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ABSTRACT 

Established hypertension is a well-known risk factor for cardiovascular disease and 
dementia. However, limited evidence exists on the relation between the age of 
hypertension onset and adverse events. The aim of this thesis was to study the impact 
of early-onset hypertension on end-organ damage and cognitive function in midlife. 
Additional aims were to examine risk factors for early-onset hypertension and the 
feasibility of different methods for detecting hypertension onset age. 

This thesis is based on the Coronary Artery Risk Development in Young Adults 
(CARDIA), which is a biracial prospective follow-up study. The CARDIA study was 
initiated in 1985–1986 and included a sample of 5115 American young adults. The 
study participants underwent up to 30 years of follow-up with regularly conducted 
follow-up exams. We also included a separate study sample from the Health 2000 
survey, a population-based study carried out in 2000–2001 that examined 8028 
Finns. Both study samples collected either objective or self-reported data on the 
participants’ age of hypertension onset as well as an assessment of adverse outcomes. 

In the CARDIA study sample, we observed that an early age of hypertension 
onset was most robustly associated with echocardiographic left ventricular 
hypertrophy (LVH), diastolic dysfunction, and coronary calcification in midlife. 
Additionally, early-onset hypertension in these individuals was related to midlife 
cognitive impairment. In contrast, late-onset hypertension was not associated with 
these adverse outcomes. Self-reported hypertension onset age was not related to 
electrocardiographic LVH in the Health 2000 study sample. However, self-reported 
early-onset hypertension was associated with end-organ damage in the CARDIA 
participants. We also identified African American ethnicity, diabetes, and obesity as 
the most potent correlates of early-onset hypertension. 

In conclusion, early-onset hypertension, but not late-onset hypertension, is 
associated with having end-organ damage by midlife. Our findings demonstrate the 
importance of assessing the age of hypertension onset, even by patients’ self-report, 
in order to feasibly assess the lifetime burden of hypertension and to improve risk 
stratification of individuals with hypertension in clinical practice. 

KEYWORDS: hypertension, age of onset, risk factors, end-organ damage, cognitive 
function, epidemiology   
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TIIVISTELMÄ 

Verenpainetauti on merkittävä dementian sekä sydän- ja verisuonisairauksien 
riskitekijä. Aiempia tutkimuksia verenpainetaudin puhkeamisiän merkityksestä 
haittatapahtumien kehittymiselle on kuitenkin vähän. Tämän väitöskirjatutkimuksen 
tavoitteena oli tutkia varhain puhkeavan verenpainetaudin vaikutusta pääte-
elinvaurioihin sekä kognitiiviseen suorituskykyyn keski-iässä. Lisäksi selvitimme 
varhain puhkeavalle verenpainetaudille altistavia tekijöitä sekä eri menetelmien 
soveltuvuutta verenpainetaudin puhkeamisiän arvioimiseksi. 

Tutkimusaineistona käytettiin ensisijaisesti yhdysvaltalaista prospektiivista 
CARDIA-seurantatutkimusta, johon osallistui 5115 nuorta amerikkalaista miestä ja 
naista vuosina 1985–1986. Tutkimushenkilöt ovat osallistuneet 30 vuoden ajan 
säännöllisesti suoritettuihin seurantatutkimuksiin. Toinen tutkimusväestö koostui 
8028 väestörekisteristä satunnaisotannalla valitusta suomalaisesta, jotka osallistuivat 
Terveys 2000-tutkimukseen vuosina 2000–2001. Molempien tutkimusotoksien 
osallistujilta määritettiin verenpainetaudin puhkeamisikä joko objektiivisesti tai 
itseilmoitettuna sekä mitattiin verenpainetaudin pääte-elintapahtumia. 

Ensimmäisessä tutkimusaineistossa varhaisella iällä puhjennut verenpainetauti 
oli voimakkaimmin yhteydessä vasemman kammion hypertrofiaan, sydämen 
diastoliseen toimintahäiriöön sekä sepelvaltimoiden kalkkeutumiseen keski-iässä. 
Varhainen verenpainetauti altisti myös kognitiivisten toimintojen heikentymiselle. 
Myöhäinen verenpainetauti ei ollut yhteydessä vastaaviin haittatapahtumiin. Myös 
itseilmoitettu varhain puhjennut verenpainetauti oli yhteydessä pääte-elinvaurioihin 
ensimmäisessä tutkimusotoksessa, mutta ei elektrokardiografisesti määritettyyn 
vasemman kammion hypertrofiaan toisessa tutkimusotoksessa. Afroamerikkalainen 
syntyperä, diabetes ja ylipaino olivat riskitekijöitä varhaiselle verenpainetaudille. 

Löydökset osoittavat, että erityisesti varhain puhkeava verenpainetauti altistaa 
verenpainetaudin pääte-elinvaurioille jo keski-iässä. Verenpainetaudin alkamisiän 
määrittäminen osana verenpainetaudin hoitoa voisi edesauttaa lääkäreitä huomioi-
maan korkean verenpaineen elinikäistä vaikutusta elimistöön ja mahdollisesti edistää 
näiden potilaiden tulevien haittatapahtumien ennaltaehkäisyä. 

AVAINSANAT: verenpainetauti, puhkeamisikä, riskitekijät, pääte-elinvaurio, 
kognitiivinen suorituskyky, epidemiologia  
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1 Introduction 

High blood pressure (BP) remains the most common modifiable risk factor for 
cardiovascular disease (CVD) morbidity and mortality worldwide. Furthermore, 
these harmful effects extend beyond CVD as elevated BP also contributes to the 
development of chronic kidney disease and dementia, while increasing the risk of 
adverse events (1,2). Therefore, chronically elevated BP, i.e. hypertension, 
represents a major global public health problem. There are worldwide increasing 
trends in the number of individuals with high BP, one can speak of a global burden 
of hypertension (3,4).  Over 1 billion people in all parts of the world have been 
estimated to have high BP which means that over 30% of the world’s population 
would be diagnosed as having hypertension (5,6). On the national level, hypertension 
represents an even more important threat for public health, as recent data from NCD 
Risk Factor Collaboration has reported that Finland has the highest prevalence of 
hypertension of 12 high-income countries (7). 

Findings from observational studies have long indicated that hypertension is 
already evident even in the very early stages of life (8,9). In fact, numerous 
investigators have examined the relationship between the presence of hypertension 
during different stages of life and the subsequent risk for various health problems. 
Hence, the current chronological age of an individual has been established as an 
important contributing factor for hypertension-related complications. However, to 
date, little evidence exists on whether hypertension that manifests early in life has a 
different impact from hypertension originating in late-life. Already in the 1970s, 
early onset of hypertension was observed among those community residents who 
consumed drinking water with a higher level of nitrates (10). Surprisingly, there are 
rather few previous studies that have focused on assessing the role of early-onset 
hypertension or age of hypertension onset for diagnostic or predictive purposes in 
individuals with hypertension. More evidence about this topic could have important 
clinical implications for those younger hypertensive adults in the community, as 
hypertension can be particularly detrimental in these individuals who still often 
remain undiagnosed and untreated (11,12). 

Chronic diseases call for very different management and treatment approaches 
when compared to acute health problems. Previous studies have suggested that the 
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chronicity of hypertension and its effects can be evaluated with a variety of methods, 
i.e. to elucidate the long-term exposure to high BP (13–15). However, the clinical 
applicability of these methods has remained unclear and thus accounting for the 
chronicity of hypertension in screening and treating hypertensive individuals is 
rarely, if ever, conducted. Prior evidence suggests that age of disease onset impacts 
on the risk of adverse outcomes in the context of other chronic diseases, such as 
diabetes and obesity (16–18). Findings from these studies have demonstrated that 
generally an early disease onset predicts a worse disease prognosis in comparison to 
a late onset. Chronic diseases such as diabetes, obesity and hypertension share 
similar features regarding their prognostic value with respect to adverse events and 
treatment strategies in everyday clinical practice. Thus, it is presumable that the 
onset age of hypertension could likewise become incorporated as a part of an 
individual’s overall risk-assessment. However, the current international 
hypertension treatment guidelines do not yet recommend assessing the age of onset 
in the strategy of management of hypertension (19,20). Similarly, the recently 
updated national Finnish guidelines for high BP care also fail to take into account 
the hypertension onset age as part of the disease management strategies (21). Clearly, 
it would be advantageous to gather more evidence on the impact of the hypertension 
onset age, and particularly early-onset hypertension. 

The aim of this thesis was to investigate the relation between early age of 
hypertension onset and adverse outcomes, in contrast to late hypertension onset age. 
This study examined the association of early-onset hypertension with hypertension-
mediated organ damage (HMOD) and cognitive function in midlife. An additional 
aim was to study the feasibility of assessing the age of hypertension according to the 
individual’s self-report in contrast to objective measurement methods. Furthermore, 
this study provides evidence on the clinical correlates of early-onset hypertension. 
Based on these findings, a framework is presented for incorporating the age of 
hypertension onset assessment into hypertension management in clinical practice.
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2 Review of the Literature 

2.1 Age-related changes in blood pressure 

2.1.1 Blood pressure tracking over age 
BP is a constantly fluctuating physiological measure that depends on the co-
operation of various body regulatory systems and stimulus signals. BP refers to the 
pressure experienced in the large arteries which is applied by the systemic circulating 
blood volume. A complex BP regulatory system is required to maintain a sufficient 
and stable BP level to ensure adequate perfusion of human tissues and organs. 
However, an excessively high BP for long durations is known be harmful for the 
human body and to cause various health problems. In brief, the vascular anatomy 
along with various vascular, tissue and neurohumoral factors contribute to the 
regulation of BP. BP is commonly expressed as two measures: the systolic blood 
pressure (SBP) which is the highest pressure during one heartbeat, and diastolic 
blood pressure (DBP) which represents the lowest pressure in-between heartbeats. 
Moreover, mean arterial pressure (MAP) is calculated as the mean between SBP and 
DBP, whereas pulse pressure (PP) stands for the difference between SBP and DBP. 

BP is known to be highly age-dependent as BP tends to rise with age (22,23). In 
fact, the overall lifetime risk of developing hypertension has been reported to be as 
high as 90% (24). The BP progression by age follows similar patterns in the general 
population. Common trends for normal lifetime BP progression may be 
distinguished at a population level; these have been well-documented (25,26). On 
average, SBP consistently rises over the life course, whereas DBP reaches a peak 
around middle age after which it gradually declines. This difference is caused by the 
decreased elasticity and increased stiffness of the large arteries, leading to increased 
BP during the systole, and decreased BP during the diastole (27). PP tends to increase 
with age in a similar manner to SBP but with an accelerating velocity later in life, 
whereas MAP reaches a plateau level and often decreases after midlife. In late-life, 
SBP and DBP begin to decrease more than a decade prior to death, with the steepest 
decrease being observed in the last 2 years of life (28). Moreover, the steepest yearly 
decreases have been seen in individuals with hypertension, late-life weight loss, heart 
failure and dementia. The BP progression patterns also vary by sex, as the overall 
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mean BP levels tend to be higher in men (26,29). Nevertheless, the overall BP trends 
over age are relatively in parallel in men and women and the sex-specific differences 
attenuate with advancing age (Figure 1). However, a recent study has suggested that 
BP trajectories vary markedly by sex over the entire life course (30). In that study, 
BP was demonstrated to increase more steeply with age in women than in men, 
starting already in the early stages of life. The age- and sex-related BP trends share 
similar patterns globally, as the tendency for BP to increase by age has been observed 
in citizens from virtually all nations (3,4). 

 
Figure 1.  Blood pressure measures with increasing age in men and women. SBP, systolic blood 

pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; PP, pulse 
pressure. Reproduced from Hypertension (Cheng et al., 2012) with permission of 
Wolters Kluwer Health, Inc. 

Several longitudinal studies in different population cohorts have conducted BP 
tracking throughout the life course. Elevated BP already from childhood has been 
demonstrated to correlate with the measured BP values in adults (9,31–33). A meta-
analysis including data from 50 cohort studies reported average correlation 
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coefficients for BP tracking from childhood to adulthood of 0.38 for SBP and 0.28 
for DBP (34). Similar findings were reported in another meta-analysis examining 29 
studies (35). Additionally, sex, baseline age, and follow-up length were identified as 
significant predictors of BP tracking. Thus, these BP patterns appear to extend from 
adulthood to late-life (22,36). Previous findings suggest that repeated BP 
measurements already in the early stages of life are beneficial in predicting elevated 
BP levels later in life. Despite the common patterns on BP progression at the 
population level, population heterogeneity and between-individual related risk 
factors have been related to a shift in BP trajectories. 

2.1.2 Primary vs. secondary hypertension 
Hypertension is defined as persistently raised BP based on currently approved BP 
measurement methods and diagnostic thresholds. Hypertension is generally further 
classified as either primary or secondary hypertension based on the disease etiology. 
Primary hypertension, also referred to as essential hypertension, is defined as high 
BP in which secondary causes are not present; this is by far the more common form 
of hypertension. In fact, primary hypertension has been estimated to account for at 
least 90% of all hypertension cases (37–39). For decades now, primary hypertension 
has been suggested to originate already from early childhood (8). The development 
of primary hypertension is usually a result of multiple causes including genetic and 
lifestyle factors. For instance, important etiological factors include obesity, 
unsatisfactory diet, and a sedentary lifestyle (37). Individuals with primary 
hypertension often experience a clustering of other risk factors for CVD, such as 
insulin resistance, dyslipidemias, and the metabolic syndrome. Furthermore, primary 
hypertension has been identified as a heritable trait, which is often assessed by 
determining the potential parental history of hypertension (40). The pathophysiology 
of primary hypertension has been related to vascular aging, mediated by endothelial 
dysfunction and oxidative stress (41). Individuals with primary hypertension also 
seem to experience a reduced availability of nitric oxide with evidence of vascular 
remodeling at an earlier age than their normotensive counterparts (42). Other 
contributing mechanisms include alterations in hormonal mechanisms such as the 
renin-angiotensin-aldosterone system (RAAS) and in the activity of the autonomic 
nervous system (43). Over time, established hypertension promotes the development 
of various types of HMODs, gradually shifting from asymptomatic to symptomatic 
conditions, which finally lead to end-stage diseases and possibly death (44). 

Secondary hypertension accounts for approximately 5 to 10% of all hypertensive 
cases in the community. The most frequent causes of secondary hypertension are 
primary hyperaldosteronism, renal parenchymal diseases, renal artery stenosis, and 
obstructive sleep apnea (38,39). Other less common causes include 
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pheochromocytoma, Cushing’s syndrome, thyroid disease and coarctation of the 
aorta. Heritability studies in children have suggested that secondary hypertension is 
related to only a few genes, whereas primary hypertension is likely caused by an 
additive, polygenic effect (45). Secondary hypertension has been reported to be more 
common among younger individuals, and the current guidelines recommend 
screening for secondary hypertension causes in individuals with an early age of 
hypertension onset (19,20). However, one study demonstrated that primary 
hypertension was still the predominant form of hypertension in children already after 
6 years of age (46). In that study, 43% of children aged 0 to 19 years had primary 
hypertension, with the remaining 57% suffering from secondary hypertension. 
Compared to children with secondary hypertension, those with primary hypertension 
were more likely to be older, had a lower prevalence of preterm birth and to have 
family history of hypertension. Furthermore, the prevalence of secondary 
hypertension has also been reported to increase with advancing age and with 
coexisting atherosclerosis (47). A recent meta-analysis investigating 31 studies 
reported increased odds ratios (OR) of 2.58 (95% CI, 1.93–3.45) for stroke, 1,77 
(95% CI, 1.10–2.83) for coronary artery disease and 2.05 (95% CI 1.11–3.78) for 
heart failure in patients with primary hyperaldosteronism, when compared to patients 
with primary hypertension (48). Nevertheless, the risk of cardiovascular events 
varies considerably depending on the secondary cause of hypertension and primary 
hyperaldosteronism accounts for less than 10% of all secondary hypertension cases 
(38). Even though the underlying cause of secondary hypertension may be treatable, 
many of these individuals still carry a high residual lifetime risk of developing 
hypertension even after treating the diagnosed secondary cause (38,39). However, 
these previous studies have not distinguished between the onset age of hypertension, 
and thereby the prevalence of secondary hypertension among individuals with early-
onset hypertension is unknown. All in all, irrespective of its etiology, established 
hypertension calls for medical intervention to prevent hypertensive complications. 

2.1.3 Determinants of population blood pressure changes 
Increasing population growth and aging populations have resulted in a marked shift of 
population BP trends, i.e. there is now a continuously increasing global burden of high 
BP. However, previous evidence suggests that distinct subgroups who share similar 
patterns of BP trajectories over age may be identified in the general population (49). 
Besides age and sex, ethnicity and genetic factors are important predictors of 
hypertension. (50,51). Particularly African American ethnicity and having a family 
history of hypertension increase the risk for developing hypertension. BP progression 
patterns also seem to have a genetic predisposition as familial hypertension history has 
been demonstrated to predict the risk that an individual will have higher BP levels 
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(52,53). However, lifestyle-related factors account for the majority of the global BP 
burden. The most important modifiable risk factors for high BP include obesity, 
smoking, alcohol use, physical inactivity, and an unhealthy diet such as one with an 
excessive salt intake (50). There are some more disputed contributing factors e.g. other 
health disorders, sleep quality, stress, environmental hazards, and early life factors 
such as birth weight. However, the factors predicting population changes in BP 
trajectories differ somewhat from the overall risk factors for high BP. 

Male sex and older age have been demonstrated to predict all BP measures in 
tracking of BP, whereas female sex seems to merely predict SBP (26,54). A higher 
resting heart rate has also been associated with all BP tracking measures. 
Socioeconomic status has likewise been suggested as an independent predictor of BP 
progression at least in women (55). Similarly, a higher body mass index (BMI) has 
consistently been shown to predict a higher late-life BP, particularly SBP (26,54,56). 
Additional predisposing factors related to a shift into the higher BP trajectories in 
these studies included smoking, dyslipidemia, impaired glucose regulation and 
decreased kidney function. Chronic kidney disease is a particularly important cause 
of hypertension among older individuals (57). Similar findings about the BP 
progression predictors have been reported also among individuals in early adulthood 
(29). Conversely, individuals categorized in the “normative BP trajectories” 
subgroup are more likely have a lower BMI in midlife but also a higher birth weight 
(49,53). Some studies have also suggested that a high level of serum uric acid 
predicts the progression of late-life high BP (56,58). 

Overall, previous findings suggest that distinct determinants related to BP 
changes throughout the life course can be distinguished from the general population 
(Table 1). These findings provide tools with which one can identify individuals at 
high risk for hypertension and further to address the importance of lifestyle 
interventions in the management of high BP. Nonetheless, the population-based BP 
determinants seem to explain only a relatively small proportion of the age-related 
BP patterns at the individual level (49). Therefore, a more individualized approach 
is called for to predict future high BP. 

Table 1.  Determinants of blood pressure tracking. 

Sex Smoking 

Age Dyslipidemias 

BMI Impaired glucose regulation 

Resting heart rate Decreased kidney function 

Socioeconomic status Birth weight 

High serum uric acid level Family history of hypertension 
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2.1.4 Association between arterial stiffness and blood 
pressure 

Arterial stiffening is described as a gradual change in the vascular structure and 
function which leads to decreased compliance and elasticity of the arteries. This 
vascular process is highly age-related, as older age itself promotes arterial stiffening 
and this phenomenon is further modulated by the presence of arteriosclerosis. The 
pathophysiology and mechanisms related to arterial stiffening are complex and 
involve several factors such as structural components of the vessel wall, vasoactive 
mediators, and neurohumoral factors (Figure 2) (59). Arterial stiffness in the large 
arteries maintains the optimal perfusion of the human organs. However, increased 
early large artery stiffness leads to a reduced adaptability to cope with the cardiac 
output, which is observed as increased PP, and ultimately results in a higher number 
of CVD outcomes (60). Various invasive and non-invasive methods have been 
previously presented to measure arterial stiffness (61). Surrogate measures such as 
pulse wave velocity (PWV), changes in pulse wave reflections and PP have been 
used to evaluate arterial stiffness. PP and aortic PWV gradually increase with 
advancing age, while the travel time of the reflected pressure wave decreases, which 
represents the normal vascular aging (62). This form of arterial aging is commonly 
argued to be the most important pathophysiological mechanism explaining the BP 
changes occurring in an individual’s lifetime. Early vascular aging (EVA) on the 
other hand represents a pathological process of premature arterial aging, 
consequently leading to accelerated BP progression patterns (63). However, 
inconsistent evidence exists on the relationships between the hemodynamic 
correlates of BP progression over the life course. 

Elevated BP in childhood and early adulthood have been demonstrated to predict 
increased arterial stiffness later in life (64–66). Conversely, arterial stiffness has been 
shown to independently predict subsequent increases in longitudinal BP patterns 
(67–69). Moreover, findings from the Framingham Heart Study suggest that it is the 
forward pressure wave amplitude, rather than wave reflection, which is the 
predominant hemodynamic correlate of PP over the whole life course and 
particularly in late-life (70,71). The Framingham Heart Study was initiated already 
in the 1948 to uncover CVD risk factors, and to this date the still ongoing study has 
included more than 15 000 individuals from three generations (72). A meta-analysis 
including 64 studies that assessed the impact of wave reflection changes on BP 
patterns over age also found that a shift in wave reflection timing did not 
significantly contribute to age-related BP changes (73). Indeed, the commonly 
accepted gold standard for assessing arterial stiffness is the measurement of the 
carotid-femoral PWV. The current ESC/ESH hypertension guidelines also approve 
measuring PP in elderly individuals as an alternative method (19). The guidelines 
suggest measured carotid-femoral PWV > 10 m/s or PP in the elderly ≥ 60 mmHg 
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as a method to detect arterial stiffening. These findings are in line with the  previous 
evidence indicating that PWV is an important CVD risk factor (74). This meta-
analysis which examined a total of 17 studies reported a pooled risk ratio (RR) of 
2.02 (95% confidence interval (CI), 1.68–2.42) for CVD mortality, and 1.90 (95% 
CI, 1.61–2.24) for all-cause mortality in individuals with high aortic PWV, compared 
to those with low aortic PWV. 

To sum up, the current evidence proposes a two-way association between 
hemodynamic determinants, vascular remodeling, and the corresponding BP (75). 
PWV and PP are likely to explain a major proportion of changes in the life course 
BP patterns, whereas changes in wave reflection and vascular resistance are believed 
to act as secondary factors. Prior findings also suggest that the longitudinal 
trajectories of arterial stiffness, measured as PWV and BP, follow very similar 
patterns (76,77). However, this relationship seems to fade later in life, at least in 
men. Nevertheless, current evidence suggests that arterial stiffness and elevated BP 
interact with each other in a bidirectional manner throughout the individual’s 
lifespan. 

 
Figure 2.  Mechanisms of arterial stiffness. Reproduced from Arteriosclerosis, Thrombosis, and 

Vascular Biology (Zieman et al., 2005) with permission of Wolters Kluwer Health, Inc. 
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2.2 Hypertension at any age and risk of adverse 
outcomes 

2.2.1 Association between blood pressure and organ 
damage 

High BP is a generally known risk factor for the development of target organ 
damage, commonly referred to as hypertension-mediated organ damage (HMOD). 
Numerous studies to date have examined the relation between elevated BP and 
HMOD. Different surrogate measures have been used to assess the presence of 
HMOD. The current hypertension guidelines recommend assessing 
electrocardiographic left ventricular hypertrophy (ECG-LVH), and albuminuria as 
the most basic HMOD screening methods (19,20). Other more elaborate methods to 
determine the presence of HMOD include assessments of  echocardiographic left 
ventricular hypertrophy (ECHO-LVH) and diastolic dysfunction, carotid intima-
media thickness (CIMT), coronary artery calcification (CAC) score, PWV, ankle-
brachial index, hypertensive retinopathy, brain imaging and cognitive function tests. 

A higher BP level has been associated with a higher risk of virtually all HMODs 
at all ages. Hypertension adversely impacts on the cardiac structure and function, 
and thus LVH is the most commonly measured marker of altered cardiac structure 
(78). Elevated BP has been associated with an increased risk of ECHO-LVH, 
measured as an increased left ventricular mass (LVM) and left ventricular mass 
index (LVMI) (79). Similar relations have also been reported with ECG-LVH as the 
outcome measure (80). ECG-LVH has generally been demonstrated as specific but 
insensitive in detecting anatomic LVH or ECHO-LVH, with moderate correlation 
between ECG-LVH and ECHO-LVH (81). A meta-analysis concluded that both 
prehypertension (SBP between 120 and 139 or DBP between 80 and 89 mmHg) and 
established hypertension (SBP/DBP ≥140/90) were associated with increased LVMI 
and the prevalence of ECHO-LVH (82). In that study, prehypertension was 
associated with an OR of 2.09 (95% CI, 1.50–3.00) for concentric LVH and OR of 
1.65 (95% CI, 1.40–1.90) for eccentric LVH. 

In addition to the cardiac effects, a higher BP in early life has been related to an 
increased risk of higher CIMT in adulthood (83). Similarly, findings from the 
Coronary Artery Risk Development in Young Adults (CARDIA) study have 
reported odds of 1.3 (95% CI, 1.1–1.5) per each 10 mmHg increase in SBP for having 
an increased CAC score (84). High BP has also been linked to impaired kidney 
function, measured as the presence of albuminuria or diagnosed kidney disease 
(85,86), with hypertension being related to an OR of 1.57 (95% CI, 1.17–2.12) for 
developing new-onset kidney disease in middle-aged individuals. Moreover, a large 
study investigating over 2.5 million adolescents reported that hypertension was 
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associated with an adjusted hazard ratio (HR) of 1.98 (95% CI, 1.42–2.77) for having 
end-stage renal disease in late-life (87). 

Overall, it is evident that high BP increases the risk of developing HMOD.  
Previous evidence also suggests that the relation between elevated BP and HMOD 
can be determined by using different BP measurement methods and that individuals 
with established hypertension seem to experience a clustering of several HMODs 
(88,89). Interestingly, findings from isolated population studies suggest that the 
development of subclinical CVD could be avoided by lowering the common modern 
era risk factors, including reducing BP (90). What is more, evidence from clinical 
trials has demonstrated that previously established LVH and microalbuminuria is 
reversible with antihypertensive treatment i.e. by lowering BP (91,92). Nevertheless, 
as established HMOD has been shown to increase the risk of overt CVD by several-
fold in individuals with hypertension (93–96), current evidence supports the 
importance of recognizing high BP at any age as an important CVD risk factor. 

2.2.2 Association between blood pressure and 
cardiovascular outcomes 

Along with HMOD, subclinical CVD and cognition, high BP levels have also been 
associated with increased risk of various hard CVD outcomes. Elevated BP is 
continuously and causally related to the incidence of serious cardiovascular events, 
such as heart failure, myocardial infarction, stroke, and sudden death (97,98). A large 
study revealed a robust trend between increasing BP and the risk for 12 different 
CVD outcomes (97). In that study, individuals with hypertension had an overall 
lifetime CVD risk of 63.3% and developed CVD approximately 5 years earlier than 
individuals without hypertension. In middle-aged individuals, new-onset 
hypertension was reported to increase the subsequent likelihood of future 
cardiovascular event considerably in comparison to a non-cardiovascular death (99). 
A meta-analysis examining over 4 million young adults from 17 studies reported a 
progressive association between higher BP category and an increased risk of future 
cardiovascular events (100). In that study, grade 2 hypertension (SBP ≥160 or DBP 
≥100 mmHg) was associated with an RR of 3.15 (95% CI, 2.31–4.29) and a risk 
difference of 4.24 (95% CI, 2.58–6.48 per 1000 person years) for a composite of all 
cardiovascular events. The results were similar for stroke and coronary heart disease. 
However, even a much lower BP level may be harmful as an elevated BP starting 
already around 120/70 mmHg has been shown to increase the future risk of 
cardiovascular outcomes in all age groups (101,102). Moreover, this detected risk 
increased exponentially with increasing age and BP level. 

High BP is an important risk factor for cardiovascular events throughout an 
individual’s lifetime, although increasing chronological age also increases the risk 
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for CVD outcomes and modifies the relationship between BP and CVD (103). Data 
from 1.3 million adults have indicated that both SBP and DBP independently predict 
cardiovascular outcomes; here systolic hypertension was related to a standardized 
HR of 1.18 (95% CI, 1.17–1.18) and diastolic hypertension to a standardized HR of 
1.06 (95% CI, 1.06–1.07) for having a myocardial infarction or stroke (104). 
Nonetheless, this association with CVD also differed depending on the BP measure. 
Current evidence suggests that the best BP measure to predict coronary heart disease 
shifts gradually from DBP to SBP and eventually to PP with advancing age (105). A 
number of studies have also reported a J-curve shaped relationship between BP and 
CVD outcomes (104,106). For instance, in patients with stable coronary artery 
disease, an SBP under 120 mmHg was associated with an increased HR of 1.56 (95% 
CI, 1.36–1.81) for a composite CVD outcome (107). The corresponding observed 
HR for DBP under 60 mmHg in that study was 2.01 (95%, 1.50–2.70). On the other 
hand, every 10 mmHg reduction in SBP among hypertensive patients has been 
shown to reduce the risk for CVD events and all-cause mortality (108). All in all, 
data from epidemiological studies have suggested lower BP thresholds for 
hypertension and lower BP treatment goals for a long time, whereas the official 
hypertension guidelines have only recently adopted even lower target BP levels (20). 
Nonetheless, these findings together suggest that both too low DBP and excessively 
high DBP increase the risk for CVD events and thus highlight the importance of 
maintaining the optimal BP level throughout the individual’s lifetime. 

2.2.3 Association between blood pressure and cognition 
Hypertension not only damages peripheral organs, but brain injuries have also been 
distinguished as an end-organ damage. In fact, BP has been related not only to 
impaired cognitive function, but also to structural brain changes and development of 
subsequent dementia (109–111). Cognitive function is commonly assessed with 
various neuropsychological tests (112–115), and a number of studies have assessed 
the relationship between hypertension and cognition (116,117). However, aging also 
gradually harms the brain and leads to similar cerebral changes. Therefore it is 
evident that age itself is one of the most important risk factors for cognitive decline 
and dementia (118,119). Consequently, a highly age-dependent relationship has been 
demonstrated between BP and cognition, as the risk for altered cognitive function 
also increases with advancing age, irrespective of the presence of hypertension 
(120,121). Conflicting evidence exists on the relationships between BP, age, and 
cognition as the findings have remained somewhat inconclusive. Nevertheless, it is 
crucial to specify the current age at the time when BP was measured, and cognitive 
function assessed. There is moderately strong evidence indicating that high BP in 
midlife is associated with impaired cognitive function in late-life (122,123).  
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Additionally, some studies have also suggested that elevated BP present already in 
the young adulthood would lead to poorer cognitive function already by midlife 
(124,125). In fact, a meta-analysis by Ou et al. including data from 136 studies 
concluded that the association between BP and cognition was stronger with high BP 
in midlife than in late-life (126). In that study, midlife hypertension was associated 
with an increased RR of 1.55 (95% CI, 1.19–2.03) for worse global cognitive 
function. In the light of the previous studies, even a reversed association has been 
suggested, as individuals with a better cognitive performance in early life have been 
demonstrated to be less likely to develop hypertension later in life (127). This raises 
questions about the causal relationship between BP and cognition, although there is 
convincing evidence that BP is the causative factor for a deterioration in cognitive 
function (128). 

Over time, elevated BP also causes damage to the brain, leading to structural and 
functional changes. The brain structure is often evaluated by using brain imaging 
techniques, such as cerebral magnetic resonance imaging (MRI). All in all, while 
there is more evidence on the relationship between BP and age with cognitive 
capacity and dementia, less evidence has accumulated considering the structural 
brain changes as the outcome measure. High BP in midlife has been related to 
smaller brain volumes and increased white matter hyperintensity volumes later in 
life (129). In addition to white matter alterations, some studies have identified high 
BP as a risk factor also for cerebral microbleeds (130). Cerebral microbleeds are 
hypothesized to represent an early imaging biomarker for hemorrhagic brain lesions 
which in turn have been associated with cognitive decline and dementia (131). What 
is more, most previous studies involving middle-aged individuals have reported 
merely worse performance in cognitive tests, even though findings from the 
Framingham Heart Study identified BP-related brain changes already among young 
adults (111). However, considering the high age-dependency of the cognition 
measures, no definite data yet exists about the correlation between the functional and 
structural brain alterations. 

Results from a 15-year longitudinal study published already in 1996 indicated 
that previously measured high BP levels increased the risk of dementia later in life 
(110). Since then, numerous studies have assessed the relation between BP and 
dementia. Moderately strong evidence suggests that high BP in midlife is associated 
with the development of dementia in late-life (132). Less convincing evidence 
supports the assumption that high BP present not until later in life is related to clinical 
dementia (133,134). The meta-analysis by Out et al. reported that hypertension in 
midlife was related to an increased RR of 1.20 (95% CI, 1.06–1.35) for having 
dementia (126). Increasing SBP was observed to linearly increase the risk of all-
cause dementia. In contrast, a U-shaped relationship was observed between DBP and 
Alzheimer’s disease, implying that a DBP value between 90 and 100 mmHg would 
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be the optimal BP level in the elderly. However, it has also been reported that low 
BP, particularly in late-life, is related to the risk of having dementia (135). Patients 
with dementia also tend to have lower BP levels compared to those without 
dementia, and the decline in BP is apparent already a few years prior to the dementia 
diagnosis (136). Researchers have hypothesized that the new-onset hypertensive BP 
levels detected in late-life might merely represent a physiological adaptation to 
ensure enough cerebral perfusion. Therefore, the optimal BP levels during different 
time points in life that are required to preserve cognition have remained unknown. 
All in all, most previous studies have measured BP at a single time-point either prior 
to or simultaneously with the outcome assessment. It is evident that longitudinal 
measures are necessary if one wishes to clarify the impact of lifetime BP as a 
predictor of cognition. 

2.3 Longitudinal blood pressure patterns and risk 
of adverse outcomes 

2.3.1 Measuring long-term exposure to high blood pressure 
Even though BP in general has been established as a risk factor for adverse events, 
less evidence exists on the impact of long-term BP exposure on hazardous effects. 
In recent years, several studies have suggested that the use of longitudinal BP data 
provides incremental prognostic value over single-occasion BP measurements at 
various time-points. These studies have utilized different methods to quantify the 
long-term lifetime exposure to high BP. Lauer et al. introduced a method already in 
1991 to calculate the mean SBP from all collected BP measurements over a 30-year 
time-period to examine how it related to future LVM (13). This method to compute 
the average BP over any time period has thereafter been commonly referred as time-
averaged BP. Antecedent BP, as in the average BP measured before a study baseline, 
represents virtually the same phenomenon as time-averaged BP. Since then, some 
investigators have devised another method to assess the cumulative exposure to high 
BP over time, described as the cumulative BP (14). Similarly to time-averaged BP, 
the average BP over time is calculated to determine the cumulative BP, while 
simultaneously considering the exposure time between BP measurements. The most 
commonly used formula to compute cumulative BP in follow-up studies has been 
presented as: [(BP1 + BP2)/2 x years1-2] + [(BP2 + BP3)/2 x years2-3] +  [(BP3 + BPn)/2 
x years3-n] where BP1, BP2, BP3 and BPn indicate measured BP at each examination 
until examination n, and where years1-2, years2-3, and years3-n indicate the time 
between consecutive examinations until examination n, and where n represents the 
total number of examinations throughout the study (14). An assessment of BP 
trajectories has been introduced as an even more advanced method to describe the 
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longitudinal BP patterns at a population level (15). Long-term BP trajectories 
recognize subgroups of individuals who share similar longitudinal BP change 
patterns. These computational processes utilize latent class models and consider both 
the starting levels, along with the slope and cumulative exposure of the individuals 
BP throughout the lifetime by using group-based trajectory modeling (137). 

Overall, a total of three different methods including time-averaged BP, cumulative 
BP and BP trajectories have been utilized in previous studies to assess the long-term 
exposure to high BP. Nonetheless, the principle of all these BP indices is essentially 
the same as they aim to measure the area under curve (AUC) effect of BP over time 
while applying different approaches. A less studied method is assessment of the 
individual’s age of hypertension onset, indicating the age when the criteria for 
hypertension is met for the first time. A graphic demonstration of these methods 
measuring the longitudinal BP exposure over the life course is presented in Figure 3 
(138). Time-averaged BP represents the most simple method, whereas implementation 
of BP trajectories serves as a more advanced, yet complex method which is also 
dependent on the user-specific parameters of the shape and number of trajectories. 
Cumulative BP on the other hand captures both the intensity and the duration of 
elevated BP levels during the life course. It is evident that all these BP indices also 
require documentation of a large number of BP readings throughout a lifetime. 

 
Figure 3.  Graphic demonstration of different methods used for assessing overall long-term 

exposure to high blood pressure by using systolic blood pressure as an example 
measure. SBP, systolic blood pressure; BP, blood pressure. Reproduced from Annals 
of Medicine (Nuotio & Suvila et al., 2020) with permission of Taylor & Francis Group. 
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2.3.2 Long-term blood pressure exposure and organ 
damage 

The first findings on the impact of long-term BP exposure concerned the risk for 
developing HMOD, more precisely as the risk of having LVH (13). In that study, 
Lauer et al. found that a time-averaged SBP over a 30 year period was a better 
predictor of LVH compared to current SBP. Here, a 20-mmHg increase in time-
averaged BP was related to an increased OR of 3.20 for men and an OR of 3.27 for 
women. No CIs were reported, yet the results were stated as being statistically 
significant (p<0.05 for both). Results from the Framingham Heart Study indicated 
that a higher average antecedent SBP was also associated with increased odds of 
carotid artery stenosis in the elderly (139). However, in a study conducted by Olesen 
et al., a 5-year antecedent BP was not consistently associated with HMOD among 
1910 study participants (140). Here, antecedent BP did not improve the prediction 
of any of the measured HMODs (including increased PWV, increased urine albumin-
to-creatinine ratio (UACR), or LVH) among other traditional risk factors. 
Unfortunately, the study sample was relatively small and the follow-up time for BP 
measurements was short. 

In 2014, findings from the Bogalusa Heart Study suggested that also a higher 
cumulative BP burden, measured as the AUC effect of BP from childhood to 
adulthood, was related to the appearance of LVH (141). The Bogalusa Heart Study 
is a longitudinal, biracial population study which was conducted to investigate the 
early life risk factors for CVD (142). Comparable results were later reported from 
the same cohort after an extended follow-up time to further assess the impact of life-
course cumulative BP on LVH progression (143). In that study, a higher total AUC 
of cumulative SBP was associated with an increased odds of 1.34 (95% CI, 1.08–
1.67), and 1.38 (95% CI, 1.03–1.84), for incident LVH and eccentric cardiac 
hypertrophy, respectively. Similar findings from the Bogalusa Heart study reported 
that the long-term cumulative BP from childhood to adulthood was associated with 
impaired cardiac function, measured as LVMI, E/A ratio and E/e′ ratio (144). Higher 
cumulative SBP starting from young adulthood in CARDIA study participants has 
likewise been associated with developing both left ventricular systolic and diastolic 
dysfunction by middle age (145). Moreover, here the results were comparable also 
for cumulative DBP. A post hoc analysis from the CARDIA study revealed that 
cumulative BP during 30 years of follow-up was associated with echocardiographic 
left atrial remodeling and subclinical dysfunction (146). Left atrial structural 
remodeling refers to the changes in the size and function of the left atrium which 
predict CVD outcomes such as atrial fibrillation (147). In that study, the correlations 
were stronger for cumulative SBP than for cumulative DBP. Higher cumulative SBP 
levels among 3789 non-diabetic multiethnic adults were demonstrated to 
consistently associate also with elevated odds of persistently higher UACR during a 
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median follow-up time of 9 years (14). Comparable findings were also later observed 
from the CARDIA study data (148). In that study, individuals with higher cumulative 
SBP (cumulative SBP ≥2500 mmHg over 20 years) had significantly higher 
geometric means of UACR compared to those with lower cumulative SBP values 
(cumulative SBP <2500 mmHg). 

Findings from the Bogalusa Heart Study suggested that higher level-independent 
linear slopes of SBP trajectories in adolescence were associated with an increased 
odds between 1.29 and 1.46 in all high trajectory categories (p<0.01 for all) for 
having echocardiographic ECHO-LVH in adulthood (149). Hao et al. on the other 
hand demonstrated in a sample of 683 individuals that those subjects in the highest 
BP trajectory group from childhood to adulthood had both increased LVMI and 
CIMT compared to the lowest trajectory group (150). Additionally, results from the 
CARDIA study have indicated that BP trajectories from young adulthood also have 
an impact on the risk for elevated midlife CAC (151). Here five distinct BP 
trajectories were distinguished and, in comparison to the low-stable BP trajectory 
group, all four groups with higher BP trajectories had systematically greater odds of 
having a high CAC-score. A Chinese study investigating 2430 individuals studied 
the impact of BP trajectories from childhood to adulthood on subsequent midlife 
renal function (152). The authors identified 4 different BP trajectories and found that 
the odds of higher UACR linearly increased across all the higher BP trajectories 
groups when compared with the low and stable BP trajectory group. Similar results 
were reported from the CARDIA study with a 10-year follow-up period by using 
declines in the estimated glomerular filtration rate as the outcome measure (153). In 
that study, every 10 mmHg increase in SBP slope during follow-up was related to a 
decrease of 0.52 (95% CI, 0.03–1.02) in the glomerular filtration rate per year. The 
findings were comparable for shifts in the slope of DBP. 

2.3.3 Long-term blood pressure exposure and 
cardiovascular outcomes 

In addition to target organ damage, time-averaged BP has also been related to a 
higher risk of future CVD events as compared to current BP. In 2001, results from 
the Framingham Heart Study data indicated that both recent (1 to 9 years before 
baseline) and remote (10 to 19 years before baseline) time-averaged BP markedly 
contributed to the subsequent ischemic stroke risk (154). These findings were later 
extended to predicting incident heart failure, CVD and any future CVD event in the 
same cohort (155–157). For example, Vasan et al. demonstrated that every 1-
standard deviation (SD) increment in current SBP, recent time-averaged SBP and 
remote time-averaged SBP were associated with adjusted HRs of 1.35 (95% CI, 
1.08–1.68), 1.83 (95% CI, 1.31–2.54), and 1.97 (95% CI, 1.45–2.67) for any CVD 
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event among 80-year-old men, respectively (155). The associations observed were 
however attenuated in the younger age groups. Similarly, a higher time-averaged BP 
over 5 years prior to baseline was related to excess CVD mortality in a Japanese 
study population of 46 484 subjects (158). These findings were further confirmed in 
a large study based on electronic health record data with over 80 000 participants 
(159). In concordance with other previous studies, Ayala Solares et al. concluded 
that time-averaged BP was related to a higher risk of incident CVD event than a 
single-occasion BP. Another recent study involving 1910 middle-aged individuals 
detected an association between 5-year antecedent SBP levels and subsequent any 
major adverse cardiovascular event (140). However in that study, antecedent SBP 
did not markedly improve the risk prediction among other conventional CVD risk 
factors. 

Along with time-averaged BP, Ayala Solares et al. have also studied the impact 
of cumulative BP on future CVD events (159). Here, each 20-mmHg x year 
increment in cumulative BP was related to a multivariable-adjusted HR of 1.32 for 
an incident CVD event (p<0.05). In a large study cohort including over 50 000 
middle-aged Chinese individuals, both higher cumulative SBP and cumulative DBP 
were observed to associate with increased risk for stroke, cerebrovascular events, 
and all-cause mortality (160). However, the study sample included mostly men, the 
HRs were relatively low overall and the associations with myocardial infraction were 
non-significant. Pooled data from three major cohort studies examining 11 767 
middle-aged individuals suggested that cumulative SBP from 5 to 10 years prior to 
outcome assessment improved the risk prediction of future atherosclerotic CVD 
events (161). In that report, addition of cumulative SBP to risk prediction models 
resulted in a marginally improved 10-year net reclassification index at an even rate 
by 0.04 (95% CI, 0.02–0.06) for men, and 0.03 (95% CI, 0.01–0.06) for women. 

A study from 2012 followed over 60 000 individuals for a mean follow-up of 14 
years to evaluate the impact of baseline BP levels and changes in BP over time on 
their lifetime risk of CVD (162). In that study, participants whose BP increased in 
midlife had a higher remaining lifetime risk for CVD, whereas individuals with 
decreases in BP had a lower CVD risk. Similar results were later reported from the 
ARIC study, where the CVD incidence was observed to gradually increase across 
the 14 identified patterns for BP trajectories: 6 patterns for SBP, 3 patterns for DBP, 
and 5 patterns for MAP (163). Findings from the Rotterdam Study suggested that BP 
trajectories from midlife to late-life were also related to risk of stroke (164). Here, 
four SBP trajectories were identified among 6745 participants aged between 55 and 
106 years, and the increasing SBP trajectories were associated with a higher risk of 
stroke, whereas the risk increases for all-cause death were less consistent. These 
results were later confirmed in a large prospective Chinese study of almost 80 000 
individuals (165). In that study, those SBP trajectories with an increasing tendency 
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were consistently associated with a greater risk of stroke and the highest SBP 
trajectory group had increased adjusted HRs of 12.4 (95% CI, 5.95–26.0) and 5.07 
(95% CI, 3.77–6.82) for intracerebral hemorrhage and cerebral infarction, 
respectively, in comparison to the stable normotensive group. Two studies have also 
examined the relations between BP trajectories and the mortality risk. Findings from 
two extinction cohorts investigating only men indicated that the 10-year BP 
trajectories were strong predictors of CVD mortality and all-cause mortality, 
although in the end, the average mean BP was the strongest predictor for the other 
cohort (15). A Chinese study including almost 30 000 participants and with a 30-
year follow-up time later demonstrated that BP trajectories were related to an 
increased risk of all-cause, CVD and stroke mortality (166). For instance, individuals 
who experienced a shift from prehypertension to hypertension during the follow-up 
had an increased HR of 1.36 (95% CI, 1.23–1.51) for all-cause mortality, compared 
to those with stable normotension. All in all, current evidence consistently suggests 
that long-term BP measures are superior in predicting adverse CVD outcomes 
compared to single-occasion BP. 

2.3.4 Long-term blood pressure exposure and cognition 
The impact of long-term BP exposure has also been studied in relation with 
cognition. Studies which have assessed the impact of time-averaged BP have mainly 
used structural brain alterations as the outcome measures. Findings from the 
Atherosclerosis Risk in Communities (ARIC) study indicated that time-averaged 
SBP predicted white-matter hyperintensity progression better than single-occasion 
SBP (167). For example, a 20-mmHg increase in time-averaged BP was related to 
OR of 1.93 (95% CI, 1.47–2.53) for a greater progression in white-matter 
hyperintensities. Goldstein et al. later reported similar findings, although that study 
had a relatively short follow-up time of 5 years (168). Another study utilizing a 28-
year average MAP assessment also reported similar results (169). Consistently 
elevated or a rising SBP, defined as the hypertension status at the beginning and at 
the end of follow-up, has also been demonstrated to associate with smaller brain 
volumes (121). In one study including elderly individuals who were followed until 
death with a mean follow-up of 8 years, higher time-averaged BP, but also a faster 
decline in SBP in late-life was related to an increased odds of incident brain infarcts 
(170). However, in that study no consistent relation was detected with late-life BP 
and Alzheimer’s disease pathology. 

Studies on cumulative BP on the other hand have focused on the cognitive 
function measures. Results from the CARDIA study have suggested that cumulative 
BP exposure in early life would be associated with worse cognitive function and 
poorer gait already by midlife (171,172). Here, standardized linear regression models 
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were utilized for both cumulative BP and cognitive function measures. In brief, 
higher cumulative SBP values were observed to relate with slower walking speed 
and smaller step length, along with poorer cognitive performance in memory, 
executive function and global cognition (p<0.005 for all) (172). These findings were 
later replicated using data from The Young Finns Study (124). Comparable results 
have also been reported from a Chinese study, in which higher cumulative SBP was 
associated with cognitive impairment as defined by a low Mini-Mental State 
Examination score among middle-aged and elderly individuals (173). According to 
a recent large study including pooled data from 5 different cohorts, higher 
cumulative BP was related to cognitive decline particularly in African Americans 
(174). The authors of that study speculated that the higher cumulative BP levels in 
African American individuals could account for the racial differences in the rate of 
the cognitive decline. Additionally, Jenkins et al. found that higher cumulative BP 
was also associated with morphological alterations in the thalamus and the basal 
ganglia in CARDIA study participants (175). 

A simplified method to examine the effect of BP trajectories on cognitive 
function was introduced already in the 1990s (176). Here, individuals were 
categorized into three BP tracking subgroups according to measured BP levels in 
midlife and late-life, and the subjects in the high tracking group were found to have 
the worst cognitive capacity. Subsequently, only a few studies have examined the 
relation between adequately computed BP trajectories and various cognitive 
outcomes over the life course. BP trajectories have also been related to the presence 
of autopsy-confirmed microinfarcts (177). In that study, subjects with subcortical 
microinfarcts experienced a steeper decline of both SBP and DBP in late-life before 
death. However, here the participants were followed-up only just prior to death, and 
no mean follow-up time was reported. Findings from the Honolulu-Asia Aging 
Study in 2009 demonstrated that, when compared with those men without dementia, 
men who developed dementia had similar patterns of increasing SBP from middle 
age to late-life, after which their SBP steeply declined (178). Similar results were 
reported from a study sample including middle-aged Swedish women who were 
followed consistently for up to 37 years (179). According to recent data from the 
ARIC study, participants with sustained midlife and late-life hypertension had an 
HR of 1.49 (95% CI, 1.06–2.08) for increased dementia risk in the future compared 
to those with sustained normotension (180). In that study, the corresponding HR for 
individuals with midlife hypertension followed by late-life hypotension was 1.62 
(95% CI, 1.11–2.37). In conclusion, prior studies have used very different methods 
to assess the long-term exposure to high BP, and majority of these studies have not 
considered the impact of hypertension onset age on adverse events. 
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2.4 Age of hypertension onset 

2.4.1 Definitions of hypertension onset age and early-onset 
hypertension 

Rather few previous epidemiological and clinical studies have investigated age of 
hypertension onset. Additionally, these studies have used varying approaches to 
define the age at which the criteria for hypertension would be met for the first time. 
Three different methods have been used to derive age of onset, including self-report, 
medical records and serial BP measurements with the majority of prior clinical 
studies utilizing self-reported information to define the hypertension onset age (181–
185). When utilizing self-report, the onset age is based on the individuals’ recall on 
when they initially received a hypertension diagnosis or started antihypertensive 
treatment. The use of self-reported information is a common method in both 
epidemiological studies, and cross-sectional studies, but also in clinical practice 
where longitudinal BP data are often not available. Occasionally, information from 
previously documented BP readings or from medical records have also been utilized 
to define hypertension onset age in some cross-sectional observational studies 
(181,182). Even though self-reported or medical record-based information is often 
easily available, these are likely to represent mainly the age of the hypertension 
diagnosis rather than the actual onset age. Additionally, the self-reported 
hypertension onset age is also dependent on the currently applied definition of 
hypertension, which has changed several times over the past decades. 

In most epidemiological studies, such as the Framingham Heart Study, the age 
of hypertension onset age has been determined objectively from previously detected 
serial BP measurements (181,186–188). These studies have incorporated data from 
periodically repeated BP measurements at standard intervals from visit to visit, 
enabling as reliable as possible an assessment of the true age of hypertension onset. 
Hypertension has been defined as SBP/DBP ≥140/90 or the use of antihypertensive 
agents in most of these prior studies. This is consistent with commonly used 
hypertension criteria, although recently updated American guidelines suggest that 
even lower BP thresholds should be applied (19,20). Moreover, in most cases the 
criteria for hypertension were required to be met on at least two consecutively 
attended follow-up visits in order to represent a lasting BP change and to reduce any 
temporary fluctuations in the actual BP (186–188). Some studies have determined 
hypertension onset as a high BP value or antihypertensive medication use on only 
one occasion (181). 

As well as the varying methods to define the age of hypertension onset, different 
age thresholds for early-onset hypertension have also been applied. Most previous 
studies have focused on an early hypertension onset age as a distinct hypertension 



Karri Suvila 

 32 

subtype, usually referred to as either ”early-onset hypertension” or ”young-onset 
hypertension” (187,189). Despite the literal terminology, most studies have involved 
mainly adult individuals regardless of the etiology of the hypertension, considering 
that childhood onset hypertension often involves different determinants (190). Early-
onset hypertension has been defined as a hypertension onset age at or under 55 years 
of age in the majority of recent studies (181,186–188). However, also many other 
age thresholds have been used, including <35 years, <40 years and <50 years 
(182,189,191). In general, the study sample age range has influenced the applied 
definitions, as the majority of these studies have categorized the study participants 
into multiple 10-year age of onset subgroups in order to achieve relatively similar 
subgroup sizes. For example, the 2018 European Society of Hypertension (ESH)/ 
The European Society of Cardiology (ESC) guidelines suggest that there should be 
an age threshold of under 40 years for defining  an early age of hypertension onset 
(19). The British hypertension guidelines on the other hand recommend different 
treatment approaches for patients under and over 55 years of age (192). However, 
no uniform criteria are yet available which would help to define early-onset 
hypertension or age of hypertension onset. 

2.4.2 Correlates of early-onset hypertension 
Very limited evidence exists about the clinical characteristics related to early-onset 
hypertension. Two small studies have identified common characteristics among 
individuals with early-onset hypertension. The first study sample included 82  
mainly male Taiwanese patients who developed hypertension prior to 40 years of 
age (189). In that trial, the patient characteristics differed by sex, as women were 
more likely to have higher uric acid levels, whereas men had higher BMI. Both men 
and women with early-onset hypertension had higher serum triglyceride levels than 
the control subjects. Another study examining under 30-year old Japanese university 
students identified only nine individuals with early-onset primary hypertension 
among almost 17 000 screened individuals (193). All nine of these patients were 
male, and most had a family history of antihypertensive medication use. The authors 
concluded that the risk factors for having early-onset hypertension in that study 
included genetic background, male sex, and high BMI. Both of these studies included 
only individuals with primary hypertension. Another study observed an inverse 
relationship between BMI and age of hypertension onset particularly in men and 
individuals with diabetes (194). Additionally, a recent study proposed a framework 
to provide optimal investigation and screening strategies for defining secondary 
hypertension in individuals with early-onset hypertension  (195). In that work, the 
authors provided age, sex, race, and BMI specific BP thresholds for individuals with 
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early-onset hypertension as well as when these individuals should be investigated 
for secondary causes of hypertension. 

There are some findings that suggest that high BP related pregnancy 
complications might be associated with the hypertension onset age (184). In that 
study, Heida et al found that women who experienced a hypertensive disorder of 
pregnancy self-reported having a hypertension diagnosis 7.7 years earlier compared 
to women who experienced no complications during pregnancy. More recently, a 
large prospective cohort study including 18 133 individuals without hypertension 
assessed the potential social and behavioral factors related to an earlier onset of 
hypertension (196). During 3.5 years of follow-up, lower education, neighborhood 
poverty, being widowed, smoking and low physical activity were associated with 
new-onset hypertension. However, here the follow-up time was short, the 
participants were already in their mid-forties, and the effect of age of hypertension 
onset between individuals was not considered.  

Altogether, there is rather limited prior evidence about the risk factors for early-
onset hypertension. A summary of the potential suggested contributing factors is 
presented in Table 2. Other potential contributors for early-onset hypertension might 
include various social and behavioral factors, as well as pregnancy complications. 
However, previous studies have not investigated these potential risk factors across 
hypertension onset age subgroups over a long follow-up time. It may be important 
to consider different BP thresholds for these individuals when screening for causes 
for secondary hypertension. Nevertheless, no consensus exists about the correlates 
of early-onset hypertension. 

Table 2.  Potential contributing factors for developing early-onset hypertension. 

Male sex High BMI 

Ethnicity Diabetes 

Family history of hypertension High triglyceride level 

Social and behavioral factors Pregnancy complications 

2.4.3 Heritability of early-onset hypertension 
Development of hypertension has been established to include both environmental 
and genetic factors. Genome-wide association studies have identified numerous gene 
loci and single nucleotide polymorphisms associated with BP phenotypes (197,198). 
However, the heritability estimates of hypertension vary greatly in different 
populations and the environmental factors are generally considered to account for 
majority of the global burden of hypertension (199,200). Genomic studies have 
demonstrated that early-onset hypertension has a considerably stronger genetic 
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component than late-onset hypertension. In fact, the published studies have mainly 
focused on determining the genetic predisposition of early-onset hypertension, rather 
than onset at later ages. Studies in varying populations have aimed to discover the 
genetic factors which could explain the underlying cause for an early age of 
hypertension onset (201–206). While several studies have proposed a link between 
early-onset hypertension and various single nucleotide polymorphisms, to date they 
have been unsuccessful in consistently detecting these associations in different study 
populations. Nonetheless, there is some evidence suggesting that different genetic 
variants and polymorphisms related to the RAAS may be associated with early-onset 
hypertension (201–204). Other potential suggested susceptibility loci for early-onset 
hypertension have been located in chromosomes 2, 4, 6, 14, and 18 (185,205–209). 

In addition, various individual genes, along with gene clusters, have been 
suggested to be differentially expressed among subjects with early-onset 
hypertension (206–211). As well as trials which have only included individuals with 
early-onset hypertension, a single study found that age of hypertension onset was 
more closely related to certain previously identified BP slope genes than single-
occasion BP (212). Here, the authors concluded that diverse BP trait measures could 
be useful in identifying distinct genes related to these traits. Even though there is 
limited evidence on these potential trait-related genes, one study has indicated that 
genetic variation in the human SORBS1 would be associated with the hypertension 
onset age (213). Moreover, the genetics of early-onset hypertension seems to vary 
extensively in individuals from different ethnic and geographic backgrounds 
(201,205,206). The majority of the genomic data associated with early-onset 
hypertension has been reported in Taiwanese populations, whereas other ethnicities 
have remained less widely evaluated. Thus, the genetic etiology of early-onset 
hypertension still remains unclear. 

The heritability of hypertension onset age has also been investigated in 
population-based studies. In the Johns Hopkins Precursor Study, early age of 
parental hypertension onset in both parents was related to a 6.2-fold higher risk that 
their offspring would have hypertension (181). However, here the study sample 
included only white men who had attended medical school. Similar findings were 
later reported from the Framingham Heart Study in which early-onset hypertension 
in both parents was associated with 3.4-fold odds of hypertension in the offspring 
(187). The cumulative hypertension incidence by parental hypertension onset age in 
that study is illustrated in Figure 4. Conversely, late parental hypertension onset age 
in both parents was not related hypertension in their offspring in the Framingham 
Heart Study; in the Johns Hopkins Precursor study, the observed risk was markedly 
lower than for early-onset parental hypertension. Furthermore, in a study sample of 
3608 participants of the Framingham Heart Study third generation cohort, early-
onset hypertension in grandparents was likewise a potent predictor of hypertension 
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in the grandchildren even after accounting for parental hypertension (188). In that 
study, an increase of one parent with early-onset hypertension was associated with 
odds OR of 2.10 (95% CI, 1.67–2.64) for having hypertension, whereas a 1-
grandparent increase with early-onset hypertension was associated with OR of 1.33 
(95% CI, 1.13–1.56) for having hypertension. Thus, these findings suggest that there 
is a considerable familial predisposition of early-onset hypertension, and this effect 
might even cross generations. 

 
Figure 4.  Cumulative incidence of hypertension during follow-up in the Framingham Heart Study 

according to parental age at onset of hypertension. Reproduced from BMJ (Niiranen et 
al., 2017) with permission of BMJ Publishing Group Limited. 

2.4.4 Hypertension onset age and cardiovascular disease 
A few previous studies have assessed the relationship between hypertension onset 
age and the disease risk. However, to date no previous studies have directly 
investigated the association between hypertension onset age and HMODs. Three 
prior studies have examined the relationship between age of hypertension onset and 
CVD outcomes (Table 3). The first of these studies was published already in the 
1980s by Buck et al.; these authors suggested that the prognosis of hypertension 
varied according to the age of hypertension onset (191). In that study, 10 313 primary 
care patients were categorized into groups according to their age at hypertension 
diagnosis. After 5 years of follow-up, individuals with hypertension onset between 
40 and 49 years of age had a markedly higher risk of CVD events when compared 
to those with a hypertension onset after 49 years of age. However, in that study, 
hypertension was diagnosed only based on DBP. Moreover, CIs for the results were 
not reported and the results were unadjusted for conventional CVD risk factors, 
including serum glucose and cholesterol levels. 
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Similar results were later reported from the Framingham Heart Study data (187) 
where the study participants were followed-up for up to 60 years and hypertension 
onset age was defined as BP ≥140/90 mmHg or antihypertensive medication use on 
two consecutive follow-up visits. Unlike in the report of Buck et al., in the 
Framingham Heart Study, the analyses were adjusted for several other CVD risk 
factors. An increasing linear trend in odds of CVD mortality was observed with 
decreasing hypertension onset age (p<0.001 in the adjusted models). 

These findings were recently confirmed from a large prospective study cohort 
which initially included over 100 000 Chinese individuals (214). Wang et al. 
investigated the relation between hypertension onset age and CVD outcomes for the 
first time in a time-to-event cohort study setting. That study examined 19 887 new-
onset hypertension cases and the same number of age- and sex-matched controls 
without hypertension. However, the mean follow-up time in that study was only 6.5 
years. Consistent with previous studies, the authors reported that individuals with an 
early age of hypertension onset (onset <45 years of age) had the highest risk for CVD 
events compared to other age of onset groups. Additionally, similar results were 
observed in that study also when all-cause mortality was applied as the outcome 
measure, as individuals with hypertension onset age <45 and ≥65 years had increased 
HR of 2.59 (95% CI, 1.32–5.07), and HR of 1.29 (95% CI, 1.11–1.51) for all-cause 
mortality, respectively. 

Overall, the highest CVD outcome risk has been consistently observed in the 
earliest age of hypertension onset group across all these studies. The underlying 
mechanisms of how early hypertension onset age promotes a poorer prognosis of 
CVD, and possibly other diseases, is still unknown. However, the numbers of studies 
in this domain are still very limited.  
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Table 3. Studies on hypertension onset age and association with cardiovascular disease 
outcomes. 

Author 
(Year) N Outcome 

Hypertension onset 
age Estimate (95% CI) 

Buck et al. (1987) 10 313 CVD event* 

60–65 years OR:1.2 (N/A) 

50–59 years OR: 1.8 (N/A) 

40–49 years OR: 5.2 (N/A) 

No HTN Reference 

Niiranen et al. 
(2017) 3614 CVD death 

≥65 years OR: 1.47 (1.16–1.87) 

55-64 years OR: 1.86 (1.48–2.34) 

45-54 years OR: 2.10 (1.67–2.63) 

<45 years OR: 2.19 (1.77–2.70) 

No HTN Reference 

Niiranen et al. 
(2017) 3614 CHD death 

≥65 years OR: 1.36 (0.98–1.87) 

55-64 years OR: 1.71 (1.26–2.32) 

45-54 years OR: 2.18 (1.64–2.90) 

<45 years OR: 2.26 (1.75–2.93) 

No HTN Reference 

Wang et al. 
(2020) 39 774 CVD event† 

≥65 years HR: 1.33 (1.04–1.69) 

55-64 years HR: 1.42 (1.12–1.79) 

45-54 years HR: 1.62 (1.24–2.12) 

<45 years HR: 2.26 (1.19–4.30) 

No HTN Reference 
CVD, cardiovascular disease; CHD, coronary heart disease; N/A, not available; HTN, hypertension; 
OR, odds ratio; CI, confidence interval.*Stroke, myocardial infraction, heart failure or renal failure. 
†Stroke, or myocardial infarction. 

2.4.5 Hypertension onset age and cognition 
Only two prior studies have assessed the impact of hypertension onset age on 
cognition. Both these studies have used incident dementia as the outcome measure, 
and thereby the potential relation with cognitive test performance or structural brain 
alterations has remained unknown. The study of Gilsanz et al. investigated the 
relation between age of hypertension onset and dementia in a sample of 5646 
individuals (182). Compared to those without hypertension, mid-adulthood 
hypertension onset in women was associated with an HR of 1.68 (95% CI, 1.20–
2.34) for having dementia later in life during a mean follow-up time of 15.3 years. 
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However, hypertension onset in mid-adulthood was not related to the dementia risk 
in men, and the association with early adulthood hypertension onset remained non-
significant for both sexes. Unfortunately, the results were not adjusted for many 
other potential contributors for cognitive decline such as sedentary time and alcohol 
use. Interestingly, findings from The 90+ Study suggested that onset of hypertension 
after 80 years is related to a lower risk of dementia compared to those without the 
presence of hypertension (183). In that study, hypertension onset ≥90 years and 
between 80 to 89 years was associated with HR of 0.37 (95% CI, 0.19–0.73), and 
0.58 (95% CI, 0.34–0.98), for developing all-cause dementia, respectively. 
Nevertheless, this study was performed in a highly selected cohort including only 
559 elderly participants and the mean follow-up period was only 2.8 years. All in all, 
the evidence about the relation between hypertension onset age and cognition is 
limited and restricted to only dementia-related outcomes. 

2.5 Summary of the literature review 
BP progression over the life course follows specific patterns, yet considerable 
heterogeneity exists between individuals. The underlying mechanisms behind 
physiological and pathological BP changes during the lifetime are complex, while 
arterial stiffness acts as one important contributing factor. The majority of the global 
burden of hypertension arises from idiopathic origins, although secondary causes for 
hypertension should be investigated in younger individuals with new-onset 
hypertension.  

There is extensive previous evidence about the undisputed impact of high BP on 
HMOD and CVD outcomes irrespective of age. Yet, the relationship between BP 
and cognition seems to be more age-dependent and lower BP might not always be 
desirable. Nevertheless, the presence of hypertension at any age is a commonly 
distinguished risk factor for various adverse events. Moreover, SBP that chronically 
exceeds over 120 mmHg has been demonstrated to precede the onset of hypertension 
regardless of age (215). However, a very limited number of individuals are able to 
maintain the optimal BP level throughout the life course. To date, most prior studies 
have focused on assessing the impact of “present” BP values, providing information 
only as a snapshot of time. 

The increasing amount of epidemiological studies in recent years have utilized 
various longitudinal BP measures in relation to hypertension-related complications. 
Evidence from these studies consistently suggests that accounting for the long-term 
burden of high BP improves the overall risk prediction in hypertensive individuals. 
However, the clinical applicability of these BP indices has remained poor and thus 
their clinical significance has remained unknown. Thus, more feasible approaches 
are called for if these are to be incorporated into clinical practice. Growing interest 
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and accumulating evidence of assessing the long-term exposure to high BP may 
result in updated clinical guidelines in the future.  

A limited number of published studies have investigated the role of early-onset 
hypertension or the age of hypertension onset in hypertensive individuals. No 
standard definition yet exists for early-onset hypertension, and methods to define age 
of hypertension onset have been inconsistent. Nonetheless, early-onset hypertension 
might have a distinct etiology, possibly related to arterial stiffness and endothelial 
dysfunction (216,217). Even though early-onset hypertension has been established 
as a highly heritable trait, other potential risk factors for early hypertension onset age 
have remained unresolved. At present, very limited evidence exists on the 
relationship between the age of hypertension onset and the risk of adverse outcomes. 
Most of the few published studies have mainly focused on CVD-related outcomes. 
However, there is prior evidence that early-onset prehypertension without 
progression to hypertension does not increase the odds of CVD death (186). This 
may advocate the importance of preventative measures to avoid the development of 
early-onset hypertension. Moreover, the relevance of using different methods to 
assess the age of hypertension has not been clarified. 

So far, there are no studies which have assessed the impact of early hypertension 
onset age on having HMOD or midlife cognitive function. Data about the clinical 
correlates of early-onset hypertension also remain inconclusive. Furthermore, no 
studies have evaluated the agreement between objectively defined and self-reported 
hypertension onset age or examined the association between self-reported age of 
hypertension onset age and HMOD. 
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3 Aims 

This thesis was designed to examine the potential correlates of early-onset 
hypertension and the risks of adverse events related to early hypertension onset age. 
We also aimed to evaluate the differences between assessing age of hypertension 
onset age using objective methods in comparison with self-report. 

 
 

The specific aims of this study were: 
 
 

1. To study the association between objectively defined early-onset 
hypertension and prevalence of HMODs. (Study I) 

 

2. To determine the relation between self-reported early hypertension onset age 
and HMODs. Additionally, we aimed to assess the agreement between self-
reported and objectively defined hypertension onset age. (Study II) 

 

3. To study the association between self-reported hypertension onset age and 
the prevalence of ECG-LVH. (Study III) 

 

4. To determine the relation between objectively defined early-onset 
hypertension and cognition. (Study IV) 

 

5. To detect common clinical characteristics among individuals with early-
onset hypertension. (Study V) 
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4 Materials and Methods 

4.1 Study populations 

4.1.1 Coronary Artery Risk Development in Young Adults 
The CARDIA study is a prospective cohort study that began in 1985. A detailed 
description of the CARDIA study has been published previously (218). The initial 
aim of the CARDIA study was to examine the development and determinants of 
CVD. In brief, the CARDIA study involved 5115 individuals aged 18–30 years from 
four study centers across the United States in Birmingham, AL; Chicago, IL; 
Minneapolis, MN; and Oakland, CA. The study participants were selected to attain 
approximately same number of individuals in subgroups of race (black and white), 
sex (men and women) and education (high school graduation or less and more than 
high school education). All participants gave informed consent to participate in the 
study. The study was approved by the local institutional committees in each of the 
participating centers. All materials and data of the CARDIA study are publicly 
available at the National Institutes of Health’s Biologic Specimen and Data 
Repository Information Coordinating Center and can be accessed at: 
https://biolincc.nhlbi.nih.gov/studies/cardia/. 

4.1.2 Health 2000 survey 
The Health 2000 survey is a nationwide survey which was carried out between 2000 
and 2001 in Finland. Details of the survey methods and protocols have been 
published previously (219). The aim of the Health 2000 survey was to study the 
major public health problems among the Finnish adults as well as their causes and 
treatment possibilities. The Health 2000 survey included 8028 individuals (aged 30 
years and over, 55% women) who were invited to participate in the study after being 
randomly drawn from the population register. Written informed consent to 
participate in the study was received from all participants. The Health 2000 survey 
study protocol was conducted according to the Declaration of Helsinki and was 
approved by the ethical committees of the local hospital district. 
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4.2 Flow of studies 

4.2.1 Coronary Artery Risk Development in Young Adults 
The CARDIA study participants attended up to nine follow-up examinations 
between years 1985–1986 and 2015–2016. The flow of Studies I to II and IV to V 
have been illustrated in Figure 5. During each follow-up visit, the participants 
underwent a thorough health examination including self-administered 
questionnaires, physical examination, and blood tests. For this study, we included 
participants with HMOD measurements from the Year 25 examination and 
participants with measurements of cognition from the Year 30 examination. We 
considered midlife as the participants age range from the Year 25 examination to the 
Year 30 examination (from 43 to 60 years of age). 

Study I 

We considered participants who attended the Year 25 examination (n=3499) for this 
study. After excluding individuals with any missing covariate or HMOD data at Year 
25 examination (n=819), the final Study I sample consisted of 2680 participants. 

Study II 

Similarly, we included participants from the Year 25 examination with the same 
exclusion criteria than in Study I. We additionally excluded those without 
information about self-reported age of hypertension onset (n=41), resulting into a 
final Study II sample of 2649. 

Study IV 

The study sample consisted of participants who attended the Year 30 examination. 
We excluded the subjects with any missing cognitive function test measures or 
covariate data (n=412). The final study IV sample thereby included 2946 
participants. Additionally, brain MRI measurements were available for 599 of these 
participants. 

Study V 

We included individuals from the CARDA Year 30 examination after excluding 
those with any missing data on demographic characteristics or lifestyle related 
factors (n=222), resulting into final Study V sample of 3136 participants. 
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Figure 5.  Flow chart illustrating the examined participants of the CARDIA study and sample 

selection for studies I, II, IV and V. 

4.2.2 Health 2000 survey 
In the initial health interview of the Health 2000 Survey, information was gathered 
by centrally trained interviewers about the participant’s demographic characteristics, 
use of medications, state of health, and diagnosed illnesses (219). Participants 
attended a health examination from 1 to 6 weeks later performed by centrally trained 
nurses and physicians. There was a 79% participation rate for attending both the 
home health interview and the health examination (n=6354, 55% women). 
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Study III 

For the study sample, we included participants aged ≥50 years (n=3404) so that all 
study participants could be categorized to all possible ages of hypertension onset 
categories. We also excluded individuals with atrial fibrillation (Minnesota code 
8.3), paced rhythm (Minnesota code 6.8), ventricular conduction defect (Minnesota 
code 7), Wolf-Parkinson-White electrocardiogram pattern (Minnesota code 6.4), or 
missing covariate data, resulting in a final Study III sample of 2864 participants. 

4.3 Clinical examinations and questionnaires 

4.3.1 Coronary Artery Risk Development in Young Adults 
Study 

BP was measured between the baseline and year 15 examination using a random zero 
mercury sphygmomanometer. BP was measured three times at each follow-up visit 
by centrally trained and certified personnel (218). The BP measurements were 
carried out in duplicate for quality control and no distinct differences were observed 
between the centers in technician-specific single-point histograms. From the Year 
20 examination onwards, BP was measured with a validated Omron model 
HEM907XL oscillometric monitor (220). BP was measured by trained technicians 
three times from the right arm with the participant in the sitting position after 5 
minutes of quiet rest. We corrected the differences between oscillometric and 
auscultatory measurements by calibrating the oscillometric values to the 
corresponding sphygmomanometer values. Calibrated SBP was computed as: 
measured Omron SBP*0.96+3.74 and calibrated DBP as follows: measured Omron 
DBP*0.97+1.30 (221). The current BP values were computed as means of the second 
and third measurements at each follow-up visit. Weight and height were measured 
with all participants in light clothing. Self-administered questionnaires were carried 
out at all follow-up visits to collect information about the participants’ demographic 
characteristics, smoking status, amount of alcohol intake (average ethanol 
consumption per day), completed years of education, history of pre-eclampsia or 
high BP during pregnancy in women, and the use of any medications, including 
antihypertensive and antihyperglycemic agents. Sedentary behavior time was 
assessed with the CARDIA Sedentary Behaviour Questionnaire (222). We 
calculated the average sedentary time (hours/day) from the overall weekly sedentary 
behaviour time. 
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4.3.2 Health 2000 survey 
Medical history (including diagnosed coronary heart disease, heart failure and 
previous stroke), smoking status and the use of antihypertensive medication or 
hormone replacement therapy was self-reported during the health interview (219). 
BP was measured by the trained personnel at the health examination two times from 
the right arm after a 10 minutes rest from all participants using a standardized 
mercury sphygmomanometer (Mercuro 300; Speidel & Keller, Jungingen, 
Germany). BP was measured by listening to the Korotkoff sounds, while SBP was 
recorded as the appearance of the first Korotkoff sounds, and DBP was recorded as 
the fifth phase of the Korotkoff sounds. SBP and DBP values were defined as means 
of the two measurements. Height and weight were also measured from all 
participants. 

4.4 Biochemical analyses 
All participants from both study populations provided fasting blood samples, which 
were analyzed according to standard enzymatic procedures to measure serum 
glucose, total cholesterol, and high-density lipoprotein (HDL-cholesterol) (219,223). 
Diabetes was defined in all studies as serum fasting glucose ≥7 mmol/l or the use of 
antidiabetic agents. 

The CARDIA study participants additionally provided single, untimed spot urine 
samples at the Year 25 examination. The samples were centrally analyzed to quantify 
urinary albumin and creatinine levels according to the standard procedures as 
previously described (224). We defined albuminuria as UACR >30 mg/g (>3 
mg/mmol) (225). 

4.5 Hypertension onset age assessment 

Studies I, IV and V 

Age of hypertension onset was defined objectively based on all available BP 
measurements during the follow-up until outcome assessment. We defined 
objectively determined hypertension onset as BP ≥140/90 mmHg or use of any 
antihypertensive medication on two consecutively attended follow-up examinations. 
This definition was used aiming to demonstrate a lasting change in BP and to reduce 
the effect of variability between single elevated BP measurements. Age of 
hypertension onset was defined as the age in the first examination on which the 
hypertension criteria were met to be consistent with previous studies (181,187). 
Participants were categorized into four groups according to their hypertension onset 
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age as: <35 years, 35–44 years, ≥45 years, or no established hypertension. Early-
onset hypertension was defined as hypertension onset <35 years of age and late-onset 
hypertension as ≥45 years of age. 

Study II 

Objectively defined hypertension onset age was determined similarly as in Studies 
I, IV and V. Additionally, an alternative definition for objectively defined 
hypertension onset age was used as BP ≥140/90 mmHg or antihypertensive 
medication use at only one follow-up visit. We also determined the participants’ self-
reported hypertension onset age from replies to the following Year 25 examination 
self-administered questionnaire questions: “Has a doctor or nurse ever said that you 
have high BP or hypertension?” and “At what age were you first told about this?”. 
Subgroups were formed and defined using the same age categories as in Studies I, 
IV and V.  

Study III 

In Study III hypertension onset age was self-reported by the subjects at the health 
interview as the year when hypertension had been diagnosed by a physician for the 
first time. We divided the participants into categories according to age of 
hypertension onset as <40 years, 40–49 years, ≥50 years, or no hypertension. Early-
onset hypertension was defined as hypertension onset <40 years of age and late-onset 
hypertension as ≥50 years of age.  

4.6 Measurements of adverse outcomes 

4.6.1 Echocardiography 
Echocardiographic measurements were performed for participants attending the 
Year 25 examination of the CARDIA study. Experienced echocardiographic 
sonographers centrally analyzed all acquired echocardiograms. A 2-dimensionally 
guided M-mode and Doppler echocardiography was performed at all study centers 
according to a standardized study protocol. Pulse wave doppler recordings of the 
peak velocity flow in both early and late diastole as well as LVM were calculated 
from all acquired echocardiograms. Further technical details of the 
echocardiographic protocols and measurements have been published elsewhere 
(226). We computed the LVMI as LVM divided by the body surface area (0.007184 
x weight [kg]0.425 x height [cm]0.725). We defined left ventricle diastolic dysfunction 
as a ratio between peak velocity flow in early and late diastole of over 2.0 or under 
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0.8 according to standard recommendations (227). Similarly, LVH was defined in 
men as LVMI >115 g/m2 and in women as LVMI >95 g/m2 (227). 

4.6.2 Electrocardiography 
For the Health 2000 Survey participants, standard 12-lead electrocardiograms were 
recorded at the health examination according to standard procedures using a MAC 
5000 recorder (Marquette Hellige, Freiburg, Germany, and Milwaukee, Wisconsin, 
USA). The recordings were centrally analyzed with the Magellan software program 
(Marquette Electronics Inc., Milwaukee, Wisconsin, USA). The electrocardiogram 
measurements were also checked manually by centrally trained nurses, supervised 
by a clinical physiologist, and corrected if necessary. Minnesota coding was carried 
out for all electrocardiograms by two cardiologists, who were blinded to clinical 
status. In case of disagreement, the final coding was decided through mutual 
consensus. ECG-LVH was defined by the voltage criteria of Sokolow-Lyon 
(SV1+RV5/V6 ≥3.5 mV) and Cornell (SV3+RaVL >2.8 mV for men and >2.0 mV 
for women) (228). Additional alternative criterion was used according to the 
Minnesota ECG-LVH coding (Minnesota codes 3.1 and 3.3). 

4.6.3 Coronary artery calcification 
Cardiac multidetector computed tomography was used in the Year 25 examination 
of the CARDIA study to measure the amount of calcified coronary artery plaque. 
Obtained images were analyzed centrally and an Agatston score was computed to 
quantify the highest detected density of calcification in the coronary arteries. The 
protocols for CAC imaging and Agatston score calculation have been previously 
described in detail (229,230). The presence of CAC was defined as Agatston score 
≥100 in accordance with previous studies (231). 

4.6.4 Cognitive function tests 
Centrally trained and certified study technicians carried out four distinct cognitive 
function tests for the participants in the Year 30 examination of the CARDIA study. 
Further details of the test protocols have been previously reported (232). The Rey 
Auditory Verbal Learning test (RAVLT) was used to assess verbal memory capacity 
(114). The long-delay free recall test score was counted as the number of words 
recalled. The Stroop test was utilized to evaluate the participants’ executive function 
properties (233). The Stroop test involves three subtests, each of which is 
individually scored as the sum of time in seconds used to complete the test and the 
number of errors occurred. We used the computed interference scores (subtest three 
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score subtracted by the subtest two score). The Digit Symbol Substitution test 
(DSST) was used to measure the psychomotor speed (113). The DSST score was 
calculated as the number of correctly substituted symbols by the time-limit. The 
Montreal Cognitive Assessment (MoCA) test was used as a more comprehensive 
method to assess global cognitive function and as a tool to screen for mild cognitive 
impairment (115). The MoCA test covers multiple components of the cognitive 
domain including orientation, memory, attention, visuospatial abilities, language, 
and executive function. Higher scores in each test represent better cognitive 
performance, except for the Stroop test where a higher interference score indicates 
worse performance. 

All test scores were also converted to standardized z-scores for easier 
interpretation between the tests according to the following formula: z = (score – 
mean)/ SD. For the Stroop test, we used inversed z-scores to attain uniform 
interpretation of the results across all tests. To further assess global cognitive 
function, we calculated a composite cognitive score as the average z-score from 
RAVLT, DSST and Stroop test as previously demonstrated (232). 

4.6.5 Brain MRI protocol and measures 
The brain MRI substudy was carried out during the Year 30 examination of the 
CARDIA study concurrently with the cognitive function tests. Neuroimaging was 
performed in three CARDIA study cites (Birmingham, Oakland, and Minneapolis) 
using the axial plane on 3T scanners. A Philips 3T Achieva/2.6.3.6 platform was 
used in Birmingham and a Siemens 3T Tim Trio/VB 15 platform was used in 
Oakland and Minneapolis. Further technical and methodological details of the 
imaging protocol have been previously described (234–236). In general, standard 
quality control protocols were adhered to for all the devices and the structural brain 
images were obtained using 3D T1 and T2 sequences. An automated multispectral 
computer algorithm was utilized to assess areas of white matter, grey matter, and 
cerebrospinal fluid. The regions of interests were detected after corrections, the 
images were visually checked for quality control, and finally quantitatively analyzed. 

Total brain volume (TBV) was computed as the sum of white matter volume 
(WMV) and grey matter volume (GMV). Total intracranial volume (ICV) was 
calculated as the sum of TBV and cerebrospinal fluid volume. Additionally, the 
images were analyzed for the amount of abnormal white matter volume (AWMV) 
from the sagittal 3D fluid-attenuated inversion recovery (FLAIR) T1 and T2 
sequences, and white matter fractional anisotropy (WMFA) by using diffusion tensor 
imaging. AWMV represents the damaged white matter tissue due to abnormalities 
such as inflammation, ischemia, or demyelination. WMFA is expressed as a value 
from 0 to 1, where 0 represents isotropy and 1 represents anisotropy. A higher 
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WMFA value represents a higher micro-structural integrity of the white matter tracts, 
whereas a lower WMFA is associated with aging and neurogenerative disorders 
(237). All brain-related measurements were standardized to z-scores likewise the 
cognitive test scores. 

4.7 Statistical analyses  
We performed all analyses with SAS software version 9.4 (SAS Institute, Cary, NC, 
USA). We assessed normal distribution visually and with Saphiro-Wilks test when 
necessary. We used Levene’s test for verifying equality of variances. BMI was 
calculated as weight (kg)/(height (cm))2 in all studies. UACR values were log-
transformed for all analyses due to their skewed distribution. The amount of alcohol 
intake was standardized to z-score as above to obtain normal distribution. We 
considered a two-tailed P-value under 0.05 as statistically significant. In all studies, 
we used one-way analysis of variance for continuous variables and a chi-squared test 
for categorical variables to examine the differences between hypertension onset age 
subgroups. 

Study I 

We examined the CARDIA Year 25 examination participants’ characteristics and 
prevalence of HMODs in the whole sample and by age of hypertension onset 
categories. We used a two-sample t-test for the continuous variables and the χ2 test 
for categorical variables to compare the baseline characteristics between the study 
sample and the excluded participants. We used a case-control study design 
(measured HMOD versus no HMOD) to examine the association of hypertension 
onset age with HMODs. Participants with no hypertension were considered as the 
reference group. We used both univariable and multivariable logistic regression 
models in the analyses. Multivariable analyses were adjusted for conventional 
HMOD risk factors, i.e. sex, age, race, smoking, BMI, diabetes, total cholesterol, 
HDL-cholesterol, present SBP and use of any antihypertensive medication. We also 
assessed the linear trend between hypertension onset age and HMOD by including 
the strata as a continuous variable in the models. Additionally, we used a multinomial 
logistic regression model to assess the relation between hypertension onset age and 
the sum of HMODs (0, 1 and 2 or more). 

Study II 

We compared participants’ characteristics and established HMODs in subgroups 
according to self-reported age of hypertension onset and in the whole sample at 
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CARDIA year 25 examination. We examined the association between self-reported 
age of hypertension onset and HMODs using a case (presence of HMOD) versus 
control (no presence of HMOD) study design with those without self-reported 
hypertension as the reference group. The relation between self-reported hypertension 
onset age and HMOD was assessed with univariable and multivariable logistic 
regression models. We used the same covariates for the multivariable analyses than 
in Study I. We also performed a trend test for ORs by hypertension onset age 
subgroups. We used the standard SAS software version 9.4 settings to calculate and 
construct the weighted kappa coefficients for the agreement analyses between self-
reported and objectively defined hypertension onset age. To further assess the 
agreement between these methods, we also used an alternative definition for 
objectively defined age of hypertension onset as high BP or use of antihypertensive 
medication on only one check-up. We calculated the cumulative incidence of 
hypertension onset by age based on objectively defined and self-reported onset age. 

Study III 

We examined the participants’ characteristics and prevalence of ECG-LVH in the 
whole sample and by self-reported hypertension onset age subgroups. We used 
univariable and multivariable logistic regression models to examine the association 
between age of hypertension onset categories and ECG-LVH with participants who 
did not report having hypertension as the reference group. We adjusted the models 
for sex, age, BMI, diabetes, smoking, heart rate, non-HDL-cholesterol, use of 
antihypertensive medication, present SBP, coronary heart disease and heart failure. 
We compared the differences across ORs for all ECG-LVH criterion between 
hypertension onset age <40 years and ≥50 years with a z test. 

Study IV 

We compared the characteristics and measures of cognitive function of the CARDIA 
year 30 examination participants by hypertension onset categories and in the whole 
sample. We compared the baseline characteristics between the excluded participants 
and the study sample with chi-squared test for categorical variables and two-sample 
t-tests for the continuous variables. Due to skewed distribution, alcohol intake was 
standardized to z-score in the analyses. We used univariable and multivariable linear 
regression models to assess the association of hypertension onset age with cognitive 
function test scores and brain MRI measures. Participants who did not develop 
hypertension were used as the reference group. The minimally adjusted model was 
adjusted for sex, race, age, and education. The fully adjusted model was further 
adjusted for BMI, smoking, diabetes, sedentary time, alcohol intake, current SBP 
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and use of antihypertensive medication. The adjusted models which included brain-
related measures as the outcome variable were additionally adjusted for total ICV.  

Study V 

We performed a trend test across age of hypertension onset categories with a linear 
regression model for continuous variables and the Cochran-Armitage test for trends 
of the categorical variables in the CARDIA Year 30 examination participants. We 
used a multinomial logistic regression model to examine the relation between 
hypertension onset age categories and the participants’ clinical characteristics. We 
assessed all characteristics simultaneously in the model with hypertension onset age 
category being the dependent variable. Individuals without hypertension were used 
as the reference group. We used linear regression to examine for a trend in ORs 
across the dependent variable categories. The characteristics included in the model 
were sex (man or woman), race (African American or white), smoking (smoker or 
non-smoker), diabetes mellitus (diabetes or no diabetes), lipid-lowering medication 
(LLM) (using or not using), BMI (kg/m2, 1-SD increase), education (years, 1-SD 
increase), alcohol intake (ml/day, 1-SD increase), sedentary time (hours/day, 1-SD 
increase), total serum cholesterol (mmol/l, 1-SD increase), and HDL-cholesterol 
(mmol/l, 1-SD increase). We standardized the continuous variables into z-scores. 
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5 Results 

5.1 Clinical correlates of early-onset hypertension 
(V) 

The sample characteristics of the CARDIA participants from the year 30 
examination are presented in Table 4. The Study V sample included 3136 
participants (mean age 55±4, 57% women, 47% African Americans). During 30 
years of follow-up, 27.9 % of the participants had experienced an objectively defined 
onset of hypertension, and 3.7% had early-onset hypertension (onset <35 years of 
age). In the early age of hypertension onset group, 47.0% were men, 77.8% were 
African American, 20.5% smoked, 35.0% had diabetes mellitus, and 41.0% were 
taking LLM. The hypertension onset age subgroups statistically significantly 
differed from each other over race, current smoking, having diabetes, BMI, current 
BP, use of antihypertensive medication or LLM, sedentary time, cholesterol levels, 
and education years (p<0.01; Table 4). The results remained significant for race, 
smoking, diabetes, use of LLM, sedentary time, BMI, total serum cholesterol and 
education years while testing for a trend across the four categories towards earlier 
hypertension onset (p<0.01 for trend for all). 

In the multivariable multinomial logistic regression model, individuals who were 
African American, had diabetes, had 1-SD higher BMI, or used LLM had an 
increased odds of 3.70 (95% CI, 2.28–6.02), 2.86 (95% CI, 1.80–4.54), 1.47 (95% 
CI, 1.20–1.80), and 3.46 (95% CI, 2.24–5.35), for having early-onset hypertension 
compared to those who did not develop hypertension, respectively. The 
corresponding odds for these four traits were 3.24 (95% CI, 2.39–4.39), 2.14 (95% 
CI, 1.54–2.98), 1.74 (95% CI, 1.52–1.99), and 3.74 (95% CI, 2.79–5.03) for 
hypertension onset between 35 and 44 years of age, and 1.94 (95% CI, 1.52–2.47), 
1.99 (95% CI, 1.48–2.69), 1.48 (95% CI, 1.32–1.67), and 3.65 (95% CI, 2.84–4.69) 
for hypertension onset ≥45 years of age, respectively. In African American and 
diabetic individuals, the odds also increased linearly across the subgroups towards 
an earlier hypertension onset age (p<0.05 for both). Conversely, smoking was only 
related to an increased odds of  hypertension onset at ≥ 45 years of age (p<0.05), 
whereas a higher education was borderline statistically significantly associated with 
a decreased odds of developing hypertension between 35 and 44 years of age 
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(p=0.05). Male sex, sedentary time, amount of alcohol intake, total cholesterol, and 
HDL-cholesterol were not statistically significantly associated with the age of 
hypertension onset (p>0.11 for all). The cumulative incidence of hypertension onset 
by age according to race, diabetes status, BMI, and education level is illustrated in 
Figure 6. The hypertension incidence was always higher among individuals who 
were African American, diabetic, had higher BMI or had lower education. The 
differences in incidence patterns between the groups commenced already prior to 30 
years of age. 

 
Figure 6.  Cumulative hypertension incidence in the CARDIA study by age of onset according to 

race, diabetes status, BMI, and education level. Higher BMI was defined as BMI >30 
and lower BMI as BMI ≤30. Lower education was defined as <15 education years and 
higher education was defined as ≥15 education years. N=3136. HTN, hypertension. 
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Table 4.  Characteristics of the CARDIA study sample according to objectively defined 
hypertension onset age. 

  Age of Hypertension Onset  

Characteristic All 
<35    

years 
35–44 
years 

≥45    
years 

No 
hypertension P-value* 

N 3136 117 309 450 2260 - 

Women (%) 1789 (57) 62 (53) 180 (58) 258 (57) 1289 (57) 0.80 

Age (years) 55.1 (3.6) 55.1 (3.5) 54.3 (3.7) 56.6 (2.9) 54.9 (3.6) <0.001 

African American 
race (%) 1465 (47) 91 (78) 227 (73) 273 (61) 874 (39) <0.001 

Smokers (%) 451 (14) 24 (21) 46 (15) 87 (19) 294 (13) <0.01 

Diabetes (%) 412 (13) 41 (35) 93 (30) 112 (25) 166 (7.4) <0.001 

BMI (kg/m2) 30.4 (6.8) 33.5 (7.4) 34.6 (7.2) 32.8 (6.9) 29.2 (6.2) <0.001 

Total cholesterol 
(mmol/l) 5.0 (1) 4.7 (1.0) 4.7 (1.0) 4.8 (1.0) 5.1 (0.9) <0.001 

HDL-cholesterol, 
(mmol/l) 1.6 (0.5) 1.5 (0.6) 1.4 (0.5) 1.5 (0.5) 1.6 (0.5) <0.001 

SBP (mmHg) 119 (15) 125 (19) 126 (18) 125 (16) 116 (13) <0.001 

DBP (mmHg) 72 (10) 76 (12) 77 (11) 76 (11) 71 (9.7) <0.001 

Antihypertensive 
medication use (%) 1019 (32) 109 (93) 284 (92) 395 (88) 231 (10) <0.001 

Lipid lowering 
medication use (%) 623 (20) 48 (41) 125 (40) 174 (39) 276 (12) <0.001 

Education (years) 14.9 (1.9) 14.2 (1.9) 14.3 (1.9) 14.5 (1.9) 15.0 (1.9) <0.001 

Sedentary time (h) 7.5 (4.1) 9.1 (4.4) 8.6 (4.4) 8.0 (4.4) 7.2 (4.0) <0.001 

Characteristics drawn from the CARDIA year 30 examination. Data presented as N (percentage) or 
as mean (SD). h, hours in a week. *P-value for any differences between hypertension onset age 
groups. 

5.2 Agreement between self-reported and 
objectively determined hypertension onset age 
(II) 

The sample of Study II consisted of 2649 participants (mean age 50±4 years, 57% 
women). The characteristics of the Study II participants are presented in Article II, 
Table 1. When hypertension onset age was based on self-report, the proportion of 
women in the early-onset hypertension group increased. At the CARDIA Year 25 
examination, 31.4% (n=831) of the individuals’ self-reported onset of hypertension 
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based on a previously made hypertension diagnosis. The overall hypertension 
incidence by the Year 25 examination according to the objective definition was 
35.3% (n=935) when hypertension onset was based on only 1 examination, and 
17.9% (n=475) based on the hypertension criteria needed to be met in 2 consecutive 
examinations. The overall cumulative hypertension incidence based on objectively 
defined and self-reported onset age is illustrated in Article II, Figure 1.  

The comparison between hypertension onset age categories based on self-
reported and objective definition is shown in Table 5. When the objective 
hypertension diagnosis was based on 2 examinations, self-reported hypertension had 
good sensitivity (95%) but lower specificity (83%). Conversely, when only 1 
examination was required for the objective diagnosis, the sensitivity for self-reported 
hypertension was poorer (79%), while the specificity was better (95%). The overall 
agreement for hypertension onset age between the subgroups according to self-
reported and objective definition based on 2 examinations was 78%, with the kappa 
coefficient of 0.48 (95% CI, 0.44–0.51), thus indicating moderate agreement. In 
contrast, the overall agreement for hypertension onset age between self-reported and 
objective definition based on only 1 examination was 79%, with a kappa coefficient 
of 0.66 (95% CI, 0.63–0.68), indicating a substantial agreement. In individuals not 
using antihypertensive medication, the agreement was only slightly lower (Article 
II, Online Supplementary Data).  



Table 5. Comparison between individuals in hypertension onset age subgroups based on objective definitions and self-report. 

  Objectively defined HTN onset age 

Diagnosis based on 1 examination Diagnosis based on 2 consecutive examinations 

  <35 years, 
n 

35–44 years,  
n 

≥45 years,   
n 

No HTN,    
n 

<35 years,   
n 

35–44 years, 
n 

≥45 years,   
n 

No HTN,     
n 

Se
lf-
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<35 years, n 88 65 23 18 65 67 12 50 

35–44 years, n 40 150 84 23 20 133 41 103 

≥45 years, n 21 48 224 47 5 41 67 227 

No HTN, n 42 36 114 1626 3 8 13 1794 

Data presented as n (number of individuals) according to CARDIA year 25 examination. N=2649. HTN, hypertension. 
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5.3 Association between objectively defined age of 
hypertension onset and organ damage (I) 

The characteristics of the Study I participants are shown in Article I, Table 1. Briefly, 
the sample for Study I consisted of 2680 individuals (mean age 50 years, 57% 
women). The prevalence of measured HMODs in subgroups by objectively defined 
hypertension onset age are shown in Table 6. Furthermore, the mean values of 
HMOD measures by age of hypertension onset are shown in Article I, Table 2. 
Overall, the prevalence of all measured HMODs consistently increased with 
decreasing hypertension onset age. The groups statistically significantly differed 
from each other for all measured HMODs (p<0.01 for all). Individuals in the 
objectively defined early-onset hypertension group had the highest prevalence of 
ECHO-LVH, left ventricular diastolic dysfunction (LVDD), coronary calcification, 
and albuminuria (Table 6). The bivariate correlations between HMODs are presented 
in Table 7. Additionally, individuals in the early hypertension onset age subgroup 
had the highest proportion of 1 or more damaged organs (59.5%), and also the 
highest proportion of multiple damaged organs (24.5%) (Figure 7). Participants 
without hypertension had the lowest prevalence of any single HMOD (23.7%), and 
two or more HMODs (4.6%). 

Table 6.  Prevalence of HMODs at CARDIA year 25 examination according to objectively defined 
hypertension onset age. 

 Objectively defined HTN onset age   

 
<35   

years 
35–44 
years 

≥45   
years No HTN All P-value 

N 94 251 136 2199 2680 - 
Echo-LVH (%) 35.1 29.1 23.5 13.9 16.6 <0.001 
LVDD (%) 16.0 12.4 11.8 8.1 8.9 <0.01 
Coronary calcification (%) 23.4 15.9 20.6 6.6 8.8 <0.001 
Albuminuria (%) 14.9 14.3 7.4 4.8 6.2 <0.001 

HTN, hypertension; ECHO-LVH, echocardiographic left ventricular hypertrophy; LVDD, left 
ventricular diastolic dysfunction. 

Table 7.  Bivariate correlations between HMODs at CARDIA year 25 examination. 

 ECHO-LVH LVDD 
Coronary 

calcification Albuminuria 
ECHO-LVH - 0.047 0.085 0.082 
LVDD 0.047 - 0.005 0.072 
Coronary calcification 0.085 0.005 - 0.063 
Albuminuria 0.082 0.072 0.063 - 

Correlations were computed using Pearson correlation coefficient. ECHO-LVH, echocardiographic 
left ventricular hypertrophy; LVDD, left ventricular diastolic dysfunction. N= 2680. 
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The results from the unadjusted and multivariable adjusted logistic regression models 
are shown in Article I, Table 3. Overall, objectively defined early-onset hypertension 
was most strongly associated with HMODs in all models. Compared to participants 
without hypertension, early-onset hypertension was related to increased unadjusted 
ORs of 3.35 (95% CI, 2.16–5.20), 2.17 (95% CI, 1.22–3.85), 4.33 (95% CI, 2.61–
7.18), and 3.49 (95% CI, 1.91–6.36) for ECHO-LVH, LVDD, coronary calcification 
and albuminuria, respectively. In the final multivariable adjusted models, the 
corresponding odds remained significant for ECHO-LVH, LVDD, and coronary 
calcification (p<0.05 for all), but not for albuminuria (p=0.75) (Table 8). Late-onset 
hypertension was not associated with any of the measured HMODs after appropriate 
statistical adjustments (p>0.05 for all). The results remained largely the same when the 
adjustments were based on the baseline examination covariates (Article I, Online 
Supplementary Data). We also observed a linear trend in odds of HMODs by 
decreasing age of hypertension onset in the unadjusted models (p<0.005 for trend in 
all). However, the trend test results were non-significant in the multivariable adjusted 
models (p>0.11 for trend in all). Participants in the objectively defined early-onset 
hypertension group also had the highest odds of simultaneously having 2 or more 
HMODs than any other hypertension onset age group (Figure 7). 

Table 8.  Adjusted odds of HMOD according to hypertension onset age at CARDIA year 25 
examination. 

 ECHO-LVH LVDD 
Coronary 

calcification Albuminuria 
Hypertension 
onset age OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) 

<35 years 2.29 (1.36–3.86) 2.06 (1.04–4.05) 2.94 (1.57–5.49) 1.12 (0.55–2.29) 
35–44 years 1.67 (1.12–2.48) 1.59 (0.93–2.73) 1.83 (1.10–3.05) 1.25 (0.74–2.09) 
≥45 years 1.23 (0.74–2.03) 1.44 (0.75–2.79) 1.41 (0.79–2.52) 0.62 (0.29–1.34) 
No hypertension 1.00 1.00 1.00 1.00 

Model is adjusted for age, sex, race, BMI, diabetes, total cholesterol, HDL-cholesterol, smoking, 
use of antihypertensive medication, and systolic blood pressure. ECHO-LVH, echocardiographic 
left ventricular hypertrophy; LVDD, left ventricular diastolic dysfunction. 
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Figure 7.  Proportion of individuals with 0, 1 or ≥2 types of organ damage according to 

hypertension onset age (A). Adjusted odds of having 0, 1 or ≥2 damaged organs by 
hypertension onset age (B). HTN, hypertension; OR, odds ratio; CI, confidence interval; 
TOD, target end-organ damage. Reproduced from Hypertension with permission of 
Wolters Kluwer Health, Inc. (Study I). 

5.4 Association between objectively defined age of 
hypertension onset and cognition (IV)  

The sample of Study IV consisted of 2946 participants (mean age 55±4, 57% 
women). The Study IV sample characteristics are displayed in Article IV, Table 1. 
Mean cognitive function test scores in the Study IV sample by objectively defined 
hypertension onset age are presented in Table 9. Participants with early-onset 
hypertension had the lowest mean scores in DSST, RAVLT and MoCA, and 
consistently also the highest mean score in the Stroop test (p<0.001 for all). 
Additionally, individuals in the early hypertension onset age group had the lowest 
mean level of brain volumes as detected by MRI (Table 10). The amount of AWMV 
and WMFA did not statistically significantly differ between the groups (p≥0.05 for 
both) (Article IV, Online Supplementary Data). 
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Table 9.  Mean cognitive function test scores at CARDIA Year 30 examination in subgroups by 
objectively defined hypertension onset age. 

 Objectively defined HTN onset age   

 
<35   

years 
35–44   
years ≥45   years No HTN All P-value 

N 112 277 426 2131 2946 - 

DSST, symbols 58 (18) 64 (17) 63 (16) 70 (16) 68 (17) <0.001 

RAVLT, words 6.9 (3.2) 7.5 (3.4) 7.7 (3.4) 8.9 (3.4) 8.5 (3.4) <0.001 

Stroop test, score 28 (14) 25 (13) 25 (14) 21 (11) 23 (12) <0.001 

Composite 
cognition, z-score -0.5 (0.8) -0.2 (0.8) -0.2 (0.8) 0.1 (0.7) 0.0 (0.7) <0.001 

MoCA, score 21 (3.9) 23 (3.9) 23 (4.1) 24 (3.7) 24 (3.9) <0.001 
Data presented as mean (SD). Htn, hypertension; RAVLT, Rey Auditory Verbal Learning test; 
DSST, Digit Symbol Substitution test; MoCA, Montreal Cognitive Assessment. 

Table 10.  Mean brain volumes at CARDIA Year 30 examination in subgroups by objectively 
defined hypertension onset age. 

 Objectively defined HTN onset age   

 <35 years 35–44 years ≥45 years No HTN All P-value 

N 18 41 78 462 599 - 

ICV, cm3 1250 (165) 1340 (154) 1360 (151) 1390 (151) 1380 (154) <0.001 

WMV, cm3 485 (63) 518 (60) 521 (64) 533 (64) 529 (65) <0.01 

GMV, cm3 576 (54) 612 (66) 620 (60) 639 (64) 633 (64) <0.001 

TBV, cm3 1060 (108) 1130 (121) 1140 (118) 1170 (123) 1160 (123) <0.001 
Data presented as mean (SD). Htn, hypertension; ICV, intracranial volume; WMV, white matter 
volume; GMV, grey matter volume; TBV, total brain volume. 

The associations between objectively defined hypertension onset age and cognitive 
function are shown in Article IV, Table 3.  In the unadjusted model, participants with 
early-onset hypertension had β± standard error (SE) of 0.57±0.09, 0.71±0.09, 
0.50±0.09, 0.60±0.07, and 0.81±0.09 lower standardized scores for RAVLT, DSST, 
Stroop test, composite cognition, and MoCA (p<0.001 for all), compared to 
normotensive participants. The associations remained significant in the fully 
adjusted model for all cognitive function tests (p<0.05), except for the RAVLT 
(p=0.22) (Table 11). The hypertension onset between 35–44 years or over 44 years 
of age was not statistically significantly associated with cognitive test performance 
after final covariate adjustments (p>0.05 for all). The relations between objectively 
defined hypertension onset age and global cognitive function scores are presented in 
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Figure 8. Overall, only early-onset hypertension was related to both a lower 
standardized composite cognitive score and a lower MoCA score in the final adjusted 
models (p<0.05 for both). We also observed a linear trend in the fully adjusted 
models between a decreasing hypertension onset age and lower global cognitive 
function scores (p<0.01 for trend in both). Additionally, objectively defined early-
onset hypertension was related to standardized z-scores (β±SE) of 0.76±0.24, 
0.97±0.23, and 0.90±0.24 for lower WMV, GMW and TBV in the unadjusted 
analyses (p< 0.01 for all) (Article IV, Online Supplementary Data). However, after 
appropriate model adjustments, hypertension onset age was no longer statistically 
significantly associated with the structural brain alterations (p<0.05 for all). 

Table 11. Adjusted associations between hypertension onset age and cognitive test performance 
at CARDIA year 30 examination. 

 DSST RAVLT Stroop test MoCA 

Hypertension 
onset age (β±SE) (β±SE) (β±SE) (β±SE) 

<35 years -0.24±0.09† -0.12±0.09 -0.22±0.10‡ -0.27±0.09† 

35–44 years -0.03±0.07 -0.07±0.07 -0.08±0.07 -0.06±0.07 

≥45 years -0.07±0.06 -0.03±0.06 -0.11±0.07 0.04±0.06 

No hypertension Ref. Ref. Ref. Ref. 
Model is adjusted for age, sex, race, education, diabetes, BMI, smoking, alcohol intake, sedentary 
time, use of antihypertensive medication, and systolic blood pressure. †p<0.01, ‡p<0.05. RAVLT, 
Rey Auditory Verbal Learning test; DSST, Digit Symbol Substitution test; MoCA, Montreal Cognitive 
Assessment; Ref, reference. 



 

 
Figure 8.  Associations between hypertension onset age and 1-SD increase in mean global cognitive function scores. Minimally adjusted model is 

adjusted for age, sex, race, and education. Fully adjusted model is adjusted for age, sex, race, education, diabetes, BMI, smoking, alcohol 
intake, sedentary time, use of antihypertensive medication and systolic blood pressure. HTN, hypertension; y, year; MoCA, Montreal Cognitive 
Assessment. Reproduced from Hypertension with permission of Wolters Kluwer Health, Inc. (Study IV).
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5.5 Association between self-reported age of 
hypertension onset and organ damage (II and III) 

In the Study II sample, we also assessed the relation between self-reported 
hypertension onset age and presence of HMODs. In the Study II sample, 194 (7.3%) 
individuals had self-reported early-onset hypertension. Overall, the associations 
between self-reported hypertension onset age and HMODs were similar when 
compared to the objectively defined hypertension onset age (Article II, Table 3). 
Individuals with self-reported hypertension onset <35 years of age had an increased 
unadjusted odds of 3.54 (95% CI, 2.55–4.92), 2.14 (95% CI, 1.39–3.29), 4.15 (95% 
CI, 2.79–6.19), and 4.05 (95% CI, 2.50–6.54) for having ECHO-LVH, LVDD, 
coronary calcification and albuminuria when compared to individuals who did not 
report having hypertension (p<0.001 for all). In the final multivariable logistic 
regression models, early-onset hypertension was associated with ECHO-LVH, LVDD 
and coronary calcification (p<0.01 for all) (Figure 9). The self-reported hypertension 
onset age was not related to the presence of albuminuria in the fully adjusted models 
(p>0.05 for groups). Instead, the self-reported hypertension onset age ≥45 years was 
associated with having LVDD in the final adjusted model (p<0.05). Furthermore, the 
odds for albuminuria with late-onset hypertension were lower than with early-onset 
hypertension (Figure 9). Self-reported late-onset hypertension was not associated with 
ECHO-LVH, coronary calcification or albuminuria (p>0.05 for all). 

 
Figure 9.  Odds of HMODs according to self-reported hypertension onset age at CARDIA Year 25 

examination. Model is adjusted for age, sex, race, diabetes, BMI, total cholesterol, HDL-
cholesterol, smoking, use of antihypertensive medication and systolic blood pressure. 
HTN, hypertension; OR, odds ratio; CI, confidence interval, ECHO-LVH, 
echocardiographic left ventricular hypertrophy; LVDD, left ventricular diastolic dysfunction. 
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Additionally, we evaluated the association between self-reported hypertension onset 
age and HMOD in another sample in Study III. The sample of Study III consisted of 
2864 individuals from the Health 2000 survey (mean age 63±10, 57% women). The 
detailed characteristics of Study III sample are presented in Article III, Table 1. 
Briefly, 40% (n=1158) of the study III participants self-reported having hypertension 
and 6.0% (n=172) had self-reported early-onset hypertension (onset <40 years of 
age). Here, the prevalence of ECG-LVH was statistically significantly higher in 
those with the self-reported hypertension onset at any age in comparison to those 
who did not report having hypertension (p<0.001 for Cornell voltage, Sokolow-Lyon 
voltage, and Minnesota criteria) (Article III, Table 1). However, there were no 
statistically significant differences in ECG-LVH prevalence between the age of 
hypertension onset subgroups (p≥0.47 for all). In the multivariable adjusted models, 
the self-reported hypertension onset at any age was associated with increased odds 
of ECG-LVH when compared to individuals without self-reported hypertension 
(p<0.001 for Sokolow-Lyon and Minnesota criteria). Participants with self-reported 
early-onset hypertension had multivariable adjusted ORs of 2.10 (95%, CI 1.19–
3.72), 1.17 (95%, CI 0.66–2.08), and 2.22 (95%, CI 1.40–3.52) for ECG-LVH by 
Sokolow-Lyon, Cornell, and Minnesota criteria, respectively (p<0.05 for Sokolow-
Lyon and Minnesota criteria). In contrast, there were no significant differences in 
ORs for ECG-LVH according to the self-reported hypertension onset age and thus 
the odds for ECG-LVH were similar to the values in individuals with late-onset 
hypertension (Figure 10). 

 



 

 
Figure 10.  Odds of ECG-LVH according to self-reported hypertension onset age in Health 2000 survey. Model is adjusted for age, sex, BMI, smoking, 

diabetes, non-HDL-cholesterol, heart rate, heart failure, coronary heart disease, use of antihypertensive medication and systolic blood 
pressure. HTN, hypertension; LVH, left ventricular hypertrophy, OR, odds ratio; CI, confidence interval. 
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6 Discussion 

6.1 Clinical correlates of early-onset hypertension 
(V) 

In Study V, we observed that African American race, diabetes mellitus, higher BMI, 
and LLM were associated with having early-onset hypertension. In African 
Americans and diabetic individuals, the odds for earlier hypertension onset also 
linearly increased in all of the age of onset categories. A similar trend was also 
observed for lower education, however this did not reach statistical significance. Our 
findings are in line with previous two studies which demonstrated that individuals 
with an early-onset hypertension onset were more likely to be obese (189,193). In 
contrast to these studies, we did not observe a statistically significant association 
between an early hypertension onset age and male sex. However, these two studies 
had very small sample sizes and included only Asian individuals. In this study, we 
identified African American race, and diabetes as additional potential risk factors for 
developing early-onset hypertension in this large biracial cohort with individuals of 
varying ages of hypertension onset. Similar racial differences in hypertension 
incidence patterns by age have also previously been reported from the CARDIA 
study (238). In that previous report, approximately 75% of African American men 
and women had developed hypertension by 55 years of age. However, in that study, 
hypertension was defined using a lower BP threshold of ≥130/80 mmHg, and the 
diagnosis was based on a single visit. Even though in that study African Americans 
had a higher risk of developing hypertension, the HRs were not reported separately 
for early-onset hypertension. It is likely that if a lower BP threshold had been used 
in our study, as recommended by the current AHA/ACC guidelines, the overall 
prevalence of hypertension had been higher. In accordance with prior evidence 
(195), our findings emphasize the need for applying different diagnostic and 
management strategies when investigating secondary causes among African 
American individuals with early-onset hypertension. However, in this study the 
etiology of hypertension was not known. Overall, compared to primary 
hypertension, secondary hypertension is still much less common among these 
individuals given the high burden of primary hypertension (37,38). Nevertheless, 
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race appears to be one of the most prominent contributors to the risk of early-onset 
hypertension onset. 

A genetic predisposition is a notable and previously established risk factor for 
early-onset hypertension. The heritability of hypertension can also be estimated at 
least to some extent by determining the family history of hypertension (187,206). 
Previous studies have suggested that the pathophysiology of hypertension among 
African Americans involves the interaction between environmental factors, genetic 
background, comorbid conditions and psychosocial components (239,240). Genetic 
determinants are indeed important as genetic studies have identified distinct genes, 
such as those involved in RAAS activation, associated with hypertension particularly 
in African Americans (241,242). Similar findings have been reported also among 
other individuals of African descent, however on the other hand the prevalence of 
hypertension also seems to vary greatly between populations (242,243). It might be 
possible that genetic predisposition accounts for the development of early-onset 
hypertension in African American individuals, although these individuals might also 
merely experience accumulation of risk factors for having early-onset hypertension. 
However, there is yet very limited evidence on the impact of social, behavioral, and 
pregnancy-related factors (184,196). Our findings expand the previous knowledge 
by proposing diabetes to be a potential risk factor for early-onset hypertension. 
Interestingly, findings from one study suggested that a familial history of 
hypertension and obesity could promote the onset of primary hypertension already 
in childhood (190). These findings suggest that potential risk factors of early-onset 
hypertension might be distinguished very early in life, thereby enabling the 
implementation of even earlier intervention strategies for preventing hypertension 
and consequently its complications. This is particularly important as our findings 
suggest that individuals with early-onset hypertension seem to experience a 
clustering of CVD risk factors and increased prevalence of LLM use, which might 
imply that these individuals are also more likely to have dyslipidemias. 

Even though diabetes, a high value of BMI and African American race have been 
previously distinguished as risk factors for developing hypertension at any age 
(50,51), these features seem to associate particularly robustly with having early-
onset hypertension. Especially African American ethnicity and diabetes were related 
with a trend towards an earlier onset of hypertension. Considering that particularly 
early-onset hypertension increases the risk for subsequent CVD and all-cause 
mortality (187,191,214), identifying these high-risk individuals already prior to the 
manifestation of actual hypertension could improve their long-term disease 
prognosis. Indeed, early-onset hypertension could in part further explain the social 
and ethnic disparities in CVD morbidity and mortality (3,4). Our findings suggest 
that intensive screening protocols for hypertension should be focused on African 
American individuals in the community already in the early stages of life, even prior 
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to adulthood. Moreover, early prevention and treatment strategies should be applied 
to those individuals with other comorbidities, particularly those with diabetes and 
obesity, in order to avoid the development of early-onset hypertension. 

6.2 Agreement between self-reported and 
objectively determined hypertension onset age 
(II) 

Results from Study II revealed that the overall diagnostic agreement between self-
reported and objectively defined age of hypertension onset was satisfactory,  varying 
from moderate to substantial agreement depending on the criteria for the objectively 
reported onset of hypertension. Self-reported hypertension onset at any age also had 
rather high sensitivity and specificity. Previous reports have suggested that the 
specificity of the overall presence of hypertension by self-report is over 90%, 
although the sensitivity on self-reported hypertension is generally much lower and 
ranges from around 50% to over 80%, depending on the study (244–246). However, 
we are not aware of any other previous investigations which had directly assessed 
the agreement between different methods to determine the onset age of hypertension. 
Given that the agreement was higher when objective hypertension onset age was 
defined by hypertension criteria met at 1 examination rather than 2 consecutive 
examinations, this is likely to represent the hypertension diagnosis made during the 
follow-up for the CARDIA study participants. Requirement of 2 examinations for 
the objective diagnosis presumably leads to a lower agreement as the participants 
have probably been diagnosed based on 1 follow-up visit and some may have 
achieved normotension by the next follow-up visit without antihypertensive 
medication. Compared to the general population, the CARDIA study participants 
have also undergone rather many routinely conducted health examinations and are 
presumably more aware of their state of health along with diagnosed chronic 
diseases. In that respect, these individuals are also likely to have improved recall of 
the age at which hypertension diagnosis was set for them. This improved accuracy 
in self-rated health might therefore depict the impact of conducting routine health 
counseling during young adulthood (247,248). Moreover, the age of hypertension 
onset here is likely to very closely represent the actual onset of hypertension in these 
individuals considering the short time-intervals between the follow-up examinations. 
Thereby, the maximum delay between age of hypertension onset and age at 
hypertension diagnosis in CARDIA study is only 5 years. For most hypertensive 
individuals in the community, the lag time is however likely to be longer in everyday 
clinical practice. 

The agreement between these methods is also highly dependent on the definition 
and methods utilized to determine the objectively defined hypertension onset age. In 
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fact, the BP thresholds to define hypertension have changed considerably during the 
past few decades, as guidelines have gradually recommended the adoption of lower 
thresholds for hypertension. If a lower BP threshold for objective hypertension onset 
had been used in our study, this would presumably have led to increased sensitivity 
and decreased specificity of self-reported hypertension. Moreover, modern methods 
for improved diagnostic accuracy for hypertension have been introduced and applied 
for use in clinical practice, such as home BP and ambulatory BP monitoring 
(249,250). Therefore, it is evident that the correlation between self-reported and 
objectively defined age of hypertension onset will always be dependent on the 
diagnostic accuracy, along with the patient-clinician interaction and the efficiency 
of provided patient education. Nevertheless, clinical practice in the field of medicine 
invariably involves some diagnostic inaccuracies and uncertainties in all 
measurement methods (251). Additionally, despite some limitations regarding 
precision, self-reported information on the individual’s state of health is commonly 
used in both epidemiological research and in clinical practice mostly due to its easy 
availability and good feasibility (252). In that respect, assessing the age of 
hypertension onset from the patient’s self-report could represent a valuable 
alternative method in situations where objective BP data are not available. 

6.3 Association between objectively defined age of 
hypertension onset and organ damage (I) 

In Study I, we observed that objectively defined early age of hypertension onset is 
associated with an increased odds of ECHO-LVH, LVDD, and coronary 
calcification. Late hypertension onset age on the other hand was not associated with 
any of the measured HMODs. However, the age of hypertension onset was not 
associated with albuminuria. Additionally, the prevalence and odds for multiple 
HMODs were highest among individuals with early-onset hypertension. Even 
though the odds of HMODs generally gradually increased according to the earlier 
age of hypertension onset subgroup, the trend test across age groups remained non-
significant in the multivariable-adjusted models. 

Even though the presence of hypertension in general is a commonly known risk 
factor for development of HMOD, no prior studies have investigated the impact of 
hypertension onset age on HMODs. A few previous studies have demonstrated that 
early hypertension onset age is a prominent risk factor for subsequent hard CVD 
outcomes, including CVD death (187,191,214). Findings from this study indicate 
that these individuals with early-onset hypertension are also at high risk of having 
HMODs in midlife. The presence of HMOD has been demonstrated to substantially 
increase the risk of overt CVD in these hypertensive individuals (93–96). 
Particularly the presence of LVH and CAC has been identified as strong predictors 
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of overt coronary heart disease and major hard cardiovascular events in those 
previous studies. Therefore, the pathophysiological mechanisms behind early 
hypertension onset age could act via first causing impaired function of various 
organs, initially leading to coronary heart disease and eventually to CVD death. Our 
findings suggest that the factors underlying early-onset hypertension may act 
particularly by impairing the function of cardiac effects and promoting coronary 
calcification, rather than inducing notable renal-related complications. Moreover, 
the impact on cardiac effects seems to differ by sex as men with early-onset 
hypertension tend to experience an increase in LVM, whereas early-onset 
hypertension in women associates more prominently with altered diastolic function 
(253). 

Several previous studies have demonstrated that long-term exposure to elevated 
BP during an individual’s life course predicts subsequent HMOD and CVD 
outcomes (13–15,161). Unfortunately, these previous studies have used various 
methods to evaluate the overall exposure to BP during the individual’s lifetime e.g. 
by utilizing  different BP indices, including time-averaged BP, cumulative BP, and 
BP trajectories, although all these parameters are based on objective BP data. 
Although repeatedly measured and documented BP data spanning over decades 
provides good prognostic information about the future CVD risk, these kinds of data 
are unlikely to be available for most patients in everyday clinical practice. 
Nevertheless, age of hypertension onset is likely to represent the overall lifetime 
exposure to high BP similarly to other long-term BP indices. The overall 
hypertension exposure time is another potential contributing factor for this 
phenomenon. In fact, this continuous effect of high BP experienced by the 
cardiovascular system throughout decades appears to carry an even higher CVD risk 
when compared to high BP detected on single occasions. This might be partly 
explained by the dose-response effect for the number of years with high BP on the 
lifetime risk of CVD. All in all, these findings advocate the need for more efficient 
treatment strategies for younger hypertensive patients, who still frequently remain 
undetected and undertreated (11,12). Moreover, these results highlight the 
importance of achieving and maintaining good hypertension control throughout the 
individual’s lifetime. 

Besides solely experiencing a higher longitudinal BP burden, other mechanisms 
causing accelerated HMOD development should also be considered. One possible 
pathophysiological mechanism accounting for the increased risk of CVD outcomes 
could be mediated through induced EVA. Prior studies have demonstrated the 
increased hypertension heritability and distinct genomic background of early-onset 
hypertension (181,188,207,209). Interestingly, arterial stiffness has also been 
suggested to have a strong genetic predisposition (254). Thereby, the potential 
impact of EVA on early-onset hypertension could offer a possible pathway 
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explaining the heritability aspect of early-onset hypertension, a proposal that 
warrants further investigations. 

6.4 Association between objectively defined age of 
hypertension onset and cognition (IV) 

In Study IV, we demonstrated that objectively defined early hypertension onset age 
was associated with impaired cognitive function, but not with smaller brain volumes, 
in midlife. The association was significant for the global cognitive function and this 
association remained regardless of the current BP when the cognitive status was 
assessed. In contrast, a late hypertension onset age was not related to worse cognitive 
function as compared to those without hypertension. These findings suggest that the 
impact of hypertension onset age extends beyond CVD related outcomes and may 
be linked with an increased risk of subsequent dementia in later life (113,115,172). 
This observed cognitive decline in midlife may precede mild cognitive impairment 
and eventually lead to late-life clinical dementia. Therefore these results could well 
suggest that deaths due to dementia may account for part of the non-CVD mortality 
leading to increased risk for all-cause mortality in individuals with early age of 
hypertension onset (214). Should that be the case, it is evident  that a clarification of 
the mechanisms related to early-onset hypertension and cognitive function could be 
extremely beneficial in the context of public health challenges in this era of a global 
aging population and an accumulating burden of dementia (119,255). 

Our findings are in line with the two previous studies (182,183), suggesting that 
hypertension onset during early-and mid-adulthood increases the risk for cognitive 
impairment in midlife and subsequent late-life dementia (112,114,115). Conversely, 
it might be possible that very late hypertension onset age onset could even be 
protective against dementia. However, evidence in this study field is still very limited 
and the published studies have included individuals of very different ages. Indeed, 
several studies have demonstrated a highly age-dependent relationship between BP 
exposure and cognitive outcome assessment (120,122,126,171). These findings are 
likely explained by the normal pathophysiological changes experienced in aging, 
indicating that a high BP throughout the majority of an individual’s lifetime is 
detrimental for her/his cognition. However, a BP increase in late-life could arise 
from the physiological and necessary compensatory mechanisms to ensure sufficient 
blood flow to the brain through stiffened arteries caused by normal vascular aging 
(62). Consequently, a high BP in the elderly has also been observed to prevent 
dementia (134,135,256). Similarly to previously described risk for CVD, the 
cumulative effects of long-term BP exposure during the life course is therefore 
presumably an important contributor also for cognitive decline (172,173,180). All in 
all, assessing the age of hypertension onset along with current BP in hypertensive 
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individuals could improve the risk-stratification of cognitive impairment by 
representing the lifetime hypertension chronicity. This could result in diminishing 
unnecessarily strict BP control in old age patients. 

Contrary to the observed effect on cognitive function, we did not detect an 
association between hypertension onset age and structural brain changes, such as 
decreased brain volumes, in midlife. However, the majority of the age-related 
differences in brain volumes as quantified with MRI have been suggested to occur 
gradually and only after 50 years of age (257). Therefore, the potential harms of 
early-onset hypertension on major structural brain changes might only be evident in 
older study populations. Yet, it is possible that cerebral microbleeds had been evident 
already among these younger individuals with early-onset hypertension, however 
this data was not available in our study. These findings could indicate that 
hypertension, and its age of onset, initially impacts on cognitive function in younger 
individuals, which might eventually later be detected as neuroanatomical changes in 
the elderly (258,259). However, these initial effects on cognition might be detectable 
by using more advanced brain imaging techniques which also capture the functional 
brain properties (260). Nevertheless, assessing the age of hypertension onset could 
aid in distinguishing the individuals at a high-risk for impaired cognitive function, 
and thereby improve the treatment strategies in hypertensive individuals. 
Nonetheless, it evident that assessing the hypertension onset age by self-report in 
individuals with potentially decreased cognitive capacity might lack precision and 
reliability. Thus, objective ways to define the age of hypertension onset may be 
preferable methods when assessing the risk that an individual will suffer a cognitive 
decline. 

6.5 Association between self-reported age of 
hypertension onset and organ damage (II and 
III) 

Based on the results of Study II and Study III, the association between self-reported 
hypertension onset age and presence of HMODs seems inconsistent. Here, we 
observed that self-reported early-onset hypertension was more strongly related to an 
increased odds of ECHO-LVH, LVDD, and coronary calcification among the 
CARDIA study participants, as compared to self-reported late-onset hypertension. 
These associations between self-reported hypertension onset age and HMODs seem 
to be comparable with those obtained using objectively defined hypertension onset 
age. However, the difference in odds of HMODSs between early- and late-onset 
hypertension was not as robust when defined by self-report, supporting the 
agreement analyses, indicating that self-reported hypertension onset age does have 
satisfactory sensitivity but lacks some sensitivity in determining the actual onset age 
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of hypertension. Furthermore, in our other distinct population study sample, the self-
reported hypertension onset age was not associated with ECG-LVH more strongly 
than the overall onset of hypertension at any age. These differences might be caused 
by several factors. First, previous data suggests that ECG-LVH lacks sensitivity in 
detecting anatomical LVH (261), and therefore echocardiographic LVH is 
presumably a more accurate method for distinguishing the actual presence of LVH 
(262). Second, the study populations differ from each other as the CARDIA study 
involved both African American and white US citizens, whereas the Health 2000 
survey examined only white Finns. Third, the Study III sample included slightly 
older individuals compared to those in Study II. Fourth, the study designs were 
markedly distinct considering the cross-sectional study nature of the Health 2000 
survey and in comparison, the prospective design of the CARDIA cohort study 
including up to 30 years of follow-up. Thereby, no clear conclusions can yet be made 
based on these two study findings and further investigations are needed. 

Although no previous evidence exists on the relations between self-reported 
hypertension onset age and CVD, previous studies have successfully used self-report 
as a method to determine the hypertension onset age in the context of other research 
areas (182–184). In the everyday clinical setting, physicians might struggle with 
gaining access to previous medical records and gathering information from 
previously obtained objective measures of health. Thus, assessing the age of 
hypertension onset could still be convenient for clinicians treating hypertensive 
patients without access to longitudinal BP data. Despite the potentially linear 
association between age of hypertension onset and adverse outcomes, defining early-
onset hypertension by a specific age-threshold could be useful in describing a more 
precise risk estimate also for physicians. Novel methods to improve risk assessment 
in these individuals with LVH could have important clinical implications, as BP 
treatment induced regression of echocardiographic LVH and ECG-LVH has been 
demonstrated to improve the prognosis of CVD (263,264). However, the clinical 
applicability of self-reported hypertension is likely to depend on the individual’s 
ability to recall his/her previous state of health and hypertension diagnosis, which 
might cause notable between-individual variation. Given that hypertension is a 
symptomless disease, distinguishing between age of hypertension onset and age at 
hypertension diagnosis is likely to be unachievable. Nevertheless, an assessment of 
self-reported hypertension onset age could represent a feasible supplemental method 
to be implemented in everyday clinical practice in order to optimize the risk-
stratification of hypertensive individuals. 
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6.6 Strengths and limitations of the study 
The strengths of this study include a large, multiethnic, and socially diverse 
CARDIA study cohort. Additionally, participants joining this prospective study were 
in their early adulthood during study enrollment and have undergone up to 30 years 
of follow-up with 9 regularly conducted follow-up examinations. The participation 
rate at Year 30 examination was approximately 65.7% of the initial cohort. However, 
the brain MRI substudy in Study IV included fewer individuals (17.8% of Year 30 
examination participants). Additionally, assessment of other brain MRI measures, 
such as white matter hyperintensities, could have provided more information about 
the impact of hypertension onset age on cognition. Given the observational nature of 
the CARDIA study, we applied a case-control study setting which has some 
limitations in the level of evidence provided. The CARDIA study participants BP 
levels and antihypertensive medication use were serially documented throughout the 
follow-up, allowing a precise estimation of hypertension onset age since only a few 
individuals had developed hypertension before the study was initiated. However, we 
were unable to consider the intensity of antihypertensive treatment, or the effect of 
different antihypertensive medication use throughout the follow-up. Even though we 
did not observe an association between early-onset hypertension and albuminuria, 
this might have been due to the use of RAAS inhibitors which might have prevented 
development of albuminuria. Additionally, considering the follow-up study design 
and lack of elderly participants in the CARDIA study, our results may not be 
generalizable to the entire social population. 

Self-administered questionnaires were used to collect information on self-
reported age of hypertension onset from the participants. Therefore, we had no 
information on the initial source of the self-reported hypertension and distinguishing 
between the timing of hypertension onset and hypertension diagnosis was not 
possible. We drew all sample characteristics from the same examination during 
outcome assessment, although use of baseline covariates could have enabled a more 
longitudinal study analyses. We also included participants from another cross-
sectional study consisting of slightly older Finns, who were randomly drawn from 
the general community population register. Even though no objective BP 
measurement data were available and ECG-LVH was the only available assessed 
HMOD, this distinct study sample did allow us to evaluate the extent of this 
phenomenon in another population. Due to these epidemiologic study designs, we 
were able to determine associations, which do not necessarily imply a causal effect. 
Nevertheless, we have provided novel insights about the feasibility of both 
objectively and self-reported hypertension onset age. 
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6.7 Clinical implications 
In clinical practice, making an assessment of age of hypertension onset instead of 
paying attention to only current BP levels, could offer considerable advantages for 
evaluating the chronic stage of hypertension. The clinical feasibility of previously 
introduced BP indices to assess long-term BP exposure have remained poor given 
the requirement of having access to numerous previously documented BP 
measurements and the complexity of the proposed calculation methods. Compared 
to these other longitudinal BP indices, age of hypertension onset offers a simplified 
constant two-digit attribute which could be documented into patient records to 
evaluate the patient’s cumulative lifetime BP burden. This information describing 
the hypertension chronicity could be easily considered in the clinical risk 
stratification methods and it could be a feasible alternative for considering the 
patient’s theoretical BP load. Consequently, improved prediction of future CVD and 
other adverse outcomes, might be achieved. Moreover, this method provides a more 
individualized and patient centered approach for management and treatment of 
hypertension, which could in turn improve the patient’s motivation to treatment. The 
reversibility of HMODs also emphasizes the window of opportunity to optimize 
antihypertensive treatment in these individuals. Better consideration for each 
patient’s individual values may in turn motivate him/her to undertake the necessary 
lifestyle changes and possibly even improve his/her adherence to treatment. 

Overall, the age of hypertension onset could act as a patient-specific assessment 
with good applicability for health care professionals while engaging patients to 
actively participate in decision-making of their own state of health. By incorporating 
patient values and preferences in the management of hypertension, a more patient 
centered care could be offered. For clinicians, practical and time-efficient methods 
are crucial in order to provide the most beneficial impact for the entire community. 
Considering the pragmatic approach of this method, it might have important clinical 
implications especially for primary care physicians. Additionally, as hypertension 
onset age improves the estimation of hypertension heritability, information of the 
patient’s parents should also be determined to simultaneously assess the risk of 
hypertension in his/her offspring. Given that physicians might struggle with access 
to patients previously obtained objective BP data from different health care providers 
or even access to older medical records, many physicians may need to rely on self-
reported information about hypertension onset age. However, preliminary results 
indicate that this could also be a sufficiently satisfactory source of information. 
Therefore, it is recommended that clinicians should document the age of 
hypertension onset for their newly diagnosed hypertensive patients. 
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6.8 Future prospects 
Findings from this study describe the potential predisposing factors and risks of 
adverse outcomes related to early-onset hypertension. However, there are only a few 
studies which have considered the age of hypertension onset in their analyses. Thus, 
more research is needed to investigate this phenomenon in both similar and different 
study populations with even longer follow-up times extending over the entire 
lifespan. Moreover, these results should also be replicated in other studies in order 
to further address whether the applied study design would have an effect on the 
findings, which would therefore impact the potential clinical feasibility of assessing 
hypertension onset age. Additionally, the current evidence so far is mostly based on 
observational studies as ways of providing evidence about the harms and prognosis 
of early-onset hypertension. Therefore, interventional study designs and settings will 
be necessary to clarify the potential causal relationship and to decrease the potential 
risk of research bias. Randomized clinical trials could be carried out to examine the 
potential effect of different therapeutic interventions, including antihypertensive 
treatment strategies, depending on the subject’s age of hypertension onset. 

To date, no universal definition for early-onset hypertension exists and likewise 
there is no clear consensus about the BP thresholds to define the onset of 
hypertension. Evaluating the pros and cons of different BP thresholds and age of 
onset definitions could further improve our understanding of this phenomenon. 
Similarly, the underlying mechanisms causing early-onset hypertension, such as the 
potential impact of EVA, demand more focus. With accumulating evidence, new 
improved risk prediction models for hypertensive individuals could possibly be 
implemented into clinical practice. In the future, the assessment of hypertension 
onset age could potentially be added to the clinical guidelines for the management 
of hypertension. Different treatment and management strategies for hypertension 
may be called for according to both the current chronological age of the patient and 
their age of hypertension onset. Therefore, hypertensive individuals could be 
assigned to different BP target and risk levels depending on their current age and 
their hypertension onset age. Given its genetic underpinnings, in the future, early-
onset hypertension might even be considered as a distinct hypertension subtype. 
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7 Summary/Conclusions 

In this thesis we aimed to elucidate the correlates of early-onset hypertension and the 
role of early hypertension onset age in relation with an individual having end-organ 
damage in midlife. In addition, we assessed the feasibility of different methods to 
assess age of hypertension onset and also discussed the potential clinical significance 
of these findings. 

We identified African American ethnicity, diabetes, and obesity as potential risk 
factors for developing early-onset hypertension. Individuals with early hypertension 
onset age seem to experience a clustering of commonly distinguished CVD risk 
factors. Unfortunately, no standard definition for early-onset hypertension yet exists. 
Nevertheless, targeted screening strategies may be called for these individuals at 
high risk for having early-onset hypertension. 

Furthermore, we observed that early-onset hypertension is associated with 
increased odds of having LVH, LVDD and coronary calcification by midlife. 
Similarly, an early age of hypertension onset was related to impaired midlife 
cognitive function. In contrast, late-onset hypertension was not associated with the 
aforementioned outcomes. Overall, hypertension that begins in early life appears to 
be more detrimental compared to hypertension that initially appears only later in life. 
Interestingly, the impact of the hypertension onset age on adverse events seems to 
be noteworthy irrespective of the present BP level during the outcome assessment. 
It is presumable that the long-term lifetime exposure to high BP is a major factor 
contributing to adverse events in later life. The age of hypertension onset is likely to 
represent the individual’s cumulative lifetime burden of high BP in a similar manner 
as several other previously introduced longitudinal BP measures. However, the 
assessment of hypertension onset age could possibly provide an even more 
advantageous method for incorporation into clinical practice due to its simplicity and 
feasibility. 

Our findings also suggest that the age of hypertension onset could also be 
assessed rather reliably by using self-reported information. Even though objective 
measures are probably the most optimal and precise way to define hypertension 
onset, self-reported hypertension onset age could serve as a practical and pragmatic 
approach and one which could be applied in clinical practice to assess the chronicity 
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of hypertension. In addition, evaluating the age of hypertension onset could 
simultaneously be used to estimate hypertension heritability in these individuals, and 
their offspring. It seems that the most optimal method to define the age of 
hypertension onset still remains to be determined. Nevertheless, the assessment of 
the hypertension onset age, even if this information is obtained by patients’ self-
report, could feasibly improve the risk assessment of hypertensive individuals 
particularly in primary health care. This could aid in distinguishing the high-risk 
individuals in need for enhanced hypertension treatment strategies from those who 
are less likely to benefit from antihypertensive therapy. 

Given its distinct features and established genetic underpinnings, in the future, 
early-onset hypertension may potentially even be considered as a distinct 
hypertension entity. The potential underlying mechanism of early-onset 
hypertension may be related to accelerated vascular aging, leading to various adverse 
events. An appreciation of this phenomenon could lead to the discovery of novel 
tools for diagnostic purposes and potential targets for therapeutic interventions. 
However, more research will be required on this topic and the overall level of 
evidence on the impact of early-onset hypertension is still limited. Nonetheless, the 
current evidence suggests that individuals with established hypertension already at a 
very young age might need more rigorous actions to achieve hypertension control in 
order to improve the long-term lifetime prognosis of hypertension. 

In conclusion, findings from this thesis further emphasize the importance of 
assessing the age of hypertension in individuals with hypertension in clinical 
practice. Therefore, physicians should be aware of the age at which their patients 
initially became hypertensive, rather than simply being satisfied with diagnosing the 
presence or absence of hypertension. Future studies will be needed to clarify the 
impact of this phenomenon in different study settings and populations. 
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