Longitudinal blood pressure patterns and cardiovascular disease risk
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Abstract

Observational and interventional studies have unequivocally demonstrated that “present”,
i.e. single-occasion, blood pressure is one of the key determinants of cardiovascular disease
risk. Over the past two decades, however, numerous publications have suggested that
longitudinal blood pressure data and assessment of long-term blood pressure exposure
provide incremental prognostic value over present blood pressure. These studies have used
several different indices to quantify the overall exposure to blood pressure, such as time-
averaged blood pressure, cumulative blood pressure, blood pressure trajectory patterns, and
age of hypertension onset. This review summarizes existing research on the association
between these indices and hard cardiovascular outcomes, outlines the strengths and
weaknesses of these indices, and provides an overview of how longitudinal blood pressure

changes can be measured and used to improve cardiovascular disease risk prediction.
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cardiovascular disease



Key messages

1. Numerous recent publications have examined the relation between cardiovascular
disease and long-term BP exposure, quantified using indices such as time-averaged BP,
cumulative BP, BP trajectory patterns, and age of hypertension onset.

2. This review summarizes existing research on the association between these indices and
hard cardiovascular outcomes, outlines the strengths and weaknesses of these indices, and
provides an overview of how longitudinal BP changes can be measured and used to improve
cardiovascular disease risk prediction.

3. Although longitudinal BP indices seem to predict cardiovascular outcomes better than
present BP, there are considerable differences in the clinical feasibility of these indices along

with a limited number of prospective data.



Introduction

Already in the 1920s, the data collected by the Actuarial Society of America demonstrated that
elevated blood pressure (BP) was associated with an increased risk of death from myocardial
infarction or stroke in insurance applicants.! Thereafter, numerous observational and
interventional studies have confirmed the role of elevated BP as a key factor underlying
cardiovascular disease (CVD).?2® In most of these prior studies, BP was quantified using
relatively simple methods. Until the turn of the millennium, virtually all evidence on the harmful
effects of hypertension was based on BP readings measured on a single occasion at the clinic
using a mercury sphygmomanometer. BP quantification therefore lacked the granularity and

precision needed to fully capture the CVD risk resulting from hypertension.

Over the past 20 years, numerous attempts have been made to improve the quality and
guantity of data derived from BP measurements. One major advance has been the adoption
of out-of-office BP measurements as the method of choice for diagnosing hypertension by
virtually all major hypertension guidelines.*® This relatively rapid transition from office to out-
of-office measurements was based on the improved prognostic accuracy that home and
ambulatory BP measurement offer over conventional office measurements due to a greater
number of readings and the lack of the white coat effect.*®> A second major improvement in
BP quantification has been the use of longitudinal BP data for CVD risk prediction in lieu of
the conventionally used single BP measurements that provide only a single snapshot of BP in

time.

In recent years, numerous publications have suggested that long-term BP data provide
incremental prognostic value over the “present” BP level measured on a single occasion.
Several indices have been developed to more effectively quantify BP experienced earlier in

life or the changes in BP levels over time. The goal of this review is to summarize the existing
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research on this topic and to provide an understanding of how longitudinal BP changes can

be measured and used for improving CVD risk prediction.

Normal lifetime BP progression

Although the progression of BP with increasing age is a well-known phenomenon, the patterns
of BP progression vary by population.®® Systolic blood pressure (SBP) and pulse pressure
normally rise consistently over the whole lifecourse (Figure 1)8. In contrast, diastolic blood
pressure (DBP) initially follows a pattern similar to SBP and pulse pressure but reaches an
apex around the fifth decade whereafter it decreases. As a result of the changes in SBP and
DBP, mean arterial pressure maintains a plateau level after midlife (Figure 1). The trends of
BP progression are largely similar in both sexes. However, BP tends to be higher in young

men, but this difference between the sexes gradually diminishes with age.

The evidence on the hemodynamic correlates of lifetime BP progression is somewhat
controversial. The age-related increase in arterial stiffness, commonly referred to as vascular
aging, is believed to explain the majority of the BP changes during life. Increased arterial
stiffness is mainly a result of decreases in elasticity and compliance of the large arteries, which
in turn lead to reduced cardiac output adaptability and an increased pulse pressure.®°
Conversely, childhood BP has been demonstrated to predict increased arterial stiffness in
adulthood, whereas arterial stiffness seems to predict BP at old age.'**® These findings
indicate a two-way association between vascular remodeling, hemodynamic determinants,
and BP. In contrast to arterial stiffening, factors such as vascular resistance and observed
wave reflection are likely to be merely secondary factors in the observed BP increases over

the life course.”%13

The age-related increase in BP is observed in virtually all developed and developing

countries.®'415> Global population growth and aging have resulted in a shift of BP trends and
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an increased burden of elevated BP. Despite genetic factors being an important underlying
cause of hypertension, evidence suggests that the majority of the changes in global BP
trajectories are explained by lifestyle factors, such as diet, physical activity, and smoking.15-18
In addition, some correlates of BP tracking, such as sex, race, weight gain, family history of
hypertension, socioeconomic status, and birth weight, may be observed already in
childhood.**-% However, a lack of strong evidence on the determinants of BP tracking still
remains, as the previously mentioned factors have been shown to explain only a relatively

small proportion of BP trajectories at the individual level 24,

Although BP increases in most with aging, individual-level BP trajectories can vary
considerably.?® Differences in these trajectories also seem to associate with CVD risk,
independent of the “present” BP.?® Prior studies have made numerous attempts to improve
risk prediction by examining the impact of long-term exposure to high BP, as compared with
single-occasion BP measurements, on CVD risk.?>27-29, These studies have employed several
different indices to define the overall exposure to BP, such as time-averaged BP, cumulative
BP, BP trajectory patterns, and age of hypertension onset (Figure 2). In principle, all these
indices aim to assess the area under curve effect of BP over time using different approaches.
We will next review the features of these indices and compare their associations with CVD

outcomes.

Time-averaged blood pressure

One simple index used for assessing long-term BP levels is time-averaged BP which is
calculated by averaging BP measures taken over time. Already in 1991, Lauer et al. reported
that an average of SBP readings over a 30-year period was superior in predicting left
ventricular hypertrophy compared to a single SBP measurement, and several analogous

studies with hard CVD outcomes have corroborated these results thereafter (Table 1).28
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Three studies from the Framingham Heart Study Original Cohort with a uniform statistical
approach have compared the predictive value of antecedent BP (i.e. BP measured before
baseline) levels to current BP levels (Table 1).3%32 In these studies, antecedent BP levels
were categorized as recent antecedent BP (average of all available BP readings during the
decade preceding the current BP) and remote antecedent BP (average of all available BP
readings obtained 11 to 20 years before the current BP). First, the association between time-
averaged BP levels and CVD events during a 10-year follow-up was studied by Vasan et al.
using data from 2,313 participants who had been examined at least 4 times in each of the two
previous decades.®® The results from this study indicated that antecedent time-averaged SBP
predicted the incidence of CVD events even after adjusting for baseline SBP and conventional
risk factors. This finding was evident for both recent and remote antecedent BP, consistent
among men and women and across all age groups and held for both SBP and DBP. Second,
a report by Seshadri et al. addressed the relationship long-term BP levels and the risk of
ischemic stroke in 3,761 participants using a similar study design as the previously described
work.®2 The principal findings of this study showed that antecedent BP levels were an
important determinant of future risk for stroke beyond a single BP measure in both sexes and
the finding was similar for all BP components. In a third study, Lee et al. demonstrated that
antecedent SBP levels were associated with the future risk of heart failure even after
adjustment for current SBP levels and other confounding factors.3! Similarly, Bonifonte et al.
examined the determinants of CVD risk comparing the effect of antecedent and current BP
levels among 3,334 participants emanating from the Framingham Heart Study Offspring
Cohort (Table 1).*® Participants had been examined three times, and an average of BP
measurements obtained 12 and 4 years before current BP was used to represent antecedent
BP. The authors reported that in a traditional risk factor model which included both antecedent
and current BP, the former predicted CVD (HR 1.18 [95% CI 1.09-1.27] per 10 mmHg
increase) while the latter did not (HR 1.01 [95% CI 0.95-1.08] per 10 mmHg increase). These

results from the Framingham Heart Study indicate that BP levels in the past are highly
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associated with the subsequent risk for CVD and should be taken into consideration when

possible.

Apart from the Framingham Heart Study, the usefulness of time-averaged BP levels for
predicting CVD mortality has been examined by Sasai et al. among 46,848 Japanese
participants aged from 40 to 79 years (Table 1).3* An average of two BP measurements
obtained 5 years apart was used to represent long-term BP levels and was then compared to
both available single measurements. The results showed that time-averaged BP was
associated with a higher hazard ratio for CVD death than a single BP measurement at baseline
or 5-year follow-up. Another recent study by Ayala Solares et al. examined whether the use of
long-term BP measurements could enhance the accuracy of CVD risk prediction over a single
BP measurement (Table 1).*® This study included over 80,000 participants with an average
age of 50 years at baseline (70.1% women) and was based on data obtained from electronic
health records representing “real life measurements”. In line with the previous studies, the
authors concluded that time-averaged BP was more strongly associated with incident
cardiovascular disease than current BP alone. However, using information on long-term BP
levels improved only slightly CVD risk prediction beyond current BP levels in multivariable

models.

All in all, the results from these studies indicate that exposure to higher BP levels over time
increases CVD risk and suggest that effective prevention of CVD might be best achieved by
adequate control of BP starting already early in life. Nevertheless, the possible additional
prognostic value of time-averaged BP beyond single BP measurements in clinical practice

remains ambiguous and further research is warranted.
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Cumulative blood pressure

Cumulative exposure is calculated as the product of the intensity and the duration of a certain
exposure. In medical research, quantifying cumulative exposures has been widely used since
the 1950s when the association of cumulative exposure to smoking and lung cancer was
observed.®® Cumulative BP exposure is usually calculated as first averaging BP values at each
time point between consecutive visits, then multiplying by number of years between visits and
finally summing these values together. The difference between cumulative BP and time-
averaged BP is that the calculation of time-averaged BP values disregards the amount of
exposure time to a given BP level. Several earlier studies have examined the association of
cumulative BP with subclinical markers of CVD. However, research on the impact of

cumulative BP levels on risk of hard incident CVD outcomes is scarce.

To this date, only three prior studies have examined the association of cumulative BP levels
and clinical CVD events. First, a recent study from the Lifetime Risk Pooling Project examined
whether inclusion of cumulative SBP in the American College of Cardiology/American Heart
Association 10-year atherosclerotic cardiovascular disease risk equation would enhance CVD
risk prediction over single SBP measurements. The study included data from three American
cohort studies®” and comprised 11,767 participants (58% women) with an average age of 59.1
years at baseline. A composite end point of clinical CVD events including coronary heart
disease death, nonfatal myocardial infarction, and fatal or nonfatal stroke was used as a study
outcome, and a total of 1,877 events occurred during the follow-up period. When 5-year and
10-year cumulative SBP levels were used in the risk prediction instead of current SBP levels,
the resulting C-statistic values were materially similar between the models (ranging from 0.67
to 0.68) and no significant improvement in the prediction was observed. Nevertheless, C-
statistic is relatively insensitive to change if risk factors with strong associations with the
outcome are already included in the initial model. Modest improvements were observed in the

net reclassification index (0.04 for men and 0.03 for women) and the relative integrated
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discrimination index (0.12 for men and 0.10 for women), suggesting that use of cumulative
SBP could slightly enhance the accuracy of CVD risk prediction models. Second, Wang et al.
studied the predictive value of cumulative BP on cardiovascular events (myocardial infarction
or stroke) in a prospective cohort study comprising 52,385 Chinese participants (76.6% men)
who had attended three medical examinations and were followed for approximately 3 years
for CVD events.®® The results of this study demonstrate that cumulative SBP/DBP (HR
1.018/1.017 per 10/5 mmHg x year increase [95% CI 1.010-1.027/1.010-1.024]) predicted
CVD events even after adjustments for numerous confounding risk factors, including baseline
BP. However, baseline SBP was the strongest predictor of subsequent myocardial infarction.
Furthermore, repeated BP measurements that were used to calculate cumulative BP levels
were obtained after baseline, limiting their application to clinical decision making in real life.
Third, the previously mentioned study by Ayala Solares et. al also used cumulative BP as an
exposure variable. In this case, the authors reported a multivariable-adjusted hazard ratio of
1.32 for each 20 mmHg x year increment. Altogether, further research on the association of

cumulative BP and hard clinical endpoints is needed.

In addition to studies on hard clinical outcomes, three recent reports from the CARDIA study
have evaluated the association between cumulative BP and surrogate markers of CVD.3%4 A
study by Kishi et al. demonstrated that chronic exposure to higher BP, even within the
considered normal range, is independently related to diastolic left ventricular dysfunction 25
years later. Furthermore, results from Vasconcellos et al. showed that cumulative BP levels
are independently associated with adverse remodeling of the left atrium as assessed by three-
dimensional echocardiography. The results from both of these studies underscore the fact that
long-term exposure to higher cumulative BP levels throughout early adulthood is harmful to
cardiac structure and function. In addition, the effects of cumulative SBP on urine albumin-to-
creatinine ratio, a risk marker for CVD and kidney disease,*? has been studied by Kramer et
al.*® The results show that higher exposure to cumulative SBP was associated with higher

albumin-to-creatinine ratios that persisted even after adjusting for concurrent SBP and multiple
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other confounders. A similar association was also seen in a report originating from the Multi-

Ethnic Study of Atherosclerosis cohort.?®

In summary, these studies demonstrate that the cumulative BP load plays a major role in
determining the risk for CVD. However, more research is heeded concerning the relationship

between cumulative BP exposure and overt CVD.

Blood pressure trajectories

Long-term BP trajectories reflect changes in an individual's BP levels over time, taking into
consideration multiple aspects of lifetime patterns such as starting levels, slope, and
cumulative exposure. In practice, BP trajectories are usually computed using latent class
models that identify subgroups of individuals sharing a similar underlying BP trajectory.*® The
computational process is complex and requires statistical expertise. Moreover, calculations
during the modeling are dependent on user-specified parameters of number and shape of the
trajectories, which could affect the results and their interpretation. However, BP trajectories
may have additional value for predicting CVD compared to approaches such as the time-

averaged BP, because trajectories capture both the level and longitudinal changes of BP.

To this date, three studies have addressed the relationship between long-term BP trajectories
and subsequent CVD mortality (Table 2).26444° First, Tielemans et al. studied two cohorts of
men aged 50 years originating from the Minnesota Business and Professional Men Study and
the Zutphen Study**. BP was measured annually over a 10-year time period, after which most
of the participants had complete or near-complete data on BP levels. Afterwards, these two
cohorts were followed to practically extinction, as all the Minnesota participants had died and
only 12 participants of the Zutphen study were alive at the end of the follow-up. The authors
found that CVD mortality was higher in those groups with greater increase in SBP levels over

time, and that SBP trajectories were also associated with life-years lost and all-cause mortality.
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In the Minnesota Business and Professional Men Study population, SBP trajectories were a
stronger predictor of mortality than time-averaged SBP and single SBP measurements. In
contrast, time-averaged SBP was the strongest predictor of mortality in the Zutphen Study
cohort. A plausible explanation for this finding could be that the BP trajectories observed in
the Zutphen Study were nearly linear. The information contained by the trajectories could have

therefore been captured by the time-averaged BP.

In a second study based on The Atherosclerosis Risk in Communities Study data, the
relationships of six distinct SBP patterns with stroke, heart failure, CHD, and CVD mortality
were investigated. In this study, a total of 9,845 participants, with an average age of 53.7
years at baseline, were examined four times during a 9-year follow-up period (Table 2).2°
Increasing gradients of coronary heart disease, heart failure and stroke incidence across SBP
patterns were observed, but these differences were attenuated after adjustment for
demographic characteristics, comorbidities, and SBP level at last visit. However, observed
differences in CVD mortality were not attenuated even after adjustment for covariates.
Moreover, participants belonging to the trajectory group with highest SBP levels had the
highest risk of CVD mortality. In order to estimate the effect of cumulative SBP, participants
who had similar SBP levels at last visit but who had gradually reach that BP either from the
initial mean of approximately 130 mmHg (i.e. lower average long-term BP levels) or 150 mmHg
(i.e. higher average long-term BP levels) were compared. The study revealed that those with
a longer exposure to SBP above 140 mmHg had a higher risk of CVD death and heart failure.
Similarly, participants whose SBP had increased steeply from prehypertensive levels to above
140 mmHg had a lower CVD mortality rate compared with participants whose SBP had
remained above 140 mm Hg constantly. Finally, participants with different SBP trajectory
patterns (i.e. different SBP levels at baseline and at last visit) but similar cumulative SBP
exposure had similar rates for all events. These findings underscore the importance of
cumulative SBP load during midlife, as opposed to the direction of longitudinal change of that

accumulation.

12
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In a third publication, the association between four SBP trajectories and subsequent CVD
mortality were investigated in the Rancho Bernardo Study (Table 2).%° Over 15 years of follow-
up, a maximum of five BP measurements were obtained from 762 participants (mean age
65.7 years at baseline, 67% women) who were followed up for 12 years for CVD outcomes.
The authors observed that SBP trajectories were significant predictors of CVD mortality, and
a three-fold risk of CVD death was observed for the two highest trajectory groups as compared
with the lowest trajectory group. Moreover, SBP trajectories were associated with all-cause
mortality. However, SBP trajectories did not demonstrate any incremental prognostic value
over time-averaged SBP in CVD risk prediction. In addition, two previous reports from the
Rotterdam Study and the Kailuan Study have shown that SBP trajectories are associated with

an increased risk of subsequent stroke (Table 2).4647

In addition, the use of long-term BP trajectories for CVD risk prediction has also been studied
in younger populations. As clinical CVD events are rare in younger age groups, surrogate
measures for CVD risk have to be used instead. In the CARDIA study, five BP trajectories
were characterized over a 25-year period among 4,681 participants aged 18-30 years at
baseline ?°. Data was collected on eight time points, and all participants had at least three BP
measurements. Presence of coronary calcification greater or equal to Agatston score of 100
Hounsfield units, a strong predictor of incident coronary heart disease, was used as a marker
of subclinical atherosclerosis.*® The results indicated that participants with elevated BP levels
from youth throughout middle age and those who had steep increases in BP levels over time
had the greatest odds of having subclinical CVD. These associations remained significant
after adjusting for conventional CVD risk factors and even after further adjustments for
baseline and 25-year follow-up BP level. These findings demonstrate that also in younger
populations, long-term BP levels enhance the prognostication of future coronary artery
calcification beyond the consideration of single BP measurements. In addition, BP trajectories
have also been associated with other forms of target-organ damage such as left ventricular

hypertrophy and subclinical renal damage “°-°2.
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In summary, all of these studies suggest that defining long-term BP trajectories could provide
additional value to cardiovascular risk prediction. However, it is still controversial whether the
direction of longitudinal change in BP levels yields additional prognostic value over the mere
cumulative SBP load in the prediction of clinical CVD events. As computing long-term
trajectories requires complicated statistical modeling, other approaches might prove more

practical and thus better suited for clinical work.

Age of hypertension onset

Evidence on the association of hypertension onset age and CVD risk is still limited. Only two
case-control studies have assessed the relation between age of hypertension onset and
clinical CVD end-points (Table 3). The first results on this domain were published in 1987 from
a cohort of 10,313 primary care patients.?” In that study, the participants were divided at
baseline into groups according to newly diagnosed hypertension, defined as diastolic BP =
90mmHg on two consecutive visits. The participants were then followed up for a period of five
years for incident CVD events, and the event rates were then compared with normotensive
individuals of similar age. The authors observed that the risk of incident CVD was significantly
lower if age of onset was at 69 years, as compared with 40 years. However, no confidence
intervals were reported for the point estimates, and the results were not adjusted for other

CVD risk factors.?’

Similar results were recently reported from the Framingham Heart Study Original Cohort
(Table 3).%® In that study, onset of hypertension was defined as SBP 2140/90 mm Hg or use
of antihypertensive drugs on at least two consecutively attended examinations during a follow-
up of up to 60 years. The authors reported an increased trend in odds of CVD mortality versus
non-CVD mortality with decreasing age of hypertension onset (p<0.001 in all multivariable-
adjusted analyses). Apart from hard CVD endpoints, the relation between hypertension onset

age and hypertensive target end-organ damage was determined in 2,680 middle-aged
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participants of the CARDIA cohort study.> In that study, the analyses were adjusted for
conventional CVD risk factors, including present SBP. Hypertension onset at <35 years of age
was associated with increased odds of left ventricular hypertrophy, coronary calcification, and
diastolic dysfunction (odds ratio 2.29, 2.94 and 2.06, respectively; p<0.05 for all). In contrast,
hypertension onset at 245 years of age was not associated with any of the organ damage
markers (p>0.05 for all). Individuals with early onset hypertension also had the highest risk of
having damage in two or more organs. These findings provide some data on the potential
pathways of how early onset hypertension increases CVD risk, as organ damage is a well-

known harbinger of CVD morbidity and mortality.5-8

Interestingly, findings from both the Johns Hopkins Precursor Study and the Framingham
Heart Study suggest that particularly early onset hypertension might also be a strongly
heritable trait.53%° In these studies, individuals whose parents had developed hypertension at
an early age had more than three-fold odds of developing hypertension themselves, compared
to those with normotensive parents. The same phenomenon was observed to carry over
generations from grandparents to grandchildren, though less robustly.®® In addition to
observed heritability patterns in population studies, specific genetic determinants have been

identified for early onset hypertension in several studies.%-%°

Overall, in all studies on this domain, the highest odds of CVD outcomes were observed in the
subgroups with early hypertension onset age (Table 3). However, the research in this domain
is still limited and based on observational case-control studies. More research in this field is
therefore warranted. However, considering the previous findings on time-averaged and
cumulative BP, it is unclear whether the observed increase in CVD risk is solely caused by the
increased long-term exposure to high blood pressure, or if early onset hypertension should be

considered a separate entity.
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Conclusions

Our goal was to review the existing research on how longitudinal BP changes can be
measured and used for improving CVD risk prediction. The most common indices used for
characterizing overall lifetime exposure to BP have been time-averaged BP, cumulative BP,

BP trajectory patterns, and age of hypertension onset.

All of the indices that characterize long-term BP exposure seem to offer incremental predictive
value over “present” BP (Tables 1-4). However, the level of evidence is stronger for some
indices than for others. Namely, numerous studies have demonstrated that long-term, time-
averaged BP is more strongly associated with CVD prognosis than single-occasion BP (Table
1). However, it remains unclear which of these novel indices is the most accurate predictor of
incident CVD, as head-to-head data from outcome studies are lacking. In addition to
longitudinal BP indices covered by this review, BP measurements taken during exercise and
antihypertensive therapy could also provide incremental predictive value over conventional
“present” BP.5¢-%8 Nevertheless, until additional data become available, more emphasis should

be put on assessing the clinical feasibility of these BP indices.

Most of the previous studies on BP change patterns and risk of CVD have been performed
using research-grade data from established epidemiological studies. Understandably, these
data, nor the time needed to calculate time-averaged or cumulative BP, are not usually
available during normal patient contacts, reducing the clinical relevance of these indices
(Table 4). In addition, defining a patient's past BP trajectory accurately may prove
overwhelming because individual-level BP trajectories could have poor reproducibility and
might not always be in line with those reported in the literature. However, either self-reported
or objectively defined age of hypertension onset could provide a feasible and rapid method for
assessing an individual's cumulative BP load more accurately than by just using single-

occasion BP measurements. In addition to its feasible assessment, age of hypertension onset
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has also been shown to be a highly heritable trait and a strong predictor of incident
hypertension in offspring (Table 4).5® Early onset hypertension could be therefore used both
as a familial trait when assessing an individual’s risk for hypertension, and as a specific type

of BP trait when estimating risk for CVD outcomes.

Although numerous studies have examined the association between longitudinal BP changes
and CVD outcomes, the use of long-term BP exposure for CVD risk assessment in clinical
practice has remained non-existent. More studies are needed to examine the independent
predictive power of less-studied BP indices, such as cumulative BP, BP trajectories, and age
of hypertension onset. Moreover, additional studies are needed to rank the predictive power
of the different BP indices used for quantifying long-term BP exposure. Finally, randomized
clinical trials should be conducted in the future to assess the impact of antihypertensive

therapy on individuals with varying levels of long-term BP exposure.
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Figure 1. Average lifetime progression of systolic blood pressure (SBP), diastolic blood
pressure (DBP), mean arterial blood pressure (MAP), and pulse pressure (PP) by age in
participants of the Framingham Heart Study. From Cheng et al. Hypertension.
2012;60:1393-1399. Published with the permission of Wolters Kluwer Health.
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Figure 2. Graphic demonstration of different methods used for assessing overall long-term
exposure to high blood pressure. SBP, systolic blood pressure; BP, blood pressure.
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Table 1. The association of time-averaged blood pressure with cardiovascular events.

Baseline
Study N Exposure variable QOutcome | age, yr Estimate (95% CI)
Systolic BP Diastolic BP
BP 5 years prior baseline 1.11 (1.05-1.16) 1.11 (1.06-1.15)
Sasai Baseline BP CcvDa 1.13(1.07-1.18) 1.12 (1.07-1.16)
et al.3* 46,484 Time-averaged BP death 62 1.17 (1.10-1.24) 1.17 (1.11-1.23)
60 W: 1.73 (1.13-2.64); M: 1.20 (0.81-1.79) [ W:2.03 (1.36-3.02); M: 1.19 (0.82-1.73)
Recent 70 W: 1.40 (1.09-1.81); M: 1.30 (0.98-1.74) [ W:1.33 (1.03-1.72); M: 1.18 (0.89-1.57)
antecedent BP 80 W: 2.16 (1.55-3.01); M: 2.04 (1.14-3.65) [ W:1.37 (0.97-1.92); M: 1.06 (0.61-1.84)
60 W: 1.31(0.97-1.77); M: 0.97 (0.72-1.31) | W:1.48(1.10-1.99); M: 1.10 (0.84-1.43)
Vasan CVD 70 W: 1.18 (0.98-1.45); M: 1.24 (1.00-1.55) | W:1.21(0.99-1.47); M: 1.23 (0.99-1.51)
et al.3° 2,313 Remote antecedent BP event® 80 W: 1.48 (1.19-1.84); M:1.84 (1.30-2.59) | W:1.27(1.01-1.61); M: 1.75 (1.18-2.59)
60 W: 1.68 (1.25-2.25); M: 1.92 (1.39-2.66) | W: 1.78 (1.33-2.38); M: 1.73 (1.26-2.38)
70 W: 1.66 (1.28-2.14); M: 1.30 (0.97-1.75) | W:1.44 (1.11-1.88); M: 1.14 (0.84-1.54)
Recent antecedent BP 80 W:1.19 (0.84-1.70); M: 1.25 (0.76-2.04) [ W:1.21 (0.86-1.70); M: 1.32 (0.79-2.21)
60 W: 1.48 (1.07-2.07); M: 1.54 (0.96-2.45) | W:1.57 (1.13-2.17); M: 1.30 (0.88-1.91)
Seshadri Ischemic 70 W: 1.41 (1.17-1.69); M: 1.45 (1.14-1.86) | W: 1.47 (1.23-1.75); M: 1.42 (1.13-1.80)
etal.®? 5,197 Remote antecedent BP stroke® 80 W: 1.05 (0.79-1.42); M: 1.25 (0.81-1.93) [ W:1.14 (0.86-1.51); M: 1.20 (0.80-1.79)
Lee Recent antecedent BP Heart 1.31 (1.11-1.55) 1.02 (0.88-1.19)
et al.3! 3,362 Remote antecedent BP failured 62 1.17 (1.04-1.31) 1.05 (0.93-1.18)
Bonifonte CVvD
et al.33 3,344 Antecedent SBP event® 48 1.18 (1.09-1.27) -
Ayala
Solares CVvD
et al.%> 80,964 Time-averaged SBP eventf 50 1.40 (1.27-1.52) -

aHazard ratio per 10 mmHg increase, adjusted for sex, age, body mass index, total and HDL-cholesterol, triglycerides, glucose, antihypertensive
and lipid-lowering medications, diabetes, smoking, alcohol consumption, and fasting status.
bHazard ratio per 1-SD increment, adjusted for current BP, smoking, body mass index, diabetes, cholesterol, and antihypertensive treatment. CVD
event defined as CVD death, coronary heart disease, stroke or transient ischemic attack, peripheral vascular disease (intermittent claudication), or
congestive heart failure.
‘Relative risk per 1-SD increment, adjusted for current BP levels, diabetes, and smoking.
YHazard ratio per 1-SD increment. Age-stratified multivariable models adjusted for sex, current BP, serum cholesterol, hypertension treatment,

diabetes, smoking, valve disease, and previous myocardial infarction and for incidence of an interim myocardial infarction on follow-up. Models

evaluating systolic BP variables were adjusted for baseline diastolic BP, and models examining diastolic BP variables were adjusted for baseline

systolic BP.




€Hazard ratio per 10 mmHg increase. The model included age, sex, current BP, smoking, diabetes, total cholesterol, HDL-cholesterol, and
antihypertensive medication as covariates. CVD event defined as CVD death, myocardial infarction, coronary insufficiency, cerebrovascular
disease, intermittent claudication, or congestive heart failure.

"Hazard ratio per 20 mmHg increase, adjusted for calendar year of study entry, sex, smoking, deprivation index, diabetes mellitus, body mass index,
total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and current systolic BP.

Abbreviations: BP= blood pressure; CVD = cardiovascular disease; M = men; SBP= systolic blood pressure; W = women; yr = years.



Table 2. The associations of long-term blood pressure trajectories with cardiovascular mortality.

Study N Systolic BP trajectory (exposure)| Outcome Estimate (95% CI)
1 (lowest risk) Ref. (Minnesota)® | Ref. (Zutphen)?
2 1.82 (1.25-2.66) | 1.34(1.00-1.81)
3 3.80 (2.18-6.64) | 2.05(1.47-2.87)
Tielemans et al.*4 261 in Minnesota [ 632 in Zutphen 4 (highest risk) CVD death | 3.95(1.17-13.38) [ 3.05 (1.74-5.33)
1 (lowest risk) Ref.p
2 0.91 (0.46-1.80)
3 1.72 (1.06-2.74)
Tielemans et al.*® 762 4 (highest risk) CVD death 3.34 (1.39-7.99)
1 (lowest risk) 19 (14-27)¢
2 25 (21-30)
3 36 (31-43)
4 58 (40-85)
5 56 (43-72)
Petruski-lvleva et al.?5 9,845 6 (highest risk) CVD death 85 (55-132)
1 (lowest risk) 15 (13-17)¢
2 19 (6-40)
3 24 (17-32)
Portegies et al.*” 6,745 4 (highest risk) Stroke 29 (21-37)
1 (lowest risk) Ref.®
2 1.64 (1.26-2.14)
3 2.56 (1.79-3.65)
4 2.78 (2.03-3.81)
Li et al.*6 79,308 5 (highest risk) Stroke 3.77 (2.57-5.51)

aHazard ratio, adjusted for age, cholesterol, smoking status, and diabetes.
bHazard ratio, adjusted for age, sex, cholesterol, smoking, antihypertensive medication, and diabetes.

‘Incidence rates per 10 000 person years, adjusted for age, sex, race, study center, obesity, diabetes, smoking, antihypertensive medication, and

systolic blood pressure at last visit.
dCumulative incidence of stroke by age 90, adjusted for sex, and use of antihypertensive medication

®Hazard ratio, adjusted for age, sex, smoking status, alcohol intake, education, physical activity, income, salt intake, use of hypoglycemic,
antihypertensive, lipid-lowering agents and aspirin, average body mass index, estimated glomerular filtration rate, serum triglycerides, high-density
lipoprotein cholesterol, total cholesterol, fasting blood glucose, high-sensitive C-reactive protein, and baseline systolic blood pressure.

Abbreviations: CVD = cardiovascular disease; Minnesota = The Minnesota Business and Professional Men Study; SBP = systolic blood pressure;

Zutphen = The Zutphen Study.




Table 3. The association between hypertension onset age and cardiovascular disease.

Age of
hypertension onset
Study N (exposure) Outcome Odds ratio (95% CI) P-value
40-49 years 5.2 (n/a) n/a
50-59 years 1.8 (n/a) n/a
60-65 years 1.2 (n/a) n/a
Buck et al.?” 10,313 No hypertension CVD event? Ref.
<45 years 2.19 (1.77-2.70) P<0.001
45-54 years 2.10 (1.67-2.63) n/a
55-64 years 1.86 (1.48-2.34) n/a
265 years 1.47 (1.16-1.87) P=0.001
Niiranen et al.53 3,614 No hypertension CVD death Ref.
<45 years 2.26 (1.75-2.93) P<0.001
45-54 years 2.18 (1.64-2.90) n/a
55-64 years 1.71 (1.26-2.32) n/a
=65 years 1.36 (0.98-1.87) P=0.07
Niiranen et al.>3 3,614 No hypertension CHD death Ref.

aMyocardial infarction, stroke, congestive heart failure, or renal failure.

Abbreviations: CVD = cardiovascular disease; CHD = coronary heart disease; n/a = not applicable.




Table 4. Strengths and weaknesses of various methods used for quantifying blood pressure patterns over time.

Present (single-

BP Trajectory

Age of Hypertension

Characteristic occasion) BP Time-averaged BP | Cumulative BP Patterns Onset
Association with + ++ ++ ++ ++
CVD prognosis

Feasibility +++ ++ ++ + +++
Heritability + ? 2 ? —+
Reproducibility + ++ ++ + ++
Level of evidence +++ ++ + + +

Abbreviations: BP = blood pressure; CVD = cardiovascular disease.




