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ABSTRACT  

BACKGROUND   

Pulse pressure (PP) reflects the age-related stiffening of the central arteries, but no study 

addressed the management of the PP-related risk over the human lifespan.   

METHODS    

In 4663 young (18-49 years) and 7185 older adults (≥50 years), brachial PP was recorded over 

24-hour.  Total mortality and all major cardiovascular events combined (MACE) were co-primary 

endpoints.  Cardiovascular death, coronary events and stroke were secondary endpoints.   

RESULTS   

In young adults (median follow-up, 14.1 years; mean PP, 45.1 mmHg), greater PP was not 

associated with absolute risk; the endpoint rates were ≤2.01 per 1000 person-years.  The 

adjusted hazard ratios expressed per 10-mmHg PP increments were less than unity (P≤0.027) 

for MACE (0.67; 95% CI, 0.47-0.96) and cardiovascular death (0.33; 95% CI, 0.11-0.75).  In 

older adults (median follow-up, 13.1 years; mean PP, 52.7 mmHg), the endpoint rates, 

expressing absolute risk, ranged from 22.5 to 45.4 per 1000 person-years and the adjusted 

hazard ratios, reflecting relative risk, from 1.09 to 1.54 (P<0.0001).  The PP-related relative risks 

of death, MACE and stroke decreased >3-fold from age 55 to 75 years, whereas absolute risk 

rose by a factor 3.    

CONCLUSIONS   

From 50 years onwards, the PP-related relative risk decreases, whereas absolute risk increases.  

From a lifecourse perspective, young adulthood provides a window of opportunity to manage 

risk factors and prevent target organ damage as forerunner of premature death and MACE.  In 

older adults, treatment should address absolute risk, thereby extending life in years and quality.  
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INTRODUCTION  

Over the human life span, ageing and age-related risk factors, such as hypertension, renal 

dysfunction and type-2 diabetes, lead to stiffening of the central elastic arteries.  As a 

consequence, the systolic load on the arterial walls is cushioned less, a phenomenon further 

amplified by the early return of reflected waves in early systole, while the tensile force 

maintaining a continuous blood flow during diastole diminishes.1  From middle age onwards, 

pulse pressure (PP), the difference between systolic and diastolic blood pressure (BP), 

widens because systolic BP continues to rise until old age, whereas diastolic BP decreases.2   

Numerous studies in patient3-5 and population6,7 cohorts demonstrated that adverse 

health outcomes were positively associated with higher brachial PP, a commonly used 

marker of arterial stiffness derived from office4,7 or ambulatory3,5 BP readings.  From young 

to old age, the risk carrying BP component gradually shifts from diastolic to systolic BP.5,6  

However, to the best of our knowledge, no previous study differentiated between the 

absolute and relative risks associated with PP.  This issue is not trivial, given that a 

life-course prevention of the cardiovascular complications associated with arterial stiffening1 

and hypertension8 is of paramount importance from young adulthood onwards.  In general, 

relative risk is high in young adults, whereas absolute risk only starts rising from middle age 

onwards with competing contributions of cardiovascular and non-cardiovascular disease to 

all-cause mortality.9,10  From this perspective, we analyzed the International Database on 

Ambulatory Blood Pressure in Relation Cardiovascular Outcome (IDACO) database11 to 

evaluate the relative and absolute risk associated with PP in young and old adults and to chart the lifecourse 

prevention of cardiovascular disease associated with arterial stiffening.1   
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METHODS  

Study participants  

All population studies included in the IDACO database11 received ethical approval from the 

Institutional Review Boards in their country of origin and adhered to the Declaration of Helsinki.12  

Participants provided informed written consent.  The IDACO database, constructed and maintained 

in Leuven, did not include any data allowing identification of individuals.  In line with national 

regulations, Review Boards either waived or provided ethical clearance for the secondary use of the 

IDACO data.  Population studies qualified for inclusion, if the ambulatory BP and cardiovascular risk 

factors had been measured at baseline and if follow-up included both fatal and non-fatal outcomes.  

Across all studies, baseline data were collected from May 1988 until August 2010 and follow-up data 

from August 2007 to October 2016 (Supplementary Table S1 online).  The references available in the 

supplementary online material describe the design of the 13 studies (Supplementary Table S2 

online).   

Ambulatory blood pressure monitoring  

For ambulatory BP monitoring (Supplementary Table S3 online), portable oscillometric 

monitors were programmed to obtain readings at 30-minute intervals throughout the whole 

day or at intervals of 15 to 30 minutes during daytime and at intervals ranging from 20 to 60 

minutes during nighttime.  Ambulatory recordings had to include at least 6 daytime and 3 

nighttime readings.13  Mean arterial pressure was diastolic BP plus one third of PP.   

Ascertainment of endpoints  

We ascertained vital status and the incidence of fatal and non-fatal endpoints 

(Supplementary Table S4 online) from the appropriate sources in each country.  The 

co-primary endpoints were total mortality and a composite cardiovascular outcome consisting 

of cardiovascular mortality, including sudden death, non-fatal coronary events, coronary 

revascularization, heart failure and stroke.  Secondary endpoints included cardiovascular 

mortality, fatal and non-fatal coronary endpoints, and fatal and non-fatal stroke excluding 

transient ischemic attack.  All endpoints were validated against medical records held by 

primary care physicians, specialists or hospitals.  In all outcome analyzes, only the first event 
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within each category was considered.  Participants free of events were censored at last 

follow-up.   

Statistical analysis  

For database management and statistical analysis, SAS software, version 9.4, maintenance 

level 5 (Cary, NC, USA) was used.  We applied the Kolmogorov-Smirnov test for assessing 

the normality of distributions.  For between-group comparison of means and proportions, we 

applied the large-sample z-test and Fisher exact test, respectively.  After stratification for 

cohort and sex, we interpolated missing values of body mass index and serum cholesterol 

from the regression slopes on age.  In participants with unknown status of smoking, drinking, 

diabetes, or history of cardiovascular disease, we set the variable to the cohort- and 

sex-specific mean of the codes (0, 1).  In exploratory analyses, the incidence rates of the 

primary and secondary endpoints were categorized by fourths of the PP distribution.  Rates 

were standardised by the direct method for cohort, sex and age, as appropriate, and 95% 

confidence intervals were computed based on the gamma-distribution as proposed by Fay 

and Feuer.14   

Hazard ratios associated with a 1-SD increment in PP (10 mmHg) were estimated from 

multivariable-adjusted cause-specific Cox regression, accounting for cohort (using design 

variables), and baseline characteristics including age, body mass index, 24-hour mean 

arterial pressure, 24-hour heart rate, smoking and drinking status, serum cholesterol, 

antihypertensive drug intake, history of cardiovascular disease, and diabetes.15  To adjust for 

cohort, we pooled participants recruited in the framework of the European Project on Genes 

in Hypertension (Gdańsk, Kraków, Novosibirsk, Padova and Pilsen; Supplementary Table S1 

online).  We checked the proportional hazards assumption for PP by the Kolmogorov-type 

supremum test and by testing the interaction between BP and follow-up time.  Significance of 
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the trends in the hazard ratios associated with PP across increasing age categories in older 

adults (50-59, 60-69 and ≥70 years) were assessed by introducing an interaction term in the 

Cox models.  We plotted cumulative incidence rates and estimated 5-year absolute risks 

from the Fine and Gray proportional sub-distribution hazards model taking into account 

competing non-cardiovascular mortality in analyzes of cardiovascular death.16    

RESULTS  

Baseline characteristics  

Of 13,728 people included in the database, we excluded 1880, because they were 

adolescents younger than 18 years (n=317), or because their ambulatory BP recording 

included fewer readings than the required number (n=1563).  This left 11,848 individuals for 

statistical analysis (Table 1).  Missing values of body mass index (n=33), serum cholesterol 

(n=822), smoking (n=79) and drinking (n=826) status, diabetes (n=5), or history of 

cardiovascular disease (n=1) were interpolated or set to the cohort- and sex-specific means.  

Table 1 lists the baseline characteristics of the participants.  Mean age at enrollment was 

52.9 years.   

The median number of ambulatory readings recorded over 24-hour was 55 (5th-95th 

percentile interval, 34-81), ranging across cohorts (Supplementary Table S3 online) from 37 

(5th-95th percentile interval, 26-42) to 80 (5th-95th percentile interval, 67-83).  Among all 

participants, the 24-hour BP averaged 123.6 mmHg systolic and 73.9 mmHg diastolic and 

PP 49.7 mmHg (Table 1).  Analyzed by 5-year intervals Supplementary Figure S1 online), 

systolic BP increased over the whole age span, while diastolic BP increased until middle age 

and leveled off from age 50 onwards.  The association of PP with age was curvilinear with 

nadir at 40 years.  Below 50 years of age, 24-hour PP averaged (±SD) 45.1±6.9 mmHg 
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(Table 1 and Supplementary Figure S1 online and 52.7±9.7 mmHg in older adults 

(Supplementary Figure S2 online).  Mean arterial pressure increased of the whole life span.  

Incidence of endpoints  

Among 11,848 participants, median follow-up was 13.7 years (5th-95th percentile interval, 3.7-26.0 

years).  Across cohorts (Supplementary Table S1 online), median follow-up ranged from 4.0 years 

(5th-95th percentile interval, 3.5-7.6 years) to 24.5 years (5th-95th percentile interval, 8.6-27.8 

years).  During 162,367 person-years of follow-up (Supplementary Table S5 online), 2846 participants 

died (17.5 per 1000 person-years; 95% confidence interval [CI], 17.3-17.7) and 2093 experienced a 

cardiovascular endpoint (14.3; CI, 14.1-14.5).  The corresponding number of endpoints (rates) for the 

secondary endpoints (Supplementary Table S5 online) were 1102 (6.85) for cardiovascular mortality; 

932 (6.20) for coronary endpoints; and 846 (5.22) for stroke.  The cohort- and sex-standardized rates 

of the primary and secondary endpoints increased with older age (P<0.001; Supplementary Table S5 

online).  Further analyses were stratified by 50 years (<50 vs ≥50 years).   

Young adults  

Incidence rates were categorized by increasing fourths of the PP distributions.  Median 

observation time in the younger cohort was 14.1 years (5th-95th percentile interval, 4.0-26.5 

years).  In younger adults, absolute risk captured by the incidence of the primary and 

secondary endpoints (Supplementary Table S6 online) did not increase with higher PP 

(0.072≤P≤0.71).  Similarly, among younger adults, the multivariable-adjusted hazard ratios 

relating primary or secondary (Table 3) endpoints to PP were all less than unity; the hazard 

ratios for the composite cardiovascular endpoint and cardiovascular mortality reached 

significance: 0.67 (CI, 0.47-0.96; P=0.027) and 0.46 (CI, 0.21-0.99; P=0.008), respectively.   

Older adults  

Median follow-up of the older cohort was 13.1 years (5th-95th percentile interval, 3.3-25.6 

years).  Among older adults, the standardized rates of all endpoints rose across increasing 

PP quartiles (P≤0.029; Table 3).  With adjustments applied for cohort and sex, the incidence 

of the primary (Figure 1) and secondary (Supplementary Table S3 online) endpoints 
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augmented with higher PP category.  Additional age adjustment lowered the rate ratio 

comparing the upper versus the lower PP quartile from 2.41 (CI, 2.14-2.72) to 1.36 (CI, 

1.20-1.53) for total mortality and from 2.95 (CI, 2.55-3.41) to 1.93 (CI, 1.67-2.24) for the 

composite cardiovascular endpoint (Figure 1).  For cardiovascular mortality, coronary 

endpoints and stroke, these rate ratios were 3.87 (CI, 3.14-4.76) vs 2.09 (CI, 1.69-2.58), 2.63 

(CI, 2.12-3.26) vs 1.97 (1.58-2.46), and 3.78 (CI: 2.96-4.82) vs 2.35 (CI: 1.83-3.02), 

respectively (Supplementary Table S3 online).   

In older participants (Table 3), all primary and secondary endpoints were significantly 

(P<0.0001) associated with PP with hazard ratios ranging from 1.09 for total mortality to 1.54 

for cardiovascular death.  However, across the three age classes (50-59, 60-69 and ≥70 

years), the hazard ratios, expressing relative risk, weakened with older age; the decrease in 

relative risk expressed as e powered to the difference of the hazard ratio on the natural 

logarithmic scale in participants aged ≥70 years minus the corresponding hazard ratio in 

adults aged 50-59 years (i.e., the ratio of the hazard ratios) ranged from 0.70 to 0.83, 

reaching significance (P≤0.034) for total mortality, the composite cardiovascular endpoint 

and stroke (Table 3).  Sensitivity analyzes of the primary endpoints, only including untreated 

participants without history of cardiovascular disease at baseline or only 24-hour ambulatory 

recordings with at least 10 daytime and 5 nighttime readings, produced confirmatory results 

as shown for the composite cardiovascular endpoint (Supplementary Table S7 online).  

Similarly, replacing 24-mean arterial pressure by 24-hour diastolic BP in the 

multivariable-adjusted Cox models did not materially change the results.    

Heatmaps were constructed to show the contributions of age and PP, both analysed as 

continuously distributed variables, to the 5-year risk of experiencing a primary (Figure 3) or 

secondary (Supplementary Table S4 online) endpoint.  Both age (P<0.0001) and PP 

(P≤0.009) were significant drivers of the 5-year risk with the exception of PP in relation to 
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cardiovascular mortality (P=0.12; Supplementary Table S4 online).  For total mortality, the 

composite cardiovascular endpoint and stroke the 5-year risk decreased with higher age 

(P≤0.034) with similar trends for cardiovascular mortality and coronary endpoints.  For total 

mortality (Figure 2, panel B), the 5-year age-related risk, irrespective of PP, increased 6- to 

9-fold, while with PP increasing from 40 to 56 mmHg, the 5-year risk increased by 61% 

(2.1/1.3%) at 55 years, but only by 16% (13.9/12.0%) at ≥75 years.  For the composite 

cardiovascular endpoint (Figure 2, panel C) and stroke (Figure S4, panel D), at 55 vs ≥75 

years, the PP-related risk increment was 69% (4.9/2.9%) vs 17% (12.0/10.3%) and 112% 

(1.9/0.8%) vs 3% (3.7/3.6%).   

DISCUSSION  

Using 24-hour ambulatory monitoring, the state-of-the-art method in BP assessment,17 we 

demonstrated that below 50 years of age, higher PP associated with lower risk.  In older 

adults, the incidence of death, the composite cardiovascular endpoint and the three 

secondary endpoints showed a direct and graded positive association with PP.  From 50 

years onwards, absolute risk as captured by the incidence of endpoints steadily increased.  

Age was the predominant driver of mortality and cardiovascular complications in the older 

adults.  Nonetheless, adjustment for age on top of cohort and sex attenuated, but did not 

remove, the graded rise in the rates of the primary and secondary endpoints across 

increasing PP quartiles.  In heatmaps showing the fully adjusted risk associated with PP and 

age, both analysed as continuously distributed variables, the relative risk of death, a 

cardiovascular endpoint or stroke in relation to PP decreased >3-fold, whereas absolute risk 

rose by a factor 3.   
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Absolute vs relative risk  

No process other than ageing has greater effect on arterial stiffening.1  When it comes to 

absolute risk, age beats all other risk indicators by far (Table S5).  However, absolute risk 

only starts rising from middle age onwards with competing contributions of cardiovascular 

and non-cardiovascular disease to total mortality and morbidity.10  Death rates due to 

non-cardiovascular disease decline with advancing age with an opposite lifetime course for 

cardiovascular disease.18  Furthermore, population studies of cardiovascular risk factors 

revealed that relative risk declines with ageing.9,10  In worldwide analyses of cardiovascular 

risk factors, including high BP, impaired fasting plasma glucose, hypercholesterolaemia and 

tobacco smoking, the Global Burden of Disease Investigators established that the inverse 

association between relative risk and age is roughly log-linear.9  The extrapolated age, at 

which relative risk reaches unity, was between 100 and 120 years.9   

The opposing age-related trends in relative and absolute risk have great clinical 

relevance.  Arterial stiffening occurs as a consequence of degradative processes in the wall 

of the large elastic and muscular arteries driven by the pulsatile BP load,1 cross-linking of 

elastin and collagen fibers by non-enzymatic glycation,19 calcium deposition accompanying 

atherosclerosis, and changes in the endothelial transcriptome and metabolic dysfunction in 

response to pressure overload.20  These degenerative processes, initially asymptomatic, are 

superimposed on the background of genetic predisposition and lifestyle influences.  

Assuming reversibility of risk, addressing a risk factor at young age will decrease relative risk 

with little effect on absolute risk, whereas at the upper end of the age distribution, relative risk 

will be barely affected, but absolute risk will diminish, thereby enhancing life in calendar 

years and in quality.  In young adults, arterial stiffening as reflected by PP is a silent process 
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(Table S6 and Table 3).21  However, the crux of the matter is that proper management of risk 

factors in young asymptomatic adults21 prevents intermediate target organ damage and the 

subsequent progression to major fatal and non-fatal cardiovascular complications.  Thus, as 

highlighted by a recent review,1 addressing risk factors deteriorating the health status of 

arteries in young adults, moves the lifecourse trajectory of vascular disease to an optimal 

trajectory, whereas in the elderly such treatment extends life expectancy and reduces 

life-years lived with disability.   

 

Pathophysiology underpinning the findings  

Established pathophysiological concepts underpin the notion of a lifecourse management of 

cardiovascular risk factors causing arterial stiffening.1,22  Passive stiffness of the large elastic 

arteries is determined mainly by the extracellular matrix and to a much smaller extent by 

vascular smooth muscle cells anchored in the extracellular matrix by integrins.23,24  Elastin 

and collagen are the major constituents of the extracellular matrix in the media of the central 

elastic arteries.  Elastin provides reversible extensibility during systole, while collagen 

generates the tensile strength of the arterial wall.  As people age, the elastic fibers become 

fragmented and the mechanical load is transferred to collagen fibers, which are up to 1000 

times stiffer than elastin.22  This process already starts in young adulthood,1 but the 

deposition of elastin by vascular smooth muscle cells only occurs during fetal development 

and early infancy,24,25 and is switched-off thereafter.  This implies that elastin fiber damage 

is basically irreversible.  Instead, more collagen is produced, which decreases the 

elastin-to-collagen ratio and shifts the mechanical arterial properties towards the stiffer range 

of collagen fibers.  The stiffness of elastin and collagen fibers can be further increased 

through cross-linking by advanced glycation end-products, a process accompanying normal 
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ageing, but which is accelerated in diabetic patients.19  Aberrant protein-protein cross-linking 

between elastin and collagen occurring along the whole length of the elastin protein chain, 

prevents enzymatic digestion and collagen degradation.  Finally, the presence of calcium 

deposits in the media of large arteries is also age-related with a strong correlation between 

the aortic calcium content and arterial stiffness in humans.19   

 

Remarkably, in young adults the hazard ratio associating cardiovascular mortality with PP 

was less than unity and significant (P=0.008; Table 3).  The hazard ratios being lower than 

unity might be a chance finding due to the low number of cardiovascular endpoints in young 

adults.  The absence of any trend with PP in the standardized rates of cardiovascular 

mortality supports this interpretation (Table S6).  However, hazard ratios less than unity 

attained significance for not only for the composite cardiovascular endpoint and 

cardiovascular mortality, but as well for stroke, with a directionally similar hazard ratios albeit 

not formally significant for total mortality and coronary endpoints (Table 3).  Presumably, the 

most likely expalnation is that a high PP in younger adults does not principally involve arterial 

stiffening, but rather an hyperdynamic circulation, a larger cardiac stroke volume and during 

daytime a higher level of physical activity, which are all factors protective from a 

cardiovascular point of view.  Furthermore, in older adults, the age-related attenuation of the 

relative risk (Table 2 and Figure S4) associated with PP was weaker for cardiovascular 

mortality and coronary endpoints than for the other endpoints, albeit directionally similar.  

The particular characteristics of the coronary circulation might explain these observations.26  

Indeed myocardial contraction compresses the intra-myocardial blood vessels and limits 

blood flow, and diastolic rather than systolic BP drive the coronary blood flow.   
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Strengths and limitations  

Generalizability is among the strengths of our study.  Participants were randomly recruited 

from populations in 12 countries and 3 continents.  Endpoints were collected over a median 

of 13.7 years of follow-up and encompassed both fatal and nonfatal events, all adjudicated 

against the source documents available in each country.  Ambulatory BP monitoring is the 

state-of-the-art method in BP assessment.17  However, our study also has limitations.  

Foremost, the most accurate index of arterial stiffness is aortic pulse wave velocity,27 but 

compared with PP is more difficult to collect in large population cohorts.  Factors other than 

arterial stiffness influence brachial PP, such as heart rate, cardiac contractility, the venous 

left ventricular venous filling pressure, and the decrease in pressure amplification from 

central to peripheral arteries in ageing individuals.27  Nevertheless, aortic pulse wave 

velocity is correlated with all BP indexes,1 and most closely with PP.28  Furthermore, the 

correlation coefficient between central and peripheral PP is 0.95, so that central PP does not 

generate prognostic information over and beyond its peripheral counterpart.29  Second, 

Asians and South Americans were under-represented.  We had no information on Blacks of 

African descent or Blacks born and living in Africa, who generally are more susceptible to the 

complications of hypertension.30  However, several studies suggest that the association of 

mortality and cardiovascular complications with arterial stiffness is universal without sizable 

differences between ethnicities, when lifestyle is accounted for.22   

 

Conclusions  

Adverse health outcomes were not associated with PP in young adults.  In line with the 

lifecourse increase in arterial stiffness,1 in older adults, relative and absolute risks of fatal 

and non-fatal outcomes showed opposite age-related trends, relative risk decreasing and 
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absolute risk increasing with advancing age.  Although arterial stiffening is clinically silent 

below 50 years of age, young adulthood provides a window of opportunity to manage the risk 

factors promoting arterial stiffening and, further downstream, to prevent early target organ 

damage caused by the pulsatile flow in the microcirculation of the brain, kidney and heart.31  

Policies shifting focus from treating to preventing disease have the added benefit of creating 

awareness, empowering individuals and promoting self-management.  In older adults with 

stiff arteries, even in the very elderly, therapeutic inertia is not an option and prevention, if 

possible primary prevention, is clinically mandatory, because it provides the lowest number 

to treat to avoid one fatal or non-fatal complication.32  
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Legends to figures   

Figure 1.  Cumulative incidence of the primary endpoints by pulse pressure quartiles in older adults.  The 

incidence of total mortality (A, B) and the composite cardiovascular endpoint (C, B) was first adjusted for cohort and 

sex (A, C) and next additionally for age (B, D).  Considering age significantly attenuated the gradient from the low to 

the high pulse pressure quartile (P<0.0001).  Tabulated data are the number of participants at risk and those 

experiencing an endpoint at 2-year intervals.   

Figure 2.  Heatmaps relating the 5-year risks of the primary endpoints to age and pulse pressure in older adults.  

Age was plotted along the horizontal axis and pulse pressure (PP) along the vertical axis.  Numbers in the panel A 

grid represent the percentage of participants within each age × PP cross-classification category.  Numbers in the 

other grids represent the 5-year risk of total mortality (B) and the composite cardiovascular endpoint (C) associated 

with age and PP.  Estimates were generated by Cox proportional hazard regression with age and PP analysed as 

continuous variables and adjusted for cohort, sex, body mass index, 24-hour mean arterial pressure, 24-hour heart 

rate, total cholesterol, smoking and drinking status, antihypertensive treatment at baseline and history of 

cardiovascular disease and diabetes.  Pint indicates the significance of the interaction term between age and PP.  

Models accounted for competing risks according to the Fine and Gray approach.   
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Table 1.  Baseline characteristics of participants by age group and overall  

Characteristic  

Age categories   

All ages  

18-49 y  50-59 y  60-69 y  ≥70 y  

No. in category  4663  2470  2263  2452   11,848  

No. with characteristic (%)        

Women  2531 (54.3)  1383 (56.0)  1192 (52.7)  777 (31.7)   5883 (49.7)  

Europeans  3097 (66.4)  1386 (56.1)  1060 (46.8)  1571 (64.1)   7114 (60.0)  

Asians  700 (15.0)  637 (25.8)  626 (27.7)  452 (18.4)   2415 (20.4)  

South Americans  866 (18.6)  447 (18.1)  577 (25.5)  429 (17.5)   2319 (19.6)  

Current smoking   1451 (31.1)  693 (28.0)  570 (25.5)  488 (19.9)   3202 (27.0)  

Drinking alcohol   2111 (45.3)  1179 (67.7)  1101 (48.7)  1124 (45.8)   5515 (46.5)  

Office hypertension   720 (15.4)  917 (37.1)  1124 (49.7)   1534 (62.6)   4295 (36.2)  

On antihypertensive treatment  226 (4.8)  535 (21.7)  644 (28.5)  949 (38.7)   2354 (19.9)  

Diabetes 116 (2.5)  181 (7.3)  263 (11.6)  306 (12.5)   866 (7.3)  

History of cardiovascular disease  145 (3.1)  251 (10.2)  409 (18.1)  509 (20.8)   1314 (11.1)  

Mean (SD) of characteristic        

Age, y  36.2±8.6  54.5±3.0  63.8±3.0  73.2±3.8   52.9±15.9  

Body mass index, kg/m2   24.5±4.2   26.2±4.5  26.0±4.5  25.6±4.0   25.4±4.4  

Office systolic BP, mmHg   120.4±16.0  132.2±21.0  140.9±23.9  148.2±24.4   132.5±23.3  

Office diastolic BP, mmHg   76.4±11.0  81.7±12.2  82.0±11.9  82.0±11.9   79.7±12.0  

Office PP, mmHg 43.9±10.6 50.6±14.8 59.0±18.6 66.4±19.1  52.8±17.6 

Office MAP, mmHg 91.1±11.9 98.6±14.1 101.7±14.7 104.4±14.4  97.4±14.5 

24-Hour systolic BP, mmHg  117.1±11.2  123.7±11.2  127.6±14.0  132.2±15.1   123.6±14.4  

24-Hour diastolic BP, mmHg   71.9±8.1  75.8±9.1  75.2±8.6  74.4±3.4   73.9±8.6  

24-Hour PP, mmHg  45.1±6.9  47.9±8.1  52.4±9.6  57.8±11.2   49.7±10.0  

24-Hour MAP, mmHg   87.0±8.7  91.8±10.1  92.6±9.7  93.6±9.7   90.4±9.8  
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24-Hour heart rate, bpm  74.5±9.0  72.5±8.5  71.3±8.8  69.5±9.6   75.5±9.2  

Serum cholesterol, mg/dL  204.7±43.3  224.4±43.2  228.3±47.1  224.1±37.9   220.5±47.2  

Abbreviations: BP, blood pressure; PP, pulse pressure, i.e., the difference between systolic and diastolic BP; MAP, mean arterial pressure 

derived as diastolic BP plus 1/3 of PP.  Current smoking (the daily use of smoking materials), drinking alcohol containing beverages 

occasionally or daily, the use of antihypertensive medications and a history of cardiovascular disease were assessed at baseline by 

questionnaire.  Office BP was measured using standard mercury sphygmomanometers or validated auscultatory or oscillometric devices and 

two measurements were averaged for analysis.  Office hypertension was a BP of ≥140 mmHg systolic or ≥90 mmHg diastolic or use of 

antihypertensive drugs.  Diabetes was a self-reported diagnosis, fasting blood glucose of ≥126 mg/dL (7.0 mmol/L), random blood glucose of 

≥200 mg/dL (11.1 mmol/L), or diabetes documented in practice or hospital records.  Body mass index was body weight in kilogram divided 

by body height in meter squared.  The 24-hour BP was recorded with validated oscillometric devices (see Supplementary Table S3 

online).  Serum cholesterol was measured by automated methods in certified laboratories.  To convert cholesterol to mmol/L, multiply by 

39.67.   
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Table 2.  Rates of primary and secondary endpoints by pulse pressure quartiles in older adults  

Pulse pressure index  

 

   Endpoint  

 
All participants  

aged ≥50 y  
 

Pulse pressure categories 

Ptrend  

Low  Low-Middle  High-Middle  High  

Quartile limits   …   <45.17  [45.17-51.19[  [51.19-58.76[  ≥58.76   

No. at risk   7185   1796  1797  1796  1796   

Primary endpoints          

Total mortality          

No. of deaths   2802   424  582  769  1027   

Rate, per 1000 person-years   28.2 (27.1-29.6)   17.8 (16.0-19.7)  22.5 (20.6-24.5)  31.6 (29.3-34.1)  48.5 (45.4-51.9)  0.008  

All cardiovascular endpoints          

No. of endpoints   1978   278  380  533  787   

Rate, per 1000 person-years   23.2 (22.1-24.6)   13.1 (11.5-14.9)  16.5 (14.8-18.4)  25.4 (23.2-27.8)  44.0 (41.0-47.5)  0.016  

Secondary endpoints          

Cardiovascular mortality          

No. of deaths   1078   124  192  276  486   

Rate, per 1000 person-years   11.3 (10.6-12.4)   5.36 (4.39-6.54)  7.56 (6.45-8.88)  11.8 (10.4-13.5)  23.9 (21.7-26.5)  0.014  

Coronary endpoints          

D
ow

nloaded from
 https://academ

ic.oup.com
/ajh/advance-article/doi/10.1093/ajh/hpab048/6158972 by guest on 19 M

arch 2021



 

No. of endpoints   869   132  169  216  352   

Rate, per 1000 person-years   9.87 (9.20-10.9)   6.13 (5.07-6.54)  7.59 (6.45-8.88)  11.8 (10.4-13.5)  18.0 (16.2-20.3)  0.029  

Stroke          

No. of endpoints   806   93  157  219  337   

Rate, per 1000 person-years   8.46 (7.85-9.48)   3.95 (3.12-5.01)  6.11 (5.15-7.30)  9.47 (8.20-11.1)  17.0 (15.1-19.3)  0.003  

Rates, given with 95% confidence interval, were standardized by the direct method for cohort, sex and median age.  Ptrend denotes the significance of the rate trends across 

increasing pulse pressure categories.   
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Table 3.  Hazard ratios for primary and secondary endpoints by age class  (starts)  

Endpoints   

Young  

adults  
 

Older  

adults  

18-49 y  ≥50 y   50-59 y  60-69 y  ≥70 y    Ptrend  

No. at risk   4663   7185   2470  2263  2452    

Primary endpoints            

Total mortality            

No. of deaths   144   2802   322  736  1744    

Hazard ratio   0.76   1.09   1.35  1.16  1.07  0.79  0.023  

95% confidence interval   0.55-1.06   1.04-1.14   1.13-1.61  1.06-1.29  1.01-1.12    

P value  0.110   <0.001   0.001  0.003  0.018    

All cardiovascular endpoints            

No. of endpoints   115   1978   283  502  1193    

Hazard ratio   0.67   1.11   1.46  1.17 1.08  0.74  0.034  

95% confidence interval   0.47-0.96   1.06-1.17   1.22-1.74  1.05-1.30  1.02-1.15    

P value  0.027   <0.001   <0.001  0.006  0.009    

Secondary endpoints            

Cardiovascular mortality            

No. of deaths   24   1078   104  235  739    

Hazard ratio   0.33   1.14   1.54  1.36  1.08  0.70  0.25  

95% confidence interval   0.11-0.75   1.07-1.22   1.15-2.07  1.16-1.59  0.99-1.17    

P value  0.008   <0.001   0.004  <0.001  0.050    

Coronary endpoints            

No. of endpoints   63   869   153  211  505    

Hazard ratio   0.65   1.17   1.41  1.15  1.18  0.83  0.450  

95% confidence interval   0.40-1.04   1.09-1.26   1.12-1.78  0.97-1.36  1.08-1.28    

P value  0.073   <0.001   0.003  0.090  <0.001    
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Stroke            

No. of endpoints   40   806   99  232  475    

Hazard ratio   1.06   1.12   1.43  1.23  1.08  0.75  0.014  

95% confidence interval   0.61-1.86   1.03-1.22   1.03-1.98  1.03-1.46  0.98-1.19    

P value  0.820   0.006   0.032  0.020  0.132    

Hazard ratios were adjusted cohort, sex, and baseline characteristics including age, body mass index, 24-hour mean arterial pressure, 24-hour heart rate, smoking and drinking, 

serum cholesterol, antihypertensive drug intake, history of cardiovascular disease, and diabetes.  Hazard ratio express the relative risk associated with a 1-SD increment (10 

mmHg) in pulse pressure.   is e powered to the difference of the proportional hazards on the natural logarithmic scale in participants ≥70 years minus 50-59 years.  Ptrend is the 

significance of the trend in the hazard ratios across age groups in older adults derived from an interaction term in the Cox models.     
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Figure 1 
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Figure 2 
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