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Long-Term Variability of Blood Pressure, Cardiovascular
Outcomes, and Mortality: The Look AHEAD Study

Arnaud D. Kaze,' Prasanna Santhanam,? Sebhat Erqou,® Matthew Yuyun,* Alain G. Bertoni,’

Rexford S. Ahima,? and Justin B. Echouffo-Tcheugui?

BACKGROUND

We evaluated the associations of visit-to-visit blood pressure (BP) vari-
ability with incident cardiovascular disease (CVD) and deaths in adults
with type 2 diabetes.

METHODS

We analyzed 4,152 participants in Look AHEAD (Action for Health in
Diabetes) free of CVD events and deaths during the first 36 months of
follow-up. Variability of systolic BP (SBP) and diastolic BP (DBP) across 4
annual visits was assessed using the intraindividual SD, variation inde-
pendent of the mean, and coefficient of variation. Cox regression was
used to generate the adjusted hazard ratios (aHRs) and 95% confidence
intervals (Cls) for CVD (myocardial infarction [Ml], stroke, or CVD-related
deaths) and mortality.

RESULTS

Over a median of 6.6 years, there were 220 Mls, 105 stroke cases, 62
CVD-related deaths, and 236 deaths. After adjustment for confounders
including average BP, the aHRs for the highest (vs. lowest) tertile of SD
of SBP were 1.98 (95% Cl 1.01-3.92), 1.25 (95% Cl 0.90-1.72), 1.26 (95%
Cl 0.96-1.64), 1.05 (95% Cl 0.75-1.46), and 1.64 (95% Cl 0.99-2.72) for
CVD mortality, all-cause mortality, CVD, MI, and stroke, respectively. The
equivalent aHRs for SD of DBP were 1.84 (95% Cl 0.98-3.48), 1.43 (95%

Hypertension and type 2 diabetes are common and tend to
coexist in the same individuals."? Among individuals with
type 2 diabetes, the presence of hypertension and the degree
of its control are major predictors of adverse cardiovascular
disease (CVD) events such as coronary artery disease and
stroke.> As such, optimal blood pressure (BP) control re-
mains a top priority in the management of individuals with
type 2 diabetes.®> Emerging evidence suggests that visit-to-
visit variability of BP may be positively associated with risks

C11.03-1.98), 1.19 (95% Cl 0.91-1.56), 1.14 (95% Cl 0.82-1.58), and 0.97
(95% Cl 0.58-1.60), respectively.

CONCLUSIONS

In a large sample of individuals with type 2 diabetes, a greater varia-
bility in SBP was associated with higher cardiovascular mortality and
CVD events; a higher variability in DBP was linked to increased overall
and cardiovascular mortality.
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of future CVD events independent of average BP and other
CVD risk factors.*"!! This is relevant especially for people
with diabetes mellitus who may inherently have increased
BP variability partly due to their propensity to develop auto-
nomic dysfunction and increased arterial stiffness.!>!3
Although studies have evaluated the effect of visit-to-visit
variability of BP with CVD events and deaths, the evidence
in individuals with type 2 diabetes is overall scant, as these
studies were limited in several ways including a retrospective
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design,'* the lack of diverse study samples,®*-17 small
sample size,'® or short duration of follow-up.®!:15 Therefore,
we used data from the Look AHEAD (Action for Health in
Diabetes) study—a large community-based cohort of adults
with type 2 diabetes in whom several annual recordings of
BP were obtained at the outset.!*? We hypothesized that a
higher variability in systolic BP (SBP) or diastolic BP (DBP)
would be associated with greater risks of CVD events and
mortality.

METHODS
Study design

We conducted a secondary analysis of the Look AHEAD,
a multicenter randomized clinical trial of the effects of in-
tensive lifestyle interventions on CVD outcomes. Details
about the rationale and design of Look AHEAD have been
reported elsewhere.? Briefly, a total of 5,145 participants
were recruited from August 2001 to April 2004 across 16
locations in the United States and randomly assigned to par-
ticipate in either the intensive lifestyle intervention or to re-
ceive diabetes support and education. Eligible participants
were aged 45-76 years with a self-report diagnosis of type
2 diabetes confirmed by measured glucose levels, use of
antidiabetic medication, or medical records.!*?

For the current study, we used the publicly available Look
AHEAD dataset obtained through the NHLBI Biorepository
(BioLINCC). We excluded participants with consent
restrictions (n = 244), and those who experienced CVD
events or died during the first 36 months of follow-up (n
= 749). After these exclusions, 4,152 participants were in-
cluded in our analyses.

The research protocol was approved by the Institutional
Review Board at participating centers and each participant
gave an informed consent.

Assessment of long-term variability of BP

At each study visit, BP was measured twice from the right
arm by certified staff with participants in a seated position
using an automated device (Dinamap Monitor Pro 100,
Chicago, IL). The first BP was obtained after the participant
had rested for 5 minutes, and the second BP was measured
after waiting at least 30 seconds. The average of the 2 readings
was used as the examination BP.!*? Long-term variability of
BP was defined as the variability of SBP or DBP measured
at the 4 visits. Variability was assessed using 3 metrics: (i)
the SD of the longitudinal intraindividual BP measurements
in each participant; (ii) the variability independent of the
mean (VIM) calculated as 100 X SD/meanf where f is the
regression coefficient based on the natural logarithm of SD
as a function of the natural logarithm of the mean; (iii) the
coeflicient of variation (CV) calculated as SD/mean.” Given
that there is no consensus on the ideal measure of varia-
bility, we chose to assess several variability indices in an at-
tempt to capture the entire spectrum or various aspects of
BP variability.
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Ascertainment of incident cardiovascular events

Participants free of CVD events or deaths during the first
36 months were followed and queried for incident outcomes
through annual visits and semiannual phone calls. These
queries were enhanced via searches of relevant records and
national databases for deaths. Outcomes were classified by
an event adjudication committee.!*?° The outcomes assessed
in this study included: (i) all-cause mortality; (ii) cardiovas-
cular mortality; (iii) CVD (composite of myocardial infarc-
tion [MI], stroke, and death from cardiovascular causes);
(iv) MI events; and (v) stroke cases.

Covariates

At baseline, data on covariates including age, sex, race/
ethnicity, duration of diabetes, history of CVD, use of
antihypertensive medication (updated at subsequent fol-
low-up visits), current smoking, and alcohol use were col-
lected using standardized questionnaires.'** Weight and
height were measured certified clinic staff in duplicate
using a digital scale and a standard stadiometer, respec-
tively; and the average of the duplicate measures were used
for the analyses. Body mass index was calculated as weight
in kilograms divided by square of height in meters.!>? At
each of the 4 first annual visits, blood samples were collected
from each participant after 12 hours of fasting. Blood assays
were performed at the Look AHEAD Central Biochemistry
Laboratory.!*?

Plasma total cholesterol was measured using enzymatic
methods standardized to the Center for Disease Control and
Prevention reference methods.?*?! High-density lipoprotein
cholesterol was measured by the treatment of whole plasma
with dextran sulfate-magnesium to precipitate all of the
apolipoprotein B-containing lipoproteins.?? Glycosylated he-
moglobin (HbA, ) was measured using ion exchange high-
performance liquid chromatography (Biorad Variant II).
Serum creatinine was assayed by the Jaffe method on Hitachi
917 analyzer,?® and the estimated glomerular filtration rate
calculated using the Chronic Kidney Disease Epidemiology
Collaboration equation.

Statistical analyses

We created tertiles of intraindividual SD of SBP and DBP
and compared participants across those tertiles using the
analysis of variance or Kruskal-Wallis test (for continuous
variables) or the x? test (for categorical variables).

The follow-up time was calculated from the fourth visit
to the earliest of date of outcome, death, or trial’s termina-
tion (14 September 2012). Cox proportional hazards models
were used to generate hazard ratios and associated 95% con-
fidence intervals for outcomes. Each variability metric was
assessed as a continuous variable and tertiles using the lowest
tertile as reference group. We constructed nested regression
models with the first model (model 1) adjusted for age, sex,
race/ethnicity, and treatment arm; the second model (model
2) accounted for covariates in model 1 plus body mass index,
current smoking, alcohol drinking, use of antihypertensive
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medication, history of CVD, estimated glomerular filtration
rate, duration of diabetes, mean total to high-density lipo-
protein cholesterol ratio, and mean HbA,; the final model
(model 3) adjusted for variables in model 2 with additional
adjustment for average SBP when evaluating the variability
of SBP or average DBP when evaluating DBP variability. Of
note, for models evaluating the VIM of SBP (or DBP), we did
not adjust for mean SBP (or DBP) as VIM already accounts
for the mean in its calculation.

A 2-sided P value <0.05 was considered statistically signif-
icant. All analyses were conducted using STATA 14.2 (Stata,
College Station, TX).

RESULTS
Characteristics of study participants

Table 1 displays the characteristics of participants by tertiles of
SD of SBP. On average, participants in the top tertile of SD of SBP
were older, more likely to be women, and had longer duration
of diabetes, lower estimated glomerular filtration rate, as well as
higher body mass index, hemoglobin A, and BP measures.

Participants in the highest tertile of DBP variability were
more likely to be Hispanic and to have lower estimated glo-
merular filtration rate, as well as higher body mass index,
total to high-density lipoprotein cholesterol ratio, and BP
measurements (Supplementary Table S1 online).
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Long-term variability of BP and clinical outcomes

Over a median follow-up period of 6.6 years (interquar-
tile range: 5.9-7.3), there were a total of 62 CVD-related
deaths, 236 all-cause deaths, 220 MI events, 105 stroke cases,
and 350 experienced the CVD composite. The cumulative
Kaplan—Meier curves of clinical outcomes by SD of SBP or
DBP are displayed in Figure 1 and Supplementary Figure S1
online, respectively.

Variability of SBP and outcomes

The adjusted hazard ratios by intraindividual SD of SBP
are displayed in Table 2. After maximal adjustment including
the average SBP, each SD increment in intraindividual SD of
SBP was associated with increased hazards of cardiovascular
mortality, all-cause mortality, composite CVD as well as
stroke, but not MI. When assessed as categories, participants
in the highest of SD of SBP (compared with lowest tertile)
had statistically significant increased risks of cardiovascular
mortality, but not of all-cause mortality, composite CVD,
MLI, or stroke.

Variability of DBP and outcomes

Table 3 displays the associations of long-term variability
of DBP (assessed as intraindividual SD) of DBP and clinical
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Figure 1. Unadjusted cumulative hazards of cardiovascular mortality (a), all-cause mortality (b), CVD (c), and stroke (d) by tertiles of intraindividual SD
of systolic blood pressure. CVD was defined as a composite of myocardial infarction, stroke, and/or death from cardiovascular causes. Abbreviations: CVD,

cardiovascular disease; SBP, systolic blood pressure; T, tertile.
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outcomes. After multivariable adjustment, each SD increase
in the intraindividual SD of DBP was associated with sta-
tistically significant higher risks of cardiovascular mortality,
all-cause mortality, but not composite CVD, MI, and stroke.
Likewise, individuals in the highest (vs. lowest) tertile of SD
of DBP had increased hazards of cardiovascular mortality
and all-cause mortality, but not composite CVD, MI, and
stroke, respectively.

Supplementary analyses

We tested the robustness of our results by performing
additional analyses assessing BP variability using the VIM
and CV. Consistent with our main analyses, each SD in-
crease in the VIM of SBP was associated with higher risks
of cardiovascular mortality, all-cause mortality, composite
CVD, and stroke, but not MI (Supplementary Table S2 on-
line). After adjusting for relevant confounders, each SD in-
crement in the VIM of DBP was associated with statistically
significant increased hazards of cardiovascular mortality as
well as all-cause mortality, but not composite CVD, MI, or
stroke (Supplementary Table S3 online). When variability
was measured using the CV, each SD increase in CV of SBP
led to increased risks of cardiovascular mortality, all-cause
mortality, CVD composite, and stroke (Supplementary Table
S4 online). Moreover, each SD increment in CV of DBP was
related to increased hazards of cardiovascular mortality and
all-cause mortality; but not CVD composite, MI, or stroke
(Supplementary Table S5 online).

DISCUSSION

We evaluated the associations of long-term varia-
bility in BP with cardiovascular outcomes and mortality
among individuals with type 2 diabetes. We made several
observations. First, higher levels of variability in SBP were
associated with greater cardiovascular mortality and CVD
events. Second, a higher variability in DBP was associated
with increased overall and cardiovascular mortality. These
associations were independent of average BP levels. Our
findings confirm the importance of BP variability in the
assessment of CVD risk in adults with type 2 diabetes and
underscore the necessity of consistent BP control in this
high-risk population.

Our study complements the available body of evidence
by performing a comprehensive assessment of the rela-
tions of long-term variability in BP with CVD outcomes
and deaths in a large and racially diverse sample of adults
with type 2 diabetes. Individuals with type 2 diabetes have
greater rates of autonomic dysfunction and arterial stiff-
ness, which might result in high BP variability,'>!* yet there
is a dearth of epidemiological data exploring BP variability
and CVD outcomes in this population. Indeed, a recent
systematic review showed that prior epidemiologic studies
exploring these associations in type 2 diabetes are scarce and
have several limitations including the lack of diverse sample,
smaller sample sizes, and shorter duration of follow-up.'!
Additionally, our study explored multiple outcomes and
attempted to capture the full spectrum of BP variability by
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assessing multiple variability indices. Our findings of a pos-
itive association between visit-to-visit variability with CVD
and deaths are agreement with prior studies conducted in
both the general population,*>”-*** and the few reports of
individuals with type 2 diabetes.®!114-18 Additionally, the
positive association between variability of SBP and cerebro-
vascular accidents is consistent with prior studies from the
general population although these reports were not specific
to people with diabetes.>3?

A number of mechanisms may explain the positive re-
lationship between higher visit-to-visit variability in BP
and CVD events and mortality among people with type 2
diabetes. First, type 2 diabetes is positively related to poor
arterial compliance. Indeed, BP variability is increased
with arterial stiffness which may reduce the ability to ad-
just for greater fluctuations in stroke volume (due to au-
tonomic dysfunction), leading to amplified variations of
SBP and therefore increasing the rates of adverse vascular
events.”>? Second, the rate of autonomic dysfunction is ele-
vated in type 2 diabetes which increases BP variability.”” The
resulting heightened sympathetic response has been shown
to increase the rates of CVD events and mortality.?”-*® Third,
mechanistic studies have shown that high BP variability is
associated with several end-organ complications including
aortic hypertrophy, myocardial damage (inflammation and
apoptosis of cardiac myocytes), direct endothelial damage,
and activation of renin-angiotensin system.” Finally, the
stronger association between BP variability and mortality
in our study is potentially related to the higher rates of mi-
crovascular disease which are known to be associated with
greater mortality rates in individuals with diabetes.3%3!

A few limitations to our study should be acknowledged.
First, this was an observational study, hence there is a pos-
sibility of residual confounding. Second, our study sample
was limited to people with type 2 diabetes, hence our results
are not generalizable to other hyperglycemic states including
type 1 diabetes. Third, our study lacked data on adherence to
antihypertensive medication, which may affect BP variability
over time. Finally, given that our study relied on only 4 time
points to assess BP variability, we may have underestimated
BP variability and consequently the magnitude of our effect
estimates. Indeed, Levitan et al. have previously established
that visit-to-visit variability of BP increases with the number
of visits used to calculate it.>? Despite these few limitations,
strengths of this study include a large and diverse prospective
cohort, the recording of BP values at regular preset intervals
spread over a 36-month period for the entire cohort, the
long duration of follow-up, the standardized assessment of
BP and other covariates, as well the blinded adjudication of
outcomes.

The clinical and research implications of our findings
are manifold for patients with type 2 diabetes. Visit-to-
visit fluctuations of BP appear as an independent pre-
dictor of adverse outcomes in this population. More
research is needed to establish practical and reliable ways
of assessing long-term variability of BP in clinical prac-
tice. Additionally, considerable debate remains about the
ideal therapeutic strategies for individuals with type 2 di-
abetes known to have elevated BP variability. Although

20z Iudy 60 U0 3senb Aq 68/ €129/689/./7E/a101ue/yle/wod dnooiwapede//:sdRy wolj papeojumoq


http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa210#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa210#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa210#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa210#supplementary-data
http://academic.oup.com/ajh/article-lookup/doi/10.1093/ajh/hpaa210#supplementary-data

Downloaded from https://academic.oup.com/ajh/article/34/7/689/6213785 by guest on 09 April 2024

695

American Journal of Hypertension 34(7) July 2021

L00>ds
4 'G0°0 >d«
,.w 'S9SNED IB|NOSBAOIPJIED U0} YIeap pue ‘@)04]s ‘uoijdlejul [eipJesoAw jo ayisodwod e sem gADe
© ‘@seas|Ip JejndseAolpied .D>O -:uoljelnaiqqy ‘ainssald po0|q 2dljolselp abelane 10}
w juawisnipe Jayuny YlIm g [9pow Ul S8|qelieA Sapnjoul ¢ [apowl ‘aseasip JejnoseAolpled Jo Alojsiy pue “ChyqH abelane ‘sajogelp o uolelnp ‘ejel uonesy|ly Jejniawolb pajewnss ‘|04a)sajoyo
- uigjoudodi) Ayisuap-ybiy o} [ejo} jo onel abeiane ‘dn-mojjo) Bunp suonesipaw aAlsusuadAynue Jo asn ‘Bujuup joyode ‘Bupjows Juaund ‘xapul ssew Apoq Joj jusuisnipe Jayuny yim |
m |9poW Ul sa|gelleA sepnoul g |spowl ‘wuie uoljeziwopuel pue .b_o_ccum\mom._ ‘xos ‘ebe ile]} Umums.:um | I9PON .bmz_omam 9SIMIBY]0 ssajun A_m?_wgc_ 2ouUspluod o\ommv soljel piezey ale ejeq
o
m (€2'1—€8°0) LO'L 080 (09'1—85°0) £6°0 (S0'2-6L0) LT'L SElUEIETY € 19POIN
.w (S2'1-58°0) €0°'L 60 (¥9'1-09°0) 66°0 (S0'2-6L0) LT CElVEIET Z 19PON
W (1L€'1-16°0) 60°L 12270 (6271—29°0) 0L} (L'z—eg0) 2e) 2ouaIsjeY | 19PON
W (Lv—ze)ee (e6-L2) 8¢ (L'o-€e) gy (672 g€ sieak-uosiad 000°L /o1y
2 251 vISOL ¥8€°LIVE ¥8€°L/I0Y v8e°L/LE YSU Je ou/sjuans oN
m aNons
2 (8L'1-16°0) ¥O'L zer0 (85'1—28°0) ¥1'L (e¥'1—2L0) LO'L Qouslaley € 19POIN
% (61°1-16°0) ¥O'L 6070 (65'1—€8°0) GL'L (e¥'1—2L0) LO'L Qouslejey Z 19PON
g (L2'1—€6°0) 90°L 12€0 (€9'1-68°0) 811 (25'1-62°0) 60°L 2ousIRjeY | [9PO
% (G6-€2)€8 T-zL06 (zoL-v9) 18 (6'6-2'9) 8L sieaf-uosiad 000} /91EY
251v/0Te ¥8€°1/6. v8e°L/zL ¥8€°1/69 YISt Je ou/sjuaAe ON
uonoJeul [eIpJedoA|N
(02'1—86'0) 80} 9610 (95°1-16°0) 61} (87'1—98°0) €L aouaIBsey € 19POIN
(1L2'1—86°0) 60} 2LL0 (L5'1-26°0) 02} (L¥'1-98°0) €L ESSTEIETEN Z 1I9PON
vz e 8800 (€9'1-26'0) GT'} (¥S'1-16°0) 6171 ESTEIETEN | [9PON
(@viL—0zL)eel (rL1—€21) Lyl (LoL—z'1)sel (r'v1—8'6) 6'LL sieak-uosiad 000°L /o1y
251 '%/08€ ¥8€°1/821 78€°L/8LL ¥8€L/¥0L SU Je ou/sjuaAe ON
«dAD
L0e1-€0'L) 9L 6200 «(86°1-€0'L) ev'L (99'1-18°0) 8L SRITENETN € 19PON
L2e1-v0L) L1 %200 A(002-50'L) ¥¥'L (S9'1-v8°0) 8L'L ETEIETN Z 1I9PON
Hre1-90'1) 6171 ZL00 «(¥0'2-60'1) 671 (£9'1-98°0) 0Z'L ESTEIETEN | [9PON
(66-92) L8 (L'eL-8'8) L0l (zoL-s9)cs (z6-99) 2L sieak-uosiad 000°L /oKy
251'v/9€T ¥8€°1/26 v8E LIvL ¥8€°1/59 SU Je ou/sjuaAe ON
Ayjjexow asneo-||y
«(65°1-50'1) 62°L 9¥0°0 (8°¢-86°0) ¥8'1 (€1°'2-05°0) ¥0'L CEIEIETEN € 19pop
H99°1-80'L) ¥E'L G€0'0 L(L5¢-10'1) 68°) (60'2—05°0) 20°'L CEEIETEN Z 19poy
H99'1—211) 9271 1200 «P5€-50'L) €671 (1°2-€5°0) 20°) souaJaley | 19PON
(62-81)€e (Lv-e2)ee (6211 8L (62-L1) 8L sieak-uosiad 000°L/o¥eY
251'vI29 ¥8€°1/0€ ¥8€°1L/9L ¥8€°L/91 SU Je ou/sjuaAe ON
\ﬁ__mtorc Je|noseAolpie)
as Jed Puetg (bs'g <) €L (v5'5-85°€) ZL (85°€ >) 1L awovnQ
BH ww ‘ainssaid poojq d1j0jselp Jo S JO 1AL
alnssald poo|q 21j0iseIp JO S AQ S8WO02IN0 JB|NOSBAOIPJED JO SOljeJ pJezey pue aduapiou] ¢ ajgeL




Kaze et al.

antihypertensive classes such as calcium-channel blockers
and non-loop diuretics have been suggested to be partially
effective at controlling BP variability, optimal approaches
remain to be determined. Indeed, reduction of BP varia-
bility may contribute to the end-organ protective effects of
certain BP-lowering medications.?

In conclusion, in a large community-based sample of
adults with type 2 diabetes, a higher long-term variability
of SBP was independently associated with a greater risk of
CVD events and cardiovascular mortality; whereas a higher
variability in DBP was associated with greater overall and
cardiovascular mortality. Our findings highlight the rele-
vance of visit-to-visit variability of BP in the prediction of
CVD outcomes and deaths in people type 2 diabetes and un-
derscore the necessity of stable and consistent BP control in
this population.
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