essential hypertension and
diabetes, and is associated with the number of CV risk factors.27,30,31

The most supportive data for the FMD/NMD ratio serving as the best
available marker of endothelial function, comes from a study by Chan
et al.32 who showed that the FMD/NMD ratio was a more powerful
predictor of vascular events than FMD. This finding led investigators

Table 3 Univariate regression analyses predicting vascular function measures

FMD (%) NMD (%) FMD/NMD ratio

B (95% CI) r P-value B (95% CI) r P-value B (95% CI) r P-value

Female gender �1.71 (�3.40 to �0.02) — 0.04 — — — — — —

Triglycerides 1.76 (0.19 to 3.34) 0.34 0.03 — — — — — —

Total cholesterol — — — �3.07 (�6.20 to 0.06) �0.33 0.04 — — —

Serum creatinine — — — �0.13 (�0.27 to �0.01) �0.31 0.05 — — —

eGFR — — — 0.12 (0.01 to 0.24) 0.32 0.04 — — —

Office SBPV (STD) — — — — — — �0.02 (�0.05 to �0.01) �0.39 0.02

Office SBPV (CV) — — — — — — �0.03 (�0.06 to �0.01) �0.35 0.04

24-h DBPV — — — 1.25 (0.29 to 2.21) 0.42 0.01 �0.05 (�0.08 to �0.01) �0.41 0.01

24-h ate of SBPV — — — — — — �1.23 (�2.46 to �0.01) �0.32 0.04

24-h rate of DBPV — — — 41.82 (11.54 to 72.10) 0.42 0.008 �1.63 (�2.73 to �0.54) �0.45 0.004

Abbreviations: B, unstandardized regression coefficient; CI, confidence interval; CV, coefficient of variation; DBPV, diastolic blood pressure variability; eGFR, estimated glomerular filtration rate;
FMD, flow-mediated vasodilation; NMD, nitroglycerin-mediated vasodilation; r, Pearson correlation coefficient; SBPV, systolic blood pressure variability.

Table 4 Multivariate regression analyses predicting vascular function measures

FMD (%) NMD (%) FMD/NMD ratio

B (95% CI)

Partial

correlation P-value B (95% CI)

Partial

correlation P-value B (95% CI)

Partial

correlation P-value

Female gender �1.51 (�3.48 to 0.46) — 0.12 — — — — — —

Triglycerides 1.47 (�0.33 to 3.28) 0.29 0.10 — — — — — —

Total cholesterol — — — �2.42 (�6.21 to 1.35) �0.26 0.11 — — —

Serum creatinine — — — �0.14 (�0.28 to �0.01) �0.35 0.03 — — —

eGFR — — — 0.15 (0.03 to 0.28) 0.43 0.02 — — —

Office SBPV (STD) — — — — — — �0.03 (�0.05 to �0.01) �0.42 0.03

Office SBPV (CV) — — — — — — �0.04 (�0.06 to �0.01) �0.39 0.03

24-h DBPV — — — 1.33 (0.33 to 2.32) 0.44 0.01 �0.04 (�0.08 to �0.01) �0.41 0.02

24-h rate of SBPV — — — — — — �1.46 (�2.88 to �0.03) �0.30 0.04

24-h rate of DBPV — — — 40.90 (8.52 to 73.21) 0.42 0.01 �1.59 (�2.81 to �0.37) �0.44 0.01

Abbreviations: B, unstandardized regression coefficient; BMI, body mass index; CI, confidence interval; CV, coefficient of variation; DBP, diastolic blood pressure; DBPV, diastolic blood pressure
variability; eGFR, estimated glomerular filtration rate; FMD, flow-mediated vasodilation; NMD, nitroglycerin-mediated vasodilation; SBP, systolic blood pressure; SBPV, systolic blood pressure
variability.
The listed variables were entered separately into a multivariate regression model containing age, BMI, SBP and DBP.
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to suggest that the portion of vascular dilation related solely to
endothelial mechanisms and not smooth muscle mechanisms is
most important, and that the calculation of the FMD/NMD ratio is
advantageous for determining the true prognostic value of endothelial
function independent of smooth muscle function. In this study, when
analyzed as a continuous variable, the FMD/NMD ratio was negatively
associated with measures of visit-to-visit and 24-h BPV. If the FMD/
NMD ratio is indeed the best available marker of endothelial function;
our study findings could provide important information regarding the
clinical importance of monitoring BPV. Unfortunately, although the
FMD/NMD ratio is used by some investigators, it is frequently not
reported in the literature despite sound rationale and previous data
supporting its use, thus its true prognostic value has not be clearly
established. Therefore, although provocative, our findings may be
tempered to some extent by a lack of studies investigating the clinical
and prognostic importance of the FMD/NMD ratio.
In this study, although differences in BPV were observed between

endothelial function groups classified according to %FMD, when
%FMD was analyzed as a continuous variable we found no associations
between %FMD and any measure of BPV. This finding is contrary to
the significant associations found between the FMD/NMD ratio and
measures of both visit-to-visit and 24-h BPV in our study population.
Reasons for significant associations only being found for the FMD/
NMD ratio and not %FMD are unclear, but could, in part, be
confounded by differences in the VSM response to NO. We found
that high 24-h DBPV was associated with an increased VSM response
to nitroglycerin. Considering the lack of association between FMD and
BPV, the negative association between the FMD/NMD ratio and BPV
could be driven by the effect of BPV on VSM responsiveness to
nitroglycerin rather than its deleterious effect on FMD. Consistent
with this hypothesis, previous animal studies have reported differences
in vascular reactivity to contractile and vasodilatory agonists between
SAD rats and sham-operated rats.33 Interestingly, Rocha et al.33 found
that expression of integral membrane proteins responsible for the
formation of gap junctions in VSM were increased in SAD rats; leading
investigators to propose that the differences in vascular reactivity
observed between SAD rats and sham-operated rats could be the result
of increased gap junction communication in the SAD rats. Given that
NO-induced vasodilation has previously been shown to be dependent
on cell-to-cell diffusion of cyclic guanosine monophosphate (cGMP)
through gap junctions,34 we hypothesize that a potential mechanism
for the association between high BPV and a greater vasodilatory
response to nitroglycerin could be the result of increased gap junction
communication in the arteries of individual’s with high BPV. However,
although we think this hypothesis is reasonable, it should be acknowl-
edged that this study cannot confirm the real mechanism contributing
to the observed association between NMD and BPV. Furthermore,
more clinical studies will be needed to further elucidate the relationship
between BPVand vascular reactivity to vasodilatory agonists, as well as
contractile agonists.
Several limitations of this study must be noted when interpreting

our findings. First, our sample size is small. However, because of
our extensive exclusion criteria, many confounding variables that may
influence vascular function were controlled for. Second, only African
Americans were included in the study. Therefore, are study findings
are not generalizable to other race-ethnicities. Third, the reproducibility
of BPV may be poor because of the large influence of daily activity
on BPV. However, recent reports have shown that both visit-to-visit
and 24-h BPV have fairly good reproducibility.35,36 Finally, our cross-
sectional study design allowed us to assess the relationship between
vascular function and BPV, but not to assess cause–effect relationships.

In conclusion, our study provides novel information by assessing
the relationship between BPV and measures of vascular function for
the first time in humans. Our findings provide some evidence that
BPV may be in increased in African Americans with decreased endo-
thelial function and are associated with the VSM response to NO.
Additional research is needed to confirm these results and determine
the clinical relevance of the FMD/NMD ratio.
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