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Abstract

Aims Data on the association of long-term variability of blood pressure (BP) with incident heart failure (HF) in individuals
with Type 2 diabetes are scarce. We evaluated this association in a large community-based sample of adults with Type 2
diabetes.
Methods and results A total of 4200 participants with Type 2 diabetes who had available BP measurements at four visits
(baseline and 12, 24, and 36 months) in the Look AHEAD (Action for Health in Diabetes) study were included. Variability of
systolic BP (SBP) and diastolic BP (DBP) across the four visits was assessed using four metrics. Participants free of HF during
the first 36 months were followed for HF events. Cox regression was used to generate hazard ratios (HRs) and 95% confidence
intervals (CIs) for HF. Of the 4200 participants, the average age was 59 years [standard deviation (SD): 6.8]; 58.5% were
women. Over a median follow-up of 6.7 years, 129 developed HF events. After adjusting for relevant confounders, the HR
of incident HF for the highest vs. lowest quartile of SD of SBP was 1.77 (95% CI 1.01–3.09); the HR for the highest (vs. lowest)
quartile of variability independent of the mean of SBP was 1.29 (95% CI 0.78–2.14). The adjusted HR for participants in the
highest (compared with the lowest) quartile of SD of DBP was 1.61 (95% CI 1.01–2.59), and the adjusted HR for variability
independent of the mean of DBP was 1.65 (95% CI 1.03–2.65).
Conclusions A greater variability in SBP and DBP is independently associated with greater risk of incident HF in individuals
with Type 2 diabetes.
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Introduction

Type 2 diabetes and hypertension are common in the USA and
often cluster together.1,2 Among individuals with Type 2
diabetes, high blood pressure (BP) is a major modifiable risk
factor for cardiovascular disease (CVD) including heart failure
(HF).3 Accordingly, BP reduction is widely considered a priority
in patients with hypertension and diabetes.3 Extant evidence
suggests that visit-to-visit variability in systolic (SBP) and dia-
stolic BP (DBP) is independently associated with higher risks
of atherosclerotic CVD events4–11; however, most studies have
not explored the relation with incident HF, especially among
people with Type 2 diabetes.4–12 Type 2 diabetes is

independently associated with an excess risk of HF.13–15

Moreover, a greater BP variability may be more common in
diabetes.16 Factors contributing to a greater BP variability
include autonomic dysfunction and arterial stiffness,16,17 both
of which are a hallmark of Type 2 diabetes,16,18,19 yet there is
a paucity of epidemiological data on the relation of long-term
variability of BP measures with incident HF in individuals with
Type 2 diabetes.

We evaluated the associations of long-term variability in
SBP and DBP with incident HF events, using data from the
Look AHEAD (Action for Health in Diabetes)—a large and di-
verse cohort study of adults with Type 2 diabetes in whom
serial annual measurements of BP were obtained at the
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outset. We hypothesized that greater BP variability would be
associated with a higher risk of incident HF.

Methods

Study design

The data used for the analyses are publicly available through
the NIDDK Central Repository. We performed an analysis
of the prospective data from prospective cohort analysis of
the Look AHEAD, a clinical trial in which participants were en-
rolled from August 2001 to April 2004 across 16 locations in
the USA and randomly assigned to receive either an intensive
lifestyle intervention or diabetes support and education. Look
AHEAD included 5145 overweight or obese individuals aged
45–76 years at enrolment with a self-reported diagnosis of
Type 2 diabetes confirmed via measured plasma glucose,
use of anti-diabetic medication, or a physician’s documenta-
tion. Details about the trial’s design including a description
of the rationale and protocol have been published
elsewhere.20,21

The current investigation included participants with full
data on BP measurements at baseline and 12, 24, and
36 month visits. We excluded participants who had incident
HF events or died before the 36 month visit (n = 701) and
those with consent restrictions (n = 244). A total of 4200 par-
ticipants were included in our main analyses.

The study protocol was approved by the institutional
review board at each clinical centre, and each participant
provided an informed consent.

Assessment of blood pressure variability

At each study visit and centre, BP was measured twice from
the right arm by trained staff with participants in a seated po-
sition using an automated device (Dinamap Monitor Pro 100,
Chicago, IL). The first BP was obtained after the participant
had rested for 5 min, and the second BP was measured after
an additional 30 s. The average of the two readings was used
as the examination BP.20,21

The long-term variability of SBP and DBP variability was
evaluated using four metrics: (i) the intra-individual standard
deviation (SD) across the four visits; (ii) the variability inde-
pendent of the mean (VIM) calculated as 100 * SD/meanβ,
where β is the regression coefficient based on the natural
logarithm of SD as a function of the natural logarithm of
the respective average BP measure; (iii) the coefficient of
variation; and (iv) the average successive variability defined
as the average absolute difference between consecutive
values. We included several measures to attempt to capture
the full spectrum of variability.

Ascertainment of incident heart failure events

Participants were followed from the 36 month visit until the
occurrence of an HF event, death, or end of the study. Annual
visits and semi-annual phone calls were conducted, and
incident HF events were ascertained by an adjudication
committee that reviewed relevant health records. Cases were
classified into definite or possible acute decompensated HF,
chronic stable HF, HF unlikely, or unclassifiable. Incident HF
events referred to the first hospitalization for definite or
possible acute HF exacerbation.22 Further details of the
criteria used for the HF adjudication are displayed in the
Supporting Information.

Covariates

Potential confounders included age, sex, race/ethnicity, ran-
domization arm, duration of diabetes, history of atheroscle-
rotic CVD (defined as history of prior myocardial infarction
or stroke), current smoking, alcohol use, body mass index
(BMI), use of BP-lowering medication, and anti-diabetic
medications during follow-up and estimated glomerular
filtration rate (eGFR) calculated using the Chronic Kidney
Disease Epidemiology Collaboration equation.23 Additionally,
we used data obtained through the fourth visit to calculate
the average ratio of total to high-density lipoprotein choles-
terol, average glycosylated haemoglobin, and average SBP
and DBP.20,21

Statistical analyses

Participants were compared across quartiles of the
intra-individual SD of SBP and DBP using the analysis of vari-
ance or Kruskal–Wallis test for continuous variables and the
χ2 test for categorical variables. Cox proportional hazards re-
gression was used to compute adjusted hazard ratios (HRs)
and 95% confidence intervals (CIs) for incident HF. For both
SBP and DBP measures, each variability metric was modelled
as a continuous variable and quartiles with the bottom quar-
tile used as reference.

Incidence rates per 1000 person-years were calculated as
the ratio of the cumulative number of HF events to the at-risk
person-years. The person-years were computed from the
fourth visit to the earliest of HF event, death, or 14
September 2012 (date of trial’s termination).

Regression models to examine the association of BP
variability and outcomes were constructed sequentially as
follows: (i) first model adjusting for age, sex, race/ethnicity,
and randomization arm (Model 1); (ii) second model
adjusting for variables in Model 1 with further adjustment
for BMI, current smoking, alcohol drinking, use of antihyper-
tensive medication during follow-up, average ratio of total to
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high-density lipoprotein cholesterol, estimated glomerular
filtration rate, duration of diabetes, average glycosylated
haemoglobin, and history of CVD (Model 2); and (iii) third
model (except for VIM) including Model 2 variables plus
average SBP when assessing SBP variability or average DBP
when assessing DBP variability (Model 3).

We also tested the robustness of our analyses by first
restricting our sample to individuals without CVD at
baseline and then performing additional adjustments for the
number of antihypertensive medications, use of angiotensin--
converting enzyme inhibitors, use angiotensin receptor
blockers, use of beta-blocker, and use of insulin, as these clas-
ses of medications can affect cardiac remodelling.24

A two-sided P-value of less than 0.05 was deemed statisti-
cally significant, and all analyses were performed using STATA
14.2 (StataCorp, College Station, TX).

Results

Characteristics of study participants

The characteristics of study participants by quartiles of SD of
SBP are displayed in Table 1. Compared with those in lower
quartiles, participants in the highest quartile were older
and more frequently women. They also had longer duration
of diabetes, lower eGFR, and higher BMI and SBP. Addition-
ally, participants in the highest quartile of SD of DBP were
more frequently Hispanic and had lower eGFR, as well as
higher BMI, SBP, and DBP measures (Supporting Information,
Table S1).

Long-term variability of blood pressure and
incident heart failure

Over a median follow-up period of 6.7 years (inter-quartile
range 6.0–7.4), 129 participants developed incident HF
events [incidence rate per 1000 person-years: 4.8 (95% CI
4.0–5.7)]. In univariate analyses, the cumulative hazards for
incident HF were higher among participants in the highest
quartile of SD of SBP or DBP (Figure 1).

The adjusted HRs of SBP and DBP variability metrics are
shown in Tables 2–4.

After multivariable adjustment, the HRs for incident HF per
each SD in intra-individual SD and VIM of SBP were 1.30 (95%
CI 1.11–1.51) and 1.26 (95% CI 1.08–1.49), respectively.
Participants in the highest quartile of SD of SBP had a 1.8-fold
higher risk of incident HF compared with those in the lowest
quartile (HR 1.77, 95% CI 1.01–3.09). The corresponding HR
for VIM of SBP was 1.29 (95% CI 0.78–2.14). The equivalent
values for other measures of BP variability are displayed in
Table 3.

The HRs for incident HF per each SD increment in SD and
VIM of DBP were 1.29 (95% CI 1.13–1.47) and 1.34 (95% CI
1.16–1.55), respectively (Table 2). The HRs for the top
compared with the bottom quartiles were 1.61 (95% CI
1.01–2.59) and 1.65 (95% CI 1.03–2.65) for SDV and VIM of
DBP, respectively (Table 4).

Sensitivity analyses

We tested the robustness of our findings by restricting the
analytical sample to participants without prevalent CVD at
baseline (Supporting Information, Tables S2–S4). Consistent
to our main results, each unit-SD increase in intra-individual
SD of SBP or DBP was associated with higher risks of incident
HF [HR 1.38 (95% CI 1.13–1.69) for SBP; HR 1.24 (95% CI
1.04–1.50) for DBP; Supporting Information, Table S2].
Participants in the top quartile of SD of SBP had a higher risk
of incident HF compared with those in the bottom quartile
(HR 2.71, 95% CI 1.22–6.01; Supporting Information, Table
S3). The HRs for the top compared with the bottom quartiles
were 1.42 (95% CI 0.76–2.66) and 1.35 (95% CI 0.72–2.54) for
SD and VIM of DBP, respectively (Supporting Information,
Table S4).

Even with additional adjustments for the number of
antihypertensive medications, use of angiotensin-converting
enzyme inhibitors, use angiotensin receptor blockers, use of
beta-blocker, and use of insulin, higher variability of BP
remained significantly associated with increased risk of HF
(Supporting Information, Tables S5–S7).

Discussion

This study comprehensively evaluated the associations of
long-term variability of SBP and DBP with incident HF in a
large sample of adults with Type 2 diabetes. We found that
variability in SBP or DBP was each independently associated
with a higher risk incident HF, after accounting for other HF
risk factors including average BP. Our results were consistent
across individuals with or without history of CVD. Our find-
ings underscore the utility of stable and consistent BP control
over time in the reduction of HF risk among patients with
Type 2 diabetes.

Our study adds to the body of knowledge by investigating
the effect of long-term variability in BP on incident HF as the
outcome exclusively in people with Type 2 diabetes. Prior
studies predominantly focused on atherosclerotic CVD out-
comes and did not include HF as an outcome and also found
a positive relation with BP variability.4–12 Our observations of
a positive association between BP variability and risk of HF
are consistent with the few studies conducted so far, al-
though individuals without Type 2 diabetes were included
in some of these reports.5,12 Contrary to the extant studies,
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our study includes a variety of measures of BP variability, as
well as a diverse multi-ethnic/racial sample of participants.5

There are causal pathways that could explain the positive
relation between long-term variability in BP and risk of HF
in Type 2 diabetes. First, BP variability can affect myocardial
remodelling. Animal studies suggest that an exaggerated BP
variability induces chronic inflammation and fibrosis in the
myocardium, leading to adverse cardiac remodelling and
impaired systolic function independently of mean BP.25,26

Second, higher visit-to-visit variability of BP could lead to en-
dothelial damage,27 which in turn negatively affects coronary
blood flow reserve leading to myocardial hypertrophy and

diastolic dysfunction.28,29 Third, the effect of BP variability
could be mediated via cardiac dysautonomia whereby sympa-
thetic denervation and depletion of myocardial catechol-
amine contribute to systolic and diastolic dysfunction.28,30,31

Our findings have several implications for individuals with
Type 2 diabetes. Current hypertension guidelines focus only
on average BP. Further research is needed to assess optimal
methods to measure long-term variability of BP in the clinical
setting and its exact utility as a therapeutic target. As the ex-
act mechanisms underpinning the pathobiology of diabetes-
associated HF remain incompletely understood, our data
provide evidence supporting the contribution of visit-to-visit

Figure 1 Cumulative hazards of incident heart failure (HF) by quartiles (Qs) of (A) standard deviation (SD) of systolic blood pressure (SBP) and (B) SD of
diastolic blood pressure (DBP).
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variability of BP to the genesis of HF. Further data are needed
to clarify the mechanisms underlying this association and to
address the potential effects of BP variability reduction on
the HF risk in people with Type 2 diabetes.

Our findings should be interpreted in the context of a few
limitations. First, our study was observational, and there is a
possibility of unmeasured, residual confounding. Second, we
did not have data on BP medication adherence, as this may

Table 2 Hazard ratios for incident heart failure by continuous measures of blood pressure variability in the Look AHEAD study

Metric (+SD, mmHg)

Model 1 Model 2 Model 3

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

SBP variability
SD (+4.89) 1.50 (1.30–1.73) <0.001 1.40 (1.20–1.63) <0.001 1.30 (1.11–1.51) 0.001
CV (+0.04) 1.38 (1.18–1.60) <0.001 1.28 (1.09–1.50) 0.003 1.30 (1.11–1.52) 0.001
ASV (+6.31) 1.03 (0.87–1.23) 0.712 1.07 (0.90–1.26) 0.436 1.03 (0.87–1.20) 0.754
VIM (+2.14) 1.36 (1.17–1.59) <0.001 1.26 (1.08–1.49) 0.004 NA NA

DBP variability
SD (+2.46) 1.40 (1.24–1.58) <0.001 1.34 (1.17–1.53) <0.001 1.29 (1.13–1.47) <0.001
CV (+0.04) 1.42 (1.23–1.65) <0.001 1.32 (1.13–1.53) <0.001 1.34 (1.16–1.56) <0.001
ASV (+3.12) 0.97 (0.82–1.16) 0.755 1.00 (0.84–1.18) 0.963 1.00 (0.84–1.19) 0.989
VIM (+58.62) 1.42 (1.24–1.63) <0.001 1.34 (1.16–1.55) <0.001 NA NA

AHEAD, Action for Health in Diabetes; ASV, average successive variability; CI, confidence interval; CV, coefficient of variation; DBP,
diastolic blood pressure; HR, hazard ratio; NA, not applicable; SBP, systolic blood pressure; SD, standard deviation; VIM, variability
independent of the mean.
Hazard ratios are per 1-SD increment in the variability metrics. Model 1 adjusted for age, sex, race/ethnicity, and randomization arm.
Model 2 includes variables in Model 1 with further adjustment for body mass index, current smoking, alcohol drinking, use of antihyper-
tensive medications during follow-up, average ratio of total to high-density lipoprotein cholesterol, estimated glomerular filtration rate,
duration of diabetes, average glycosylated haemoglobin, and history of cardiovascular disease. Model 3 includes variables in Model 2 with
further adjustment for average SBP in models assessing SBP variability or average DBP in models assessing DBP variability.

Table 3 Association of systolic blood pressure variability and incident heart failure in the Look AHEAD study

Variability metric
(mmHg)

No. of events/
no. at risk

Rate per
1000 p-y

Estimate of association, hazard ratio (95% CI)

Model 1 Model 2 Model 3

Quartiles of SD
Q1 (<6.07) 20/1052 2.9 (1.9–4.5) Reference Reference Reference
Q2 (6.07–8.90) 27/1048 4.0 (2.7–5.8) 1.35 (0.76–2.41) 1.22 (0.66–2.24) 1.18 (0.64–2.17)
Q3 (8.91–12.34) 31/1050 4.6 (3.2–6.5) 1.62 (0.92–2.85) 1.52 (0.85–2.73) 1.47 (0.82–2.64)
Q4 (>12.34) 51/1050 7.7 (5.8–10.1) 2.56 (1.52–4.31)‡ 2.06 (1.19–3.57)* 1.77 (1.01–3.09)*
P for trend — — <0.001 0.004 0.025

Quartiles of CV
Q1 (<0.05) 28/1050 4.1 (2.8–5.9) Reference Reference Reference
Q2 (0.05–0.07) 20/1050 2.9 (1.9–4.5) 0.70 (0.39–1.24) 0.62 (0.34–1.14) 0.70 (0.38–1.28)
Q3 (0.07–0.10) 38/1050 5.6 (4.1–7.7) 1.44 (0.89–2.36) 1.43 (0.86–2.36) 1.56 (0.94–2.58)
Q4 (>0.10) 43/1050 6.4 (4.8–8.7) 1.56 (0.97–2.52) 1.23 (0.74–2.03) 1.36 (0.82–2.25)
P for trend — — 0.009 0.084 0.044

Quartiles of ASV
Q1 (<�5.33) 40/1090 5.6 (4.1–7.7) Reference Reference Reference
Q2 (�5.17, �1.33) 28/1051 4.1 (2.9–6.0) 0.75 (0.46–1.21) 0.77 (0.46–1.27) 0.80 (0.48–1.32)
Q3 (�1.17, 2.50) 22/1045 3.2 (2.1–4.9) 0.57 (0.34–0.97) 0.61 (0.36–1.04) 0.60 (0.35–1.02)
Q4 (>2.67) 39/1014 6.1 (4.4–8.3) 1.14 (0.73–1.78) 1.24 (0.79–1.94) 1.12 (0.71–1.75)
P for trend — — 0.831 0.584 0.936

Quartiles of VIM
Q1 (<2.81) 27/1050 4.0 (2.7–5.8) Reference Reference Reference
Q2 (2.81–4.12) 21/1050 3.1 (2.0–4.7) 0.76 (0.43–1.35) 0.70 (0.38–1.28) NA
Q3 (4.12–5.63) 38/1050 5.6 (4.1–7.7) 1.50 (0.92–2.46) 1.47 (0.88–2.44) NA
Q4 (>5.63) 43/1050 6.5 (4.8–8.7) 1.62 (1.00–2.64) 1.29 (0.78–2.14) NA
P for trend — — 0.007 0.073 NA

AHEAD, Action for Health in Diabetes; ASV, average successive variability; CI, confidence interval; CV, coefficient of variation; NA, not ap-
plicable; p-y, person-years; SD, standard deviation; VIM, variability independent of the mean.
Model 1 adjusted for age, sex, race/ethnicity, and randomization arm. Model 2 includes variables in Model 1 with further adjustment for
body mass index, current smoking, alcohol drinking, use of antihypertensive medications during follow-up, average ratio of total to
high-density lipoprotein cholesterol, estimated glomerular filtration rate, duration of diabetes, average glycosylated haemoglobin, and
history of cardiovascular disease. Model 3 includes variables in Model 2 with further adjustment for average systolic blood pressure.
*P < 0.05.
†P < 0.01.
‡P < 0.001.
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influence BP variability. Third, we did not have access to left
ventricular ejection fraction and biomarker data such as
natriuretic peptides. We therefore did not examine the
relation of BP variability and risk of HF subtypes. This is espe-
cially important as HF with reduced ejection fraction and HF
with preserved ejection fraction occur at different frequen-
cies in the population,32 including among people with
diabetes.15 Furthermore, biomarker research has suggested
that different set of markers are associated with each of
the HF subtypes.33 Fourth, the study follow-up has not been
continuous, as it has not been extended to the current time;
thus, we may have missed some cases of HF due to censor-
ing. Finally, given that we relied on only four time points to
measure BP variability, we may have underestimated BP
variability and consequently the magnitude of our effect
estimates. Indeed, it has been previously established that
visit-to-visit variability of BP increases with the number of
visits used for its calculation.34

Our study has several strengths including the use of data
from a large and diverse prospective cohort, the assessment
of BP measurements at predetermined regular intervals for
all participants, the inclusion of several measures of

glycaemic variability, the longer duration of follow-up com-
pared with prior studies,5,7,12 the standardized adjudication
of study outcomes, and the accounting for the mean BP in
our analyses.

In summary, in a large sample of individuals with Type 2
diabetes, a greater long-term variability of SBP or DBP is
associated with higher risk of incident HF, above and
beyond average BP levels. Our findings support the notion
that BP variability may contribute to the excess risk of
HF in people with Type 2 diabetes and underscore the
need for stable and consistent BP control in this high-risk
population.
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