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Abstract

Limited data exist regarding systolic blood pressure (SBP) through mid- to late-life and late-life
cardiac function and heart failure (HF) risk. Among 4,578 HF-free participants in the
Atherosclerosis Risk in Communities study attending the 5™ Visit (2011-2013; age 75+5 years),
time-averaged cumulative SBP was calculated as the sum of averaged SBPs from adjacent
consecutive visits (Visits 1-5) indexed to total observation time (24+1 years). Calculations were
performed using measured SBPs and also incorporating antihypertensive medication specific
effect constants (‘underlying’ SBP). Outcomes included comprehensive echocardiography at Visit
5 and post-Visit 5 incident HF, HF with preserved ejection fraction (HFpEF), and reduced ejection
fraction (HFrEF). Higher cumulative SBP was associated with greater LV mass and worse
diastolic measures (all p <0.001), associations that were stronger with underlying compared to
cumulative SBP (all p<0.05). At 5.6+1.2 years follow-up post-Visit 5, higher cumulative measured
and underlying SBP were associated with incident HF (HR per 10 mmHg for measured: 1.12
[1.01-1.24]; underlying: 1.19 [95%CI 1.10-1.30]) and HFpEF (measured: 1.15 [1.00-1.33];
underlying: 1.28 [1.14-1.45]), but not HFrEF (measured: 1.11 [0.94-1.32]; underlying: 1.11
[0.96-1.24]). Associations with HF and HFpEF were more robust with cumulative underlying
compared to measured SBP (all p <0.05). Time-averaged cumulative SBP in mid- to late-life is
associated with worse cardiac function and risk of incident HF, especially HFpEF, in late-life.
These associations were stronger considering underlying as opposed to measured SBP,
highlighting the importance of prevention and effective treatment of hypertension to prevent late-
life cardiac dysfunction and HF.
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INTRODUCTION

Hypertension is a well-established and potent risk factor for cardiovascular diseases (CVD),
including heart failure (HF)L. The risk of HF is greatest in late life, a time of life when the
large majority of persons have been diagnosed with hypertension?3. While therapeutic trials
have clearly demonstrated reduced incidence of HF with effective treatment of hypertension
in the elderly® 3, it is likely that lifetime hypertension burden is more relevant to HF risk
than blood pressure at a single time point in late life. Prior studies have demonstrated
associations of higher blood pressure over time (cumulative blood pressure) with heightened
risk of all-cause mortality,® coronary heart disease (CHD),”8:9 and heart failure (HF)”2:10,
Higher cumulative blood pressure through mid-life also associates with greater left
ventricular mass index (LVMI) and wall thickness,1:12 while higher cumulative blood
pressure in young adults associates with reduced systolic and diastolic function in mid-life.
13 However, despite this wealth of data, important knowledge gaps persist, particularly in
late life. Limited data exist regarding the relationship of cumulative blood pressure from
mid- to late-life with late life cardiac function and HF risk, particularly subsequent risk of
HF with preserved left ventricular ejection fraction (HFpEF). The extent to which
cumulative blood pressure — as an expression of the burden of hypertension throughout mid-
to late-life — is superior to blood pressure in late life alone in predicting late-life cardiac
function and HF risk is not known. Finally, underlying hypertension severity — reflected in
both the measured blood pressure and concomitant antihypertensive medication to achieve
that measured blood pressure — may indicate more advanced underlying arterial dysfunction,
longer exposure to untreated hypertension, or a genetic predisposition to hypertension not
captured by measured blood pressure alone. However, it remains unclear whether measured
blood pressure or underlying hypertension severity is most relevant for these endpoints in
late life.

We determined the association of time-averaged cumulative systolic blood pressure (SBP)
assessed over 25-years with late life cardiac structure and function and risk of incident
HFpEF and HF with reduced LVEF (HFrEF) among 4,578 HF-free participants in the
Atherosclerosis Risk in Communities (ARIC) study who attended the fifth study visit. We
compared the magnitude and strength of associations of cumulative SBP with those
observed for SBP at Visit 5 alone, and of cumulative SBP based on measured SBPs with that
based on estimated underlying SBP calculated using medication specific effect constants.

METHODS

Study population

The ARIC study4 is an ongoing, prospective observational cohort study which recruited a
total of 15,792 participants aged 45 to 64 years old between 1987 and 1989 (Visit 1) from
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four communities in the United States: Forsyth County, North Carolina; Jackson,
Muississippi; suburban Minneapolis, Minnesota; and Washington County, Maryland.
Subsequent visits were: Visit 2 (1990-92), Visit 3 (1993-95), Visit 4 (1996-98), Visit 5
(2011-13), Visit 6 (2016-2017), and Visit 7 (2018-2019). The ARIC study has been
approved by Institutional Review Boards (IRB) of all participating institutions and all
participants provided written informed consent. Data availability and detailed policies for
requesting Atherosclerosis Risk in Communities (ARIC) data can be found at https://
www2.cscc.unc.edu/aric/pubs-policies-and-forms-pg. ARIC data can also be obtained from
the NHLBI BioLINCC repository (https://biolincc.nhlbi.nih.gov/home/).

A total of 6,118 participants attended the fifth study visit and underwent echocardiography.
For this analysis, those with missing BP measurements or antihypertensive medication
information at any of the five study visits, those with an ejection fraction <50% on the Visit
5 echocardiogram, those with prevalent HF at Visit 5, and those with significant valvular
heart disease (defined as more than moderate aortic or mitral valve disease) were excluded.
Also, as medication specific effect constants to estimate underlying BP were available only
for black and white race/ethnicity, participants reporting Asian and Native American race/
ethnicity (total n=14) were excluded from the analysis. A total of 4,578 participants were
included in this analysis.

Ascertainment of clinical covariates

Clinical covariates including age, sex, race, body mass index (BMI), and medication usage
were identified at every visit. Antihypertensive medications were classified as angiotensin-
converting-enzyme inhibitors (ACE inhibitors), alpha blocker, beta blocker, calcium channel
blocker, and diuretics (thiazide, loop, or potassium sparing), with nitrates, angiotensin
receptor blockers (ARBs), and mineralocorticoid receptor antagonists (MRA) categorized as
“other antihypertensive medications”. The presence of co-morbidities including diabetes,
obesity (BMI =30 kg/m?), chronic kidney disease (CKD; eGFR <60 ml/min/1.73 m?),
anemia (hemoglobin <12g/dL for female, <13g/dL for male), history of coronary heart
disease, and atrial fibrillation were identified at the time of Visit 5 or based on diagnosis
from prior visits. Prevalent HF at Visit 5 was ascertained from multiple sources either based
on International Classification of Disease code for those hospitalized prior to 2005,
physician-adjudicated HF hospitalization for those happened after 2005, any physician
report of HF prior to the Visit 5 exam date, self-reported HF, or self-reported HF medication
use.

Peripheral BP measurements and derived SBP measurements

At Visits 1 through 4, brachial blood pressure was measured using a random-zero
sphygmomanometer. At Visit 5, blood pressure was measured using an automatic
sphygmomanometer (OMRON HEM-907XL). Measurements were made by trained
technicians according to specific study protocols as detailed elsewhere!®. A minimum of 5
minutes of resting time was required prior to the first BP measurements. For visits except the
fourth, an average of the second and the third BP measurements were recorded and an
average of two measurements were recorded as Visit 5 SBP.
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Underlying SBP accounts for both measured SBP and the number and type of concomitant
antihypertensive medications necessary to achieve the measured SBP, and may be more
relevant to cardiac dysfunction and HF risk than measured SBP alone. To estimate
underlying SBP among participants on antihypertensive medications, we employed
antihypertensive medication specific effect constants (table S1) calculated as the weighted
average of effect estimates for six major antihypertensive medications from 165
antihypertensive clinical trials,16 and previously validated in ARICY. For participants who
are not on antihypertensive medication, the underlying pressure was equivalent to the
measure blood pressure.

Time-averaged cumulative SBP over the five study visits was defined as the sum of averaged
underlying SBPs from adjacent consecutive visits, indexed to total exposure time between
visits 1 and 5 (mean time 24+1 years) as follows (see also figure S1):

(VnSBP +V(n+ I)SBP)
2

XTVn,n+1] /TVlotal
n=1

Vhsgp. SBP at Visit n
TV[nn+1) Time between Visit n and n+1
TViotal: Total time between Visit 1 and 5

Cumulative SBP was calculated using the measured SBP values (‘cumulative measured
SBP’), and using the estimated underlying SBP values (‘cumulative underlying SBP’).
Blood pressure measurements performed at Visit 6 and 7 were not included in this analysis.

Echocardiographic measures of cardiac structure and function

Comprehensive echocardiography was performed at Visit 5 according to a study-specific
protocol and using uniform equipment by dedicated, trained, and certified study
sonographers as previously described!®. Quantitative measures of cardiac structure, systolic
function, and diastolic function were performed by a central reading center blinded to
clinical information, and according to recommendations from the American Society of
Echocardiography (Supplemental materials for further details)®. Reproducibility metrics
have been previously published?8.

Assessment of clinical outcomes

Incident of HF after Visit 5 was ascertained based on physician adjudication aided by
comprehensive abstraction of medical records from hospitalizations with an ICD code
related to potential HF as previously described2C. Incident HFpEF was defined as an
adjudicated HF event with a documented LVEF >50% at the time of HF hospitalization, and
incident HFrEF was defined as adjudicated HF with an LVEF <50% at the time of
hospitalization. If LVEF was not available from the time of hospitalization, the closest
available LVEF from a hospitalization within 6 months prior to the index hospitalization was
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used if there was no intercurrent adjudicated MIl. Among 243 incident HF events over 5.6 £
1.2 years of follow-up, 85 (35%) were HFrEF, 120 (49%) were HFpEF, and no LVEF was
available in 38 (16%). Additional analyses were performed for the composite of each of HF
event (overall HF, HFpEF, and HFrEF) with all-cause death post Visit 5. All-cause deaths
were ascertained by ARIC surveillance or the National Death Index?L.

Statistical Analysis

For descriptive analysis, studied participants were categorized into the following groups: (1)
those whose SBP was <130 mmHg at each study visit without any antihypertensive use; (2)
those whose SBP was <130 mmHg at each study visit with antihypertensive use at =1 visit;
(3) tertiles of cumulative SBP for the remaining participants. Trends in clinical
characteristics and echocardiographic measures at Visit 5 were assessed across these five
categories, except trend in antihypertensive medication use at Visit 5 was assessed across
tertiles of participants with SBP =130 mmHg with or without antihypertensive medication
use at =1 visit. Trend p-values were adjusted for demographics including age, sex, race, field
center, and BMI at Visit 5.

For association of SBP with echocardiographic measures and incident HF, we employed the
following exposures: (1) measured SBP at Visit 5, (2) time-averaged cumulative measured
SBP from Visits 1 through 5, (3) predicted underlying SBP at Visit 5, and (4) time-averaged
cumulative predicted underlying SBP from Visits 1 through 5. The continuous associations
between SBP and echocardiographic measures were initially assessed by restricted cubic
spline analysis to assess for potential non-linear associations. Multivariable linear regression
was used for linear relationships. Statistical comparison between time-averaged cumulative
SBP and single time point Visit 5 SBP was performed by testing for the significance of the
delta between the time-averaged cumulative SBP and Visit 5 SBP in a multivariable model
with Visit 5 SBP, demographics (age, sex, race, field center, BMI), and co-morbidities
(smoking status, diabetes, CKD, obesity [BMI =30 kg/m?], CHD, and atrial fibrillation at
Visit 5) as model covariates. Similarly, the statistical differences in associations between
time-averaged cumulative measured SBP and time-averaged cumulative underlying SBP
were tested by assessing the significance of the delta between the standardized time-
averaged cumulative underlying SBP and the standardized time-averaged cumulative
measured SBP. Adjustment covariates were selected based on a priori knowledge.

For the association of SBP measures with incident HF, multivariable Cox proportional
hazard regression was used with the primary endpoints of incident HF overall, incident
HFrEF, and incident HFpEF. The modeling approach was similar to that employed for
echocardiographic measures above. Secondary endpoints included the composite of each HF
outcome with death. The proportional hazard assumptions were confirmed for all
associations based on Schoenfeld residuals. Effect modification by cross-categories based on
sex and race (i.e. white women, white men, black women, and black men) was assessed
using multiplicative interaction terms in linear and Cox regression models.

To quantify the proportion of the association between time-averaged cumulative SBP and
incident HF accounted for by the associated echocardiographic alterations, we determined
the proportional reduction in the magnitude of the p-coefficient for time-averaged
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cumulative SBP in multivariable Cox proportional hazard models with versus without
echocardiographic measures as adjustment covariates. Associated 95% confidence intervals
were obtained from 2000 bootstrap replications using the percentile method.

All analyses were performed with STATA 15.0 (College Station, TX). A two-sided P-values
of <0.05 was considered statistically significant.

The mean age at Visit 5 was 755 years, 41% were male, and 82% were white. At the time
of Visit 5, 72% had a diagnosis of hypertension, and 71% were on antihypertensive
medication (table S2). Measured SBP at Visit 5 was 130 + 18 mmHg, underlying SBP was
143 + 20 mmHg, time-averaged measured SBP was 124 + 13 mmHg, and time-averaged
underlying SBP was 131 + 16 mmHg (Figure 1). Clinical characteristics of participants
included in and those excluded from this analysis are presented in table S2. Included
participants were modestly younger with fewer co-morbidities.

Higher time-averaged cumulative measured SBP was associated with older age and black
race, and with higher prevalence of common cardiovascular co-morbidities including
diabetes, obesity, coronary heart disease (CHD), atrial fibrillation, chronic kidney disease,
and anemia even after adjusting for participant demographics (Table 1). Higher time-
averaged cumulative measured SBP was also associated with higher pulse pressure, NT-
proBNP, and high sensitivity troponin T concentrations. Notably, higher prevalence of co-
morbidities and concentrations of cardiac biomarkers were also observed among participants
with SBP <130 mmHg at all visits but who required antihypertensive medication compared
to those who did not (Table 1). Similar results were noted for categories based on time-
averaged cumulative underlying SBP (table S3).

Associations between time-averaged cumulative measured and underlying SBP and
cardiac function

When compared to lower values, higher time-averaged cumulative measured SBP was
associated with greater LV wall thickness, chamber dimension, and mass index, and with
lower TDI e’, higher E/e’ ratio, higher LA volume index, and higher pulmonary artery
systolic pressure indicative of worse diastolic function (Table 2). No association was
observed with LVEF, although higher time-averaged cumulative measured SBP was
associated with altered LV systolic deformation including lower longitudinal strain and
higher circumferential strain. Similar associations were observed with time-averaged
cumulative underlying SBP (table S4). The continuous associations of measures of LV
structure and diastolic function with cumulative measured and underlying SBP are presented
in Figure 2 (figure S2 for LV systolic function). Cumulative underlying SBP demonstrated
greater magnitude of association with all echocardiographic measures except LVEF and
global longitudinal strain when compared to cumulative measured SBP. SBP, both measured
and underlying, assessed at a single time point at Visit 5 demonstrated similar associations
with echocardiographic measures (figures S3-S6), but of significantly smaller magnitude
(per mmHg) compared to cumulative SBP for LV structural and diastolic measures.
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Relationship with HF outcomes

Incident HF occurred in 243 patients over a median follow-up of 5.6 [5.1-6.0] years: 85
incident HFrEF, 120 incident HFpEF, and 38 HF with unknown LVEF. Categories of higher
time-averaged cumulative SBP, both measured and underlying, demonstrated higher risk of
incident HF compared to participants with an SBP <130 mmHg at all visits (Table 3).
Among participants with an SBP <130 mmHg at all visits, those requiring antihypertensive
medication demonstrated a higher incidence of HF compared to those not on any
antihypertensive medications.

Both measured and underlying cumulative SBP were independently associated with higher
rates incident HF overall and HFpEF in fully adjusted models (Figure 3; Table 3). Both were
associated with incident HFrEF in unadjusted analyses, but these associations become non-
significant after adjusting for participant demographics (Figure 3). Associations with HF
overall and HFpEF were greater in magnitude using cumulative underlying SBP compared
to cumulative measured SBP (Figure 3; Table 3; figure S7). Higher single time point
underlying — but not measured - SBP at Visit 5 was also independently associated with risk
of incident HF and HFpEF, but the magnitude of association (per 10 mmHg) was
significantly smaller than that of cumulative SBPs (figure S8). Similar results were found in
analyses excluding events with intercurrent MI or revascularization (figure S9)
Echocardiographic measures of LV structure (LVEDD, mean wall thickness, mass index)
and diastolic function (E/e’ ratio, LA volume index) accounted for approximately 53% [95%
Cl: 32-88%] of the association of time-averaged cumulative underlying SBP with incident
HF overall, and 42% [95% CI: 26-77%] of the association with incident HFpEF (table S5).

Secondary analyses were performed for associations with the composite endpoints of death
or incident HF (n=679), death or incident HFrEF (n=579), and death or incident HFpEF
(n=609). Time averaged cumulative measured and underlying SBP were significantly
associated with all composite outcomes in fully adjusted models (figure S10), while single
time-point SBP at Visit 5 was not.

Interaction by sex-race group

No significant effect measure modification by sex and race group was observed for the
associations of time-averaged cumulative SBP with either echocardiographic parameters or
incident HF outcomes.

DISCUSSION

Clinical trials have repeatedly demonstrated reduction in HF risk with antihypertensive
treatment generally,22:23.24 and in late life,2526 but limited data is available regarding the
long-term relationship of blood pressure through mid-to late-life with late life HF risk and
subclinical cardiac dysfunction. We assessed the relationship of SBP in mid-to late-life with
late life cardiac structure and function and HF risk, and compared the strength of these
associations between cumulative versus single time point late-life SBP and between
measured versus predicted underlying SBP. We report three novel findings. First, higher SBP
in mid- to late-life is associated with worse late life LV structure and diastolic function and
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altered systolic deformation despite preserved LVEF. Second, higher SBP through mid-to-
late life predicts incident HF — and incident HFpEF in particular — in late life independent of
clinical co-morbidities. These associations with echocardiographic measures and HF risk
were of greater magnitude with mid- to late-life SBP, calculated using time-averaged
cumulative SBP compared to single time point late life SBP. Third, associations of time-
averaged cumulative SBP with late-life LV structure, diastolic function, and risk of incident
HF and HFpEF were of greater magnitude using underlying as opposed to measured SBP.
Together, these findings highlight the importance of primordial prevention and effective
long-term treatment of hypertension for the prevention of late-life HF generally, and HFpEF
in particular.

Cumulative SBP from mid- to late-life and late-life cardiac structure and function

Chronic increase in LV afterload and arterial stiffness contributes to development of LV
hypertrophy2’. Among participants in the Framingham Heart Study free of CVD and not
taking antihypertensive medication, higher thirty-year average SBP was a better predictor of
greater LV mass and wall thickness than current BP at the time of echocardiography!?.
Other investigators have demonstrated similar associations of mid-life SBP with higher
subsequent LV mass index!3. In this analysis, time-averaged cumulative SBP from mid-to
late-life was associated with greater late-life LV mass index, related to both larger LV cavity
size and thicker LV walls, and also with worse diastolic measures, including lower e’, higher
E/e’, and larger LA volume index. Consistent with prior studies, these structural and
functional measures were more strongly associated with cumulative SBP as opposed to
single time point concurrent SBP. Notably, cumulative SBP based on predicted underlying
SBP — compared to measured SBP — was more strongly associated with LV structure and
diastolic function. This finding suggests the importance of hypertension severity — beyond
actual LV afterload — on LV structure and diastolic function.

Among ARIC participants with SBP <130 mmHg at every study visit, those who required
antihypertensive medication demonstrated greater LV structural remodeling and worse
diastolic function compared to those not requiring antihypertensive therapy. These findings
extend upon those of Mancia et al., who previously reported alterations in cardiac structure
among hypertensive patients with adequate BP control compared to normotensive patients in
a cross-sectional study?8. Therefore, while effective BP control may mitigate the impact of
hypertension on cardiac structure and function, it does not completely prevent such
alterations.

Concordant with data from CARDIAI3, cumulative SBP was not associated with late life
LVEF, although participants with frankly reduced LVEF (<50%) were excluded from this
analysis. However, higher cumulative SBP was associated with lower absolute longitudinal
strain but higher circumferential strain. These findings are consistent with prior cross-
sectional analyses comparing patients with hypertensive heart disease to normotensive
controls, and suggest hypertension-associated impairments in longitudinal strain with
concomitant increase in circumferential strain, maintaining overall LVEF29:30.31,32.33
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Cumulative SBP and incident HF

Data from the Framingham Heart Study have demonstrated the prognostic importance of
antecedent BP independent of current BP for risk of CVD generally,” and incident HF
specifically.19 We also found that time-averaged cumulative SBP was more robustly
associated with risk of incident of HF than single time point SBP. These findings are
concordant with a recent Mendelian randomization study suggesting the cardiovascular
effects of SBP may depend on both magnitude and duration of exposure.3* We extend upon
these results with two additional novel findings. First, we demonstrate that, while higher
time-averaged cumulative SBP is associated with incident HFpEF and HFrEF, it is only
independently predictive of incident HFpEF in late life. This finding aligns with data from
randomized clinical trials demonstrating that effective BP control is an effective approach to
prevent HF, and HFpEF in particular. For example, a sub-analysis of the Antihypertensive
and Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALLHAT) reported 50%
reduction in the incidence of HFpEF with cholorthalidone3®. Effective antihypertensive
therapy can also regress LVH3¢:37 and improve diastolic function38:39, key risk factors for
HFpEF development.

Second, we observed a greater magnitude of association of time-averaged cumulative SBP
with incident HF, and HFpEF specifically, when calculated using underlying compared to
measured SBP. This finding is consistent with the stronger associations of underlying
compared to measured cumulative SBP with LV structure and diastolic function. Together,
these findings suggest that the severity of hypertension, reflected both in the measured SBP
and the intensity of antihypertensive therapy over time from mid- to late-life, more fully
reflect HF risk than measured SBP alone. These findings highlight the importance of
interventions to prevent the development of hypertension for maintaining cardiac health into
late life. Furthermore, concordant with previous studies of the adverse impact of masked
hypertension40:4142 and the benefits of early hypertension control,43:44:45 our findings also
argue for the early detection and early, effective, and sustained control of hypertension to
minimize cardiac end-organ impairments and HF risk in late life.

Alterations in cardiac structure and function accounted for approximately 40-50% of the
association of cumulative underlying SBP with incident HF and HFpEF, suggesting that
hypertension-related alterations in other end-organs (e.g. arterial dysfunction, renal injury)
may also contribute appreciably to this risk. Furthermore, recent translational data suggest
an important role for systemic inflammation, possibly related to hypertension in addition to
other common cardiovascular comorbidities, in the development of HFpEF in
particular46:47:48 Hypertension may therefore not only contribute to development of LV
hypertrophy, diastolic dysfunction, and HFpEF risk through excessive increase in LV
afterload, but also through an associated pro-inflammatory state. However, further studies
are necessary to evaluate this hypothesis.

Study limitations

Several limitations of this study should be recognized. Survivor bias may lead to
underestimation of the association of SBP measures with the echocardiographic and HF
outcomes. Attendance bias at the fifth study visit may limit the generalizability of our
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findings, as this was not random. While the method we employed for estimating underlying
SBP for participants taking antihypertensive medication have been previously used and
validated in ARIC, information on adherence and medication dosage was not available and
we assumed homogenous effect of antihypertensive medications. Death was more common
than incident HF in this age group, and may represent an important competing risk.
Importantly, similar findings were observed in sensitivity analysis with the composite of
death or HF as outcomes. The relatively short follow-up time may have limited power,
particularly for analyses of incident HFpEF or HFrEF. However, risk at 5 years is clinically
relevant for persons in this age group. Missing data, particularly for BP measurements and
medication usage, may have not been missing at random but was relatively modest in extent.
Finally, this observational study cannot establish causality of the observed associations.

PERSPECTIVES

Among 4,578 community-based adults, higher cumulative time-averaged SBP over 25 years
from mid- to late-life was independently associated with greater LV mass, worse LV
diastolic function, altered LV systolic deformation, and higher risk of incident HF — and
HFpEF in particular — in late-life. These associations were more robust using cumulative
time-averaged underlying SBP, which takes into account measured SBP and
antihypertensive medication use, compared to cumulative time-averaged measured SBP.
Alterations in cardiac structure and function accounted for approximately 40-50% of the
association of cumulative underlying SBP with incident HF and HFpEF, suggesting that
hypertension-related alterations in other end-organs also contribute appreciably to HF risk.
Furthermore, among participants with SBP <130 mmHg at all study visits, those requiring
antihypertensive medication to achieve this goal demonstrated worse late-life cardiac
structure and function and higher HF risk compared to those not requiring antihypertensive
medication. Together, our findings highlight the importance of preventing hypertension, of
early hypertension detection, and of early, effective, and sustained SBP control in prevalent
hypertension to promote cardiac health, minimize end-organ damage, and prevent HF in late
life.

CONCLUSION

Higher time-averaged cumulative SBP through mid- to late-life is associated with worse LV
structure, worse diastolic function, and altered systolic deformation in late life, and with
heightened risk of incident HF, particularly incident HFpEF. These associations were
stronger with time-averaged cumulative SBP compared to single time point late life SBP,
and with predicted underlying SBP accounting for antihypertensive medication use
compared to measured SBP alone. These findings highlight the importance of primordial
prevention of hypertension, and effective SBP control among those with hypertension,
through mid- to late-life for maintenance of cardiac health into late-life.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What is new?

Higher time-averaged cumulative SBP over mid- to late-life was associated with
alterations in cardiac structure and function, and with greater risk of incident heart failure
— and HFpEF in particular — in late-life. These associations were more robust using the
time-averaged cumulative SBP using an estimated underlying SBP based on measured
SBP and accounting for antihypertensive medication usage, compared to time-averaged
cumulative measured SBP.

What is Relevant?

These findings support to importance of preventing hypertension, early hypertension
detection, and early, effective, and sustained SBP control in prevalent hypertension from
mid- through late-life to promote cardiac health and prevent HF in late life.

Summary

Higher time-averaged cumulative SBP from mid- to late-life is independently associated
with worse cardiac structure and function, and higher risk of HF and HFpEF, in late-life.
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Measured cum SBP [mmHg]
Mean 123.6 £ 12.9

Median 122.6

IQR [114.6, 131.4]

Underlying cum SBP [mmHg]
Mean 130.5 £ 16.3

Median 129.3
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Figure 1 -
Histograms of time averaged cumulative measured SBP and time averaged cumulative
measured SBP among study participants.
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Time averaged cumulative SBP
Measured
Underlying

* p< 0.05 for each association
between time-averaged cumulative
SBP and echocardiographic measures
t p< 0.05 for underlying > measured
time-averaged cumulative SBP

Relationship between time averaged cumulative SBP, both the measured and underlying,
from Visits 1 to 5 and LV structure and diastolic function at Visit 5. Panels: (A) left
ventricular end diastolic diameter, (B) left ventricular mean wall thickness, (C) left
ventricular mass index, (D) E/e’, (E) left atrial volume index, (F) pulmonary arterial systolic
pressure. Models are adjusted for age, sex race, V5 BMI, visit center, smoking status, DM,
CKD, obesity, CHD, and atrial fibrillation at V5.
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1.24[1.13-1.36]
1.14 [1.03-1.26]
1.12 [1.01-1.24]
1.28 [1.19-1.38]
1.22 [1.13-1.32]
1.19 [1.10-1.30]

1.26 [1.08-1.47)
1.13 [0.96-1.34]
1.11[0.94-1.32]
1.24 [1.10-1.41)
1.14 [0.99-1.30]
1.11[0.96-1.24)

1.28 [1.12-1.46)
1.17 [1.02-1.35)
1.15 [1.00-1.33]
1.35 [1.21-1.49)
1.31[1.17-1.46)
1.28 [1.14-1.45)

Time averaged cumulative SBP
B Measured
B Underlying

Relationship between time-averaged cumulative SBP, both the measured and underlying, and
HF outcomes. The time averaged SBP based on measured SBP are in blue and those based

on underlying SBP are in red. Hazard ratios are by per 10 mmHg change in SBPs.
Demographic adjustment includes age, sex, race, Visit 5 BMI, and visit center. Co-morbidity
adjustment includes smoking status, diabetes, chronic kidney disease, obesity, coronary heart

disease, and atrial fibrillation at Visit 5.
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