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Original article

Level of blood pressure (BP) is strongly associated with 
risk of stroke, myocardial infarction (MI), and mortality,1–3  
and the mean of multiple BP measures over a period of 

time is used in clinical settings to make treatment deci-
sions. However, it is questionable whether mean BP can 
fully capture BP-related vascular risk.4 Rate of change in BP 
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BACKGROUND
Level of blood pressure (BP) is strongly associated with cardiovascular 
(CV) events and mortality. However, it is questionable whether mean BP 
can fully capture BP-related vascular risk. Increasing attention has been 
given to the value of visit-to-visit BP variability.

METHODS
We examined the association of visit-to-visit BP variability with mortal-
ity, incident myocardial infarction (MI), and incident stroke among 1,877 
well-functioning elders in the Health, Aging, and Body Composition 
Study. We defined visit-to-visit diastolic BP (DBP) and systolic BP (SBP) 
variability as the root-mean-square error of person-specific linear 
regression of BP as a function of time. Alternatively, we counted the 
number of considerable BP increases and decreases (separately; 10 mm 
Hg for DBP and 20 mm Hg for SBP) between consecutive visits for each 
individual.

RESULTS
Over an average follow-up of 8.5 years, 623 deaths (207 from CV dis-
ease), 153 MIs, and 156 strokes occurred. The median visit-to-visit DBP 

and SBP variability was 4.96 mmHg and 8.53 mmHg, respectively. After 
multivariable adjustment, visit-to-visit DBP variability was related to 
higher all-cause (hazard ratio (HR)  =  1.18 per 1 SD, 95% confidence 
interval (CI) = 1.01–1.37) and CV mortality (HR = 1.35, 95% CI = 1.05–
1.73). Additionally, individuals having more considerable decreases of 
DBP (≥10mm Hg between 2 consecutive visits) had higher risk of all-
cause (HR = 1.13, 95% CI = 0.99–1.28) and CV mortality (HR = 1.30, 95% 
CI = 1.05–1.61); considerable increases of SBP (≥20 mm Hg) were associ-
ated with higher risk of all-cause (HR = 1.18, 95% CI = 1.03–1.36) and CV 
mortality (HR = 1.37, 95% CI = 1.08–1.74).

CONCLUSIONS
Visit-to-visit DBP variability and considerable changes in DBP and SBP 
were risk factors for mortality in the elderly.

Keywords: blood pressure; blood pressure variability; hypertension; 
mortality; stroke; myocardial infarction; aged.

doi:10.1093/ajh/hpw106

Correspondence: Chenkai Wu (wuche@oregonstate.edu).

Initially submitted May 15, 2016; date of first revision June 7, 2016; 
accepted for publication August 17, 2016; online publication 
September 6, 2016.

© American Journal of Hypertension, Ltd 2016. All rights reserved. 
For Permissions, please email: journals.permissions@oup.com

1School of Biological and Population Health Sciences, Oregon State 
University, Corvallis, Oregon, USA;  2Department of Medicine, University 
of California, San Francisco, California, USA;  3Department of Medicine, 
Kidney Health Research Collaborative at the San Francisco VA Medical 
Center, San Francisco, California, USA;  4School of Social and Human 
Health Sciences, Oregon State University, Corvallis, Oregon, USA;  
5Cardiovascular Health Research Unit, University of Washington, Seattle, 
Washington, USA;  6Departments of Medicine and Epidemiology, 
University of Washington, Seattle, Washington USA;  7Department 
of Health Services, University of Washington, Seattle, Washington, 
USA;  8Group Health Research Institute, Group Health Cooperative, 
Seattle, Washington, USA;  9Intramural Research Program, Laboratory 
of Epidemiology and Population Sciences, National Institute on Aging, 
Bethesda, Maryland, USA;  10Department of Preventive Medicine, 
University of Tennessee Health Science Center, Memphis, Tennessee, 
USA;  11Division of Preventive Medicine, Department of Medicine, 
Brigham and Women’s Hospital, Harvard Medical School, Boston, 
Massachusetts, USA;  12Department of Epidemiology, Graduate School of 
Public Health, University of Pittsburgh, Pittsburgh, Pennsylvania, USA. 

February

mailto:wuche@oregonstate.edu?subject=


152 American Journal of Hypertension 30(2) February 2017

Wu et al.

has been shown to be related to cardiovascular (CV) events 
and mortality5–7; however, we previously found no associa-
tions between BP slope and outcomes, using data from the 
Health, Aging, Body Composition (Health ABC) Study.8 
Recently, increasing attention has been paid to the value of 
visit-to-visit BP variability.5–7,9–19 Visit-to-visit BP variabil-
ity may represent an inability to maintain homeostasis and 
have adverse effects on the vascular tissues and end-organs, 
leading to CV diseases and mortality.20,21 Additionally, 
visit-to-visit BP variability may be a result of intensifica-
tion of antihypertensive medications or varying adherence 
to medications. A better understanding of visit-to-visit BP 
variability in the setting of medication use is especially rele-
vant because the results of the recent Systolic Blood Pressure 
Intervention Trial (SPRINT) may lead to increased medica-
tion use among older adults.22

There is a developing body of literature on the association 
of visit-to-visit BP variability with mortality and CV events, 
although the findings have been mixed and prior studies 
have mostly focused on the visit-to-visit variability in sys-
tolic BP (SBP). Some researchers found that a higher level of 
visit-to-visit SBP variability was associated with an increased 
risk of mortality,5,11,13,16 stroke,6,10,15 and MI,10 whereas oth-
ers found no association of visit-to-visit SBP variability with 
mortality7 or stroke.5,11

Different definitions of visit-to-visit BP variability have 
been utilized in previous studies; many have used SD or 
coefficient of variation to define visit-to-visit BP variabil-
ity.5,10,12,14–16 However, neither of these 2 definitions distin-
guishes systematic changes in BP over time (e.g., slope) from 
true variation in BP.7 Moreover, some previous studies have 
used selective samples such as patients with treated hyper-
tension,10,12,13 individuals with a history of or risk factors for 
CV disease,5 and type II diabetic patients,14 which may or 
may not be generalizable to other subgroups.

In this study, we examined the associations of visit-to-visit 
diastolic BP (DBP), SBP, and pulse pressure (PP) variability 
with all-cause and CV mortality in older adults. As a second-
ary analysis, we investigated the association of visit-to-visit 
BP variability with incident MI and incident stroke. We also 
explored whether these associations were modified by anti-
hypertensive medication use. Findings of this study will con-
tribute to our understanding of the potential risks associated 
with visit-to-visit BP variability.

METHODS

Study population

The Health ABC Study is a longitudinal cohort study 
designed to examine age-related changes in health and body 
composition and functional limitations in initially well-
functioning older adults. Between March 1997 and July 
1998, 3,075 Black and White individuals aged 70–79 years 
were recruited from a list of Medicare beneficiaries provided 
by the Health Care Financing Administration at 2 study 
sites across the United States, Pittsburgh, Pennsylvania, 
and Memphis, Tennessee. Eligibility criteria were (i) free 
of life-threatening illness, (ii) self-reported ability to walk 
a quarter of a mile, to climb 10 steps without resting, and 

to perform basic activities of daily living without assistance, 
and (iii) no intention to move out the current geographic 
area for ≥3 years. Details about the Health ABC study have 
been previously published elsewhere.23,24 All participants 
provided written informed consent. The study protocol was 
approved by the institutional review boards of the 2 clinical 
sites and the Data Coordinating Center at the University of 
California, San Francisco.

The current analyses restricted the study population to 
participants who had BP measures available in the first 5 
annual examinations and did not experience an MI or stroke 
prior to their fifth clinic visit, leaving a final analytic sample 
size of 1,877. A flow diagram of participants through each 
stage of selection based on inclusion criteria is shown in 
Supplementary Figure S1.

Outcomes

Primary outcomes included all-cause and CV mortal-
ity; secondary outcomes included incident MI and incident 
stroke. All outcomes were assessed starting after the fifth 
annual clinic visit. Participants were censored at the date of 
last contact or by the end of the follow-up period (30 April 
2010 for Memphis and 30 June 2010 for Pittsburgh), which-
ever came first. All participants had annual visits to clinical 
centers or telephone contacts every 6 months during which 
health status was measured and CV outcomes were identi-
fied. Deaths were ascertained by review of local obituaries, 
by reports to the clinical centers by family members, or by 
means of the semiannual telephone contacts. Diagnoses and 
cause of death were adjudicated based on interview, review 
of all hospital records, death certificates, and other support 
documents by a panel of physicians.

Predictors

DBP and SBP were measured annually and, for each visit, 
we used the average of 2 measurements by a conventional 
mercury sphygmomanometer with an appropriately sized 
cuff, taken in the seated position after 5 minutes of quiet rest. 
PP was calculated as the difference between SBP and DBP.

For each participant, mean BP was calculated as the aver-
age of the 5 BP measurements taken in the first 5 annual vis-
its; average BP change was calculated as the slope coefficient 
in the person-specific linear regression of BP on time (in 
years); visit-to-visit BP variability was calculated as the root-
mean-square error (RMSE) of the residuals (i.e., differences 
between observed BP and predicted BP) from the regression 
(Figure 1). Three summary measures of BP (mean, change, 
variability) were calculated separately for DBP, SBP, and PP. 
Visit-to-visit BP variability was treated as the primary pre-
dictor, adjusting for mean BP and average annual BP change.

In an alternative approach, we adopted a method from 
Arnold et  al.,25 to classify participants based on presence 
of episodes of considerable increase or decrease in BP. 
The goal of this approach was to capture episodes of large 
changes in BP between visits. More than 10 mm Hg change 
in DBP (20 mm Hg for SBP) between consecutive visits were 
considered episode of considerable change. These cutoffs 
were chosen based on the distribution of change in BP and 
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clinical relevance (i.e., more than expected by just adding 1 
BP lowering medication). For each type of BP, 1 participant 
could only have 1 considerable change between any of the 2 
consecutive visits. We counted the number of considerable 
increases and decreases in DBP and SBP (separately) and 
examined its association with outcomes.

Covariates

Sociodemographics included age, race (Black, White), 
study site (Pittsburgh, Memphis), and education (<high 
school, high school, >high school). Behavioral characteris-
tics included smoking status (current, former, never), and 
body mass index defined as body weight (kilograms) divided 
by height (meters) squared. Clinical measures included fast-
ing serum glucose (mg/dl), fasting high-density lipoprotein 
and low-density lipoprotein cholesterol (mg/dl), and fast-
ing plasma triglycerides (mg/dl). Chronic health conditions 
included hypertension, CV disease (including coronary 
heart disease and cerebrovascular disease), heart failure, and 
diabetes (assessed by self-report, medication use, or a posi-
tive diagnosis by fasting blood glucose level or oral glucose 
tolerance test). We used information of antihypertensive 
medication use in years 1, 2, 3, and 5 (measures were una-
vailable in year 4) to classify participants into 3 categories: 
consistent users (using medication in all 4 visits), inconsist-
ent users (using medication in some visits but not in others), 
or nonusers (not using medication in any of the 4 visits).

Statistical analyses

We compared baseline characteristics of participants 
across high and low visit-to-visit DBP variability (≥ and 
<median), using a t-test for continuous variables and a chi-
squared test for categorical variables. We also compared 
baseline measures across types of antihypertensive medi-
cation use (consistent users, inconsistent users, nonusers) 
using chi-squared tests and analysis of variance.

We used Cox models26 to identify the associations of 
visit-to-visit BP variability (measured by RMSE) with all-
cause and CV mortality, incident MI and incident stroke, 
adjusting for mean BP, and average annual BP change. Then, 
sociodemographics (age, sex, race, education), behavioral 
measures (smoking status, body mass index), clinical meas-
ures (fasting serum glucose, fasting plasma high-density 
lipoprotein, fasting plasma low-density lipoprotein, fasting 
plasma triglycerides), and antihypertensive medication use 
were entered into the Cox models. We used 2 approaches to 
determine whether the associations differed across 3 types 
of antihypertensive medication users. First, we created inter-
action terms between visit-to-visit BP variability and anti-
hypertensive medication use and tested using the likelihood 
ratio test. As a secondary analysis, we stratified the analyses 
by antihypertensive medication use categories (consistent, 
inconsistent, never).

Additionally, we used Cox models to examine the rela-
tion of number of considerable increases and decreases in 
DBP and SBP (separately) with outcomes, adjusting for BP 
mean and average annual BP change as well as confounders 
documented above.

As a sensitivity analysis, we additionally adjusted for SBP 
level in the analyses of the association of visit-to-visit DBP 
and PP variability with outcomes.

All analyses were performed using Stata 13.1.27

RESULTS

Sample characteristics

The median and mean of the visit-to-visit variability of 
DBP across 5 annual visits were 4.98 mm Hg and 5.45 mm 
Hg, respectively. Individuals in the higher half of visit-to-
visit DBP variability were more likely to be of Black race and 
had fewer years of education (Table 1). Compared with indi-
viduals with lower visit-to-visit DBP variability, those with 
higher visit-to-visit DBP variability had lower triglycerides, 
and greater prevalence of CV disease and hypertension. 
Additionally, those with higher visit-to-visit DBP variabil-
ity had higher mean DBP and SBP over 5 years, and greater 
visit-to-visit SBP and PP variability. The median and mean of 
visit-to-visit SBP variability were 8.53 mm Hg and 9.56 mm 
Hg, respectively. Sample characteristics stratified by high 
and low visit-to-visit SBP variability (cutoff: median) were 
presented in Supplementary Table S1.

Over the first 5 years, 626 (33.4%) participants were clas-
sified as nonusers (not using antihypertensive medication 
in any of the 4 visits), 850 (45.3%) as consistent users (using 
antihypertensive medication in all 4 visits), and 401 (21.4%) 
as inconsistent users (using antihypertensive medication in 
some visits but not in others). Consistent users were most 
likely to be women and of Black race and had the low-
est education level (Supplementary Table S2). Compared 
with nonusers and inconsistent users, consistent users had 
higher DBP, SBP, fasting glucose, and triglycerides at base-
line. Chronic conditions, including heart failure, CV dis-
ease, hypertension, and diabetes, were also more prevalent 
in consistent users compared to nonusers and inconsistent 
users.

Mean = 146.8 mmHg

SD = 6.4 mmHg
SD of Residuals = 3.0 mmHg
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Figure 1. Illustration of long-term visit-to-visit DBP variability: the SD 
of the residuals taken from person-specific linear regression of 5 meas-
ures of DBP (residual-mean-square error). Abbreviation: DBP, diastolic 
blood pressure.
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Table 1. Sample characteristics across by visit-to-visit variability of DBP (≤ vs. > median = 4.96 mm Hg)

Characteristics

≤Median (low) >Median (high)

Mean ± SD or N (%) P valuea

Site <0.001

 Memphis 533 (56.9) 403 (43.0)

 Pittsburgh 405 (43.3) 536 (57.1)

Age (years) 73.3 ± 2.8 73.6 ± 2.8 <0.05

Women 511 (54.6) 494 (52.7) 0.42

Black 305 (32.6) 388 (41.4) <0.001

Education <0.01

 <High school 177 (18.9) 236 (25.2)

 High school graduate 337 (36.0) 289 (30.8)

 Postsecondary 424 (45.3) 413 (44.0)

Smoking status 0.21

 Never 456 (48.7) 419 (44.7)

 Current smoker 69 (7.4) 79 (8.4)

 Former smoker 412 (44.0) 440 (46.9)

Body mass index (kg/m2) 0.39

 <25 287 (30.7) 306 (32.6)

 25–30 421 (45.0) 392 (41.8)

 >30 230 (24.6) 241 (25.7)

DBP (mm Hg) 71.1 ± 10.1 71.1 ± 12.6 0.89

SBP (mm Hg) 133.6 ± 19.0 136.0 ± 20.9 <0.05

Fasting glucose (mg/dl) 102.2 ± 30.8 102.2 ± 29.5 0.99

HDL-cholesterol (mg/dl) 54.4 ± 16.7 54.0 ± 16.8 0.64

LDL-cholesterol (mg/dl) 122.1 ± 35.4 121.5 ± 34.4 0.73

Triglycerides (mg/dl) 142.3 ± 77.4 136.2 ± 80.5 0.09

Heart failure 16 (1.7) 14 (1.5) 0.18

Cardiovascular disease 144 (15.4) 176 (18.8) <0.05

Diabetes 122 (13.0) 124 (13.2) 0.90

Hypertension 414 (44.2) 471 (50.2) <0.05

Antihypertensive medication use <0.01

 Nonusers 352 (37.6) 274 (29.2)

 Consistent users 401 (42.8) 449 (47.9)

 Inconsistent users 185 (19.8) 216 (23.0)

5yr intraindividual mean DBP (mm Hg)b 71.3 ± 7.9 71.8 ± 8.8 0.14

5yr intraindividual slope DBP (mm Hg/year)b 0.2 ± 2.7 0.4 ± 3.0 0.07

5yr intraindividual variability SBPb 8.1 ± 3.9 11.1 ± 5.9 <0.001

5yr intraindividual mean SBP (mm Hg)b 134.1 ± 15.2 137.2 ± 16.0 <0.001

5yr intraindividual slope SBP (mm Hg/year)b 0.7 ± 4.9 0.9 ± 5.2 0.60

5yr intraindividual variability PPb 8.5 ± 5.0 9.9 ± 6.0 <0.001

5yr intraindividual mean PP (mm Hg)b 62.8 ± 13.3 65.3 ± 14.2 <0.001

5yr intraindividual slope PP (mm Hg/year)b 0.6 ± 3.8 0.5 ± 4.5 0.53

Abbreviations: DBP, diastolic blood pressure; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein cholesterol; PP, pulse 
pressure; SBP, systolic blood pressure.

aTwo-sample t-test for continuous variables, chi-squared test for categorical variables.
bRegressing DBP, SBP, or PP on time (in years) for every participant over the first five years (5 blood pressure measures).
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BP variability and outcomes

Over an average 8.5 years of follow-up, 153 incident MIs, 
156 incident strokes, 623 deaths, and 207 deaths from CV 
diseases occurred. After adjustment for DBP mean and 
average annual DBP change, higher visit-to-visit DBP vari-
ability was significantly associated with increased risk of 
all the mortality outcomes, and the associations remained 
significant for all-cause mortality and CV mortality in fully 
adjusted models (Table  2). Higher visit-to-visit SBP vari-
ability was significantly associated with increased risk of 
all the mortality outcomes, although the associations no 
longer reached statistical significance in fully adjusted mod-
els. Greater visit-to-visit PP variability was significantly 
associated with higher risk of all-cause mortality. Inclusion 
of SBP level as an adjustment covariate did not change the 
associations of visit-to-visit PP variability with outcomes 
(Supplementary Table S3).

Greater visit-to-visit DBP variability was associated with 
higher risk of all-cause and CV mortality and higher visit-
to-visit SBP variability was independently associated with 
higher risk of CV mortality in consistent users (Table  3). 
Additionally, higher visit-to-visit SBP and PP variability was 
significantly associated with all-cause mortality in nonusers. 
Moreover, greater visit-to-visit PP variability was related to 
higher risk of mortality outcomes among inconsistent users. 
The associations of visit-to-visit DBP and SBP variability with 
the mortality outcomes appeared less pronounced in incon-
sistent users, although none of the differences were statisti-
cally significant. Results were virtually unchanged when SBP 
level was additionally adjusted (Supplementary Table S3).

BP stability and outcomes

Participants who had more episodes of considerable 
decreases of DBP appeared to have greater risk of all-cause 

mortality (hazard ratio (HR) = 1.13, 95% confidence inter-
val (CI)  =  0.99–1.28) and CV mortality (HR  =  1.30, 95% 
CI = 1.05–1.61) (Figure 2). Associations for MI and stroke 
were similar to those of mortality but were not significant. 
In addition, more episodes of considerable increases of SBP 
were significantly associated with higher risk of all-cause 
mortality (HR = 1.18, 95% CI = 1.03–1.36) and CV mortal-
ity (HR = 1.37, 95% CI = 1.08–1.74) in fully adjusted models.

DISCUSSION

In a large-scale prospective study of well-functioning 
older adults, we found evidence that higher levels of visit-to-
visit DBP variability, as captured by the RMSE, were inde-
pendently associated with increased risk of all-cause and CV 
mortality. Additionally, we found that older adults having 
more considerable decreases in DBP (10 mm Hg per year) 
or considerable increases in SBP (20 mm Hg per year) had 
higher risk of mortality outcomes. Although most recom-
mendations for the treatment of hypertension among older 
adults emphasize optimal SBP targets, our findings highlight 
the importance of visit-to-visit DBP variability and consid-
erable DBP decrease.

The association of long-term visit-to-visit BP variability 
with increased all-cause and CV mortality revealed in our 
study is consistent with previous research.5,11,13,14 Hastie 
et al.13 showed that both visit-to-visit DBP and SBP variabil-
ity, quantified by the average real variability, were associated 
with increased mortality risk in a cohort of hypertensive 
patients. In the Prospective Study of Pravastatin in the 
Elderly at Risk (PROSPER) study, Poortvliet et  al.5 found 
higher visit-to-visit DBP and SBP variability, defined by the 
SD and coefficient of variation, were independently predic-
tive of all-cause and CV mortality. In a recent investigation 
of 3,852 community-dwelling older adults, Suchy-Dicey 
et  al.11 showed that increased visit-to-visit SBP variability, 

Table 2. Associations of visit-to-visit blood pressure variability with MI, incident stroke, and mortality

MI Stroke All-cause mortality CV mortality

HR 95% CI HR 95% CI HR 95% CI HR 95% CI

Diastolic blood pressure

 Variability Adjusteda 1.03 0.76–1.40 1.32 0.99–1.75 1.31*** 1.14–1.51 1.54*** 1.22–1.95

Fully adjustedb 1.01 0.73–1.40 1.17 0.87–1.59 1.18* 1.01–1.37 1.35* 1.05–1.73

Systolic blood pressure

 Variability Adjusteda 1.12 0.84–1.49 1.16 0.88–1.54 1.22** 1.06–1.41 1.36** 1.09–1.72

Fully adjustedb 1.10 0.81–1.49 1.09 0.80–1.48 1.11 0.95–1.29 1.20 0.94–1.54

Pulse pressure

 Variability Adjusteda 1.04 0.89–1.21 1.05 0.90–1.23 1.13** 1.05–1.22 1.17* 1.03–1.32

Fully adjustedb 1.07 0.90–1.27 0.99 0.83–1.17 1.11* 1.02–1.20 1.13 0.99–1.28

Per 1 SD difference of visit-to-visit blood pressure variability. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: CI, confidence interval; CV, 
cardiovascular; HR, hazard ratio; MI, myocardial infarction.

aEstimates adjusted for blood pressure mean and blood pressure slope.
bEstimates adjusted for demographic measures (age, gender, race, education), clinical measures (fasting serum glucose, fasting plasma 

high-density lipoprotein cholesterol, fasting plasma low-density lipoprotein cholesterol, fasting plasma triglycerides), antihypertensive medica-
tion use (never, consistent, inconsistent), and health behaviors (current smoking status, former smoking status, body mass index), blood pres-
sure mean, and blood pressure slope.
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captured by the RMSE, was associated with higher mortal-
ity, after controlling for mean SBP and change of SBP. More 
recently, Muntner et al.12 found high levels of visit-to-visit 
SBP variability, defined by the SD, were associated with 
increased risk of mortality among trial patients with hyper-
tension and at least one other risk factor for CV disease. Two 
large meta-analyses have reported a significant association 
of visit-to-visit BP variability with all-cause and CV mor-
tality.18,19 However, as indicated in both studies, substantial 
variation exists in measurement of visit-to-visit BP variabil-
ity and this lack of standardization limits the comparability 
among research. In addition, among analyzed studies, rela-
tively few quantified visit-to-visit BP variability using RMSE, 
which is arguably a better measurement of visit-to-visit BP 
variability than SD and coefficient of variation.

There have been contradictory findings regarding the 
associations of visit-to-visit BP variability with MI and 
stroke in older adults. In the present study, no strong asso-
ciation was present between BP variability and MI or stroke, 

which is in line with several previous studies.5,6 For example, 
Shimizu et al.28 found no association between visit-to-visit 
BP variability, defined by the RMSE, and stroke, adjusting 
for BP mean and slope. In the PROSPER study, neither visit-
to-visit DBP nor SBP variability was associated with stroke 
among participants with a history of or risk factors for CV 
disease.5 In contrast, some studies have indicated that visit-
to-visit BP variability is a predictor of stroke,6,10,15 MI,12 and 
coronary heart disease.29 In addition, 2 recent meta-analyses 
showed modest associations of visit-to-visit BP variability 
with stroke and coronary heart disease.18,19

One reason for these conflicting results may be that visit-
to-visit BP variability has been defined differently and pre-
vious studies mostly used SD of BP to define visit-to-visit 
BP variability. Because SD of BP reflects different sources of 
variation around the mean level such as BP variability and 
systematic change of BP over time, defining visit-to-visit BP 
variability as SD of BP could inflate the predictive power of BP 
variability and confound which dimension of CV dynamics 
is driving the effects (i.e., change vs. variability). This distinc-
tion is important given that BP slope has been recently shown 
to be associated with CV events and mortality.5–7 For exam-
ple, Shimbo et al.6 found a steeper slope of SBP was related 
to an increased risk of stroke in postmenopausal women. In 
an elderly primary care patient cohort, Gao et al.7 identified 
a U-shaped relationship between rate of change in BP and 
death, with little or no change having the lowest mortality. 
In contrast, the definition of BP variability used in our study 
allows us to distinguish variation of BP from BP slope, and 
thus to examine the incremental value of visit-to-visit BP var-
iability in addition to mean BP and BP slope. Future research 
should consider using RMSE, a methodologically more pure 
measure, rather than SD, which conflates systematic/linear 
changes and variability, to define visit-to-visit BP variability, 
especially if linear change of BP over time is present.

The physiological mechanisms by which visit-to-visit 
BP variability influences mortality are not well understood 
and merit further investigation. High visit-to-visit BP vari-
ability could represent an inability to maintain hemody-
namic homeostasis and may have negative impacts on the 
vascular system and end-organs, leading to mortality.20,21 
Additionally, increased visit-to-visit BP variability may be a 
marker of low artery elasticity, leading to functional altera-
tions in the aorta and other large vessels.30 Moreover, sub-
clinical inflammation, which was found to be related to 
visit-to-visit BP variability,31 may also play a role in the asso-
ciation of BP variability and adverse outcomes.

In this study, we also found a considerable decrease in 
DBP was associated with increased mortality risk. One 
explanation is that a large drop in DBP and the resultant 
low DBP level may lead to impaired organ perfusion, espe-
cially the heart, which is only perfused during diastole.32 In 
contrast to BP slope, which measures an average rate of BP 
change over multiple occasions, considerable change in BP 
between 2 consecutive visits reflects change in BP over rela-
tively short intervals and may capture a different aspect of 
BP-related mortality risk.

Several investigators have proposed that noncompliance 
to antihypertensive medications accounts for the associa-
tion of visit-to-visit BP variability with adverse outcomes.29,33 

Table 3. Associations of visit-to-visit blood pressure variability 
with mortality across antihypertensive medication use (stratified 
analyses)

All-cause mortality CV mortality

HR 95% CI HR 95% CI

Nonusers (n = 626)

 DBP variability 1.21 0.88–1.66 1.32 0.68–2.55

 SBP variability 1.52* 1.05–2.20 1.60 0.75–3.41

 PP variability 1.36*** 1.15–1.62 1.17 0.79–1.74

Consistent users (n = 850)

 DBP variability  1.26* 1.01–1.56  1.47* 1.06–2.04

 SBP variability 1.14 0.92–1.41  1.47* 1.08–2.01

 PP variability 1.00 0.89–1.12 1.00 0.84–1.21

Inconsistent users (n = 401)

 DBP variability 1.05 0.77–1.42 1.35 0.82–2.23

 SBP variability 0.95 0.81–1.11 0.69 0.41–1.18

 PP variability 1.17* 1.00–1.37 1.30* 1.02–1.65

Per 1 SD difference of visit-to-visit blood pressure variability. 
Diastolic blood pressure, systolic blood pressure, and pulse pressure 
were analyzed separately. All estimates adjusted for demographic 
measures (age, gender, race, education), clinical measures (fasting 
serum glucose, fasting plasma high-density lipoprotein cholesterol, 
fasting plasma low-density lipoprotein cholesterol, fasting plasma 
triglycerides), and health behaviors (current smoking status, former 
smoking status, body mass index), blood pressure mean, and blood 
pressure slope. Separate analyses were conducted for diastolic 
blood pressure and systolic blood pressure. P-value for interaction: 
DBP variability × medication use for all-cause mortality = 0.99; DBP 
variability × medication use for CV mortality = 0.99; SBP variability × 
medication use for all-cause mortality = 0.21; SBP variability × medi-
cation use for CV mortality = 0.06; PP variability × medication use 
for all-cause mortality = 0.02; PP variability × medication use for CV 
mortality = 0.98. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: 
CI, confidence interval; CV, cardiovascular; DBP, diastolic blood 
pressure; HR, hazard ratio; PP, pulse pressure; SBP, systolic blood 
pressure.
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Findings of this study suggest this is not a complete explana-
tion because there was evidence for associations of visit-to-visit 
SBP variability with mortality among medication nonusers. 
In addition, the association of visit-to-visit BP variability with 
mortality was less pronounced among inconsistent users—
whom we would expect to have high medication-driven 
visit-to-visit BP variability—compared to consistent users 
and nonusers. These findings demonstrate the importance of 
accounting for the changes in treatment regimens rather than 
simply focusing on the treatment status at a single time point.

We acknowledge several limitations of this study. First, we 
were unable to determine whether visit-to-visit BP variabil-
ity was causally associated with mortality or it was merely a 
marker for some underlying risk factors for mortality. A bet-
ter understanding of the role of visit-to-visit BP variability 
can elucidate whether new therapies directly addressing 
high visit-to-visit BP variability might reduce mortality risk. 
Second, information about antihypertensive medication use 
was only available in years 1, 2, 3, and 5; more frequent meas-
ures of medication use could better classify participants. 
Finally, our definitions of variability are based upon annual 
measures of BP; more frequent assessments might have 
improved our phenotyping of variability and thus strength-
ened our associations (e.g., measurement burst design).

In conclusion, our findings highlight the importance of 
evaluating long-term variability and episodes of consider-
able changes in both DBP and SBP in geriatric care. Older 
adults who do not maintain a stable level of BP over time 
may be at increased risk of mortality.

SUPPLEMENTARY MATERIAL

Supplementary materials are available at American Journal 
of Hypertension (http://ajh.oxfordjournals.org).
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