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Abstract

Background—Some studies have shown a decline in blood pressure (BP) over the second half
of the twentieth century. However, the increasing prevalence of obesity may have opposite effects
on recent cohorts.

Method—Using serial BP data from the Fels Longitudinal Study, we examined secular trends in
mean BP, the rate of change in BP with age (slopes), and the influence of obesity (i.e., BMI) and
height on these trends during young-to-middle adulthood. The study sample consisted of 970
adults, aged 18-40 years, who were born between 1920 and 1979. Participants were grouped into
birth decade cohorts and had up to 11 serial measurements of SBP, DBP, and BMI. Sex-stratified
mixed longitudinal analyses were used to identify cohort effects on mean BP at ages 19, 29, and
39 years, and on the rate of change in BP with age.

Results—For both sexes, mean SBP did not vary significantly by birth cohort, before and after
adjusting for height and BMI. Mean DBP exhibited a U-shaped secular trend even after adjusting
for BMI and height that was influenced by age-by-cohort effects. By age 39 years, those born
most recently had the highest mean DBP.

Conclusion—There were cohort effects on the rate of change in DBP with age, but not on rate
of SBP change. The most recent cohorts had higher rates of DBP change with age compared to the
earlier cohorts. The secular trend was partially influenced by the trends in BMI.
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Introduction

Methods

The prevalence of stroke and high blood pressure (BP) has declined over the second half of
the twentieth century [1-5]. Both SBP and DBP from National Health and Nutrition
Examination Surveys (NHANES) | through 111 decreased by decade, for participants born
between the period of 1887 and 1975 [3]. Additionally, more recent birth cohorts have
exhibited smaller increases in BP with age than older birth cohorts [3]. Recent increases in
childhood [6] and adulthood [7-9] obesity, however, may potentially reverse or attenuate
previously observed decreasing trends in BP, as obesity is a significant risk factor for
hypertension. Whereas some studies have demonstrated a continuing secular decrease in BP
despite the increasing prevalence of obesity [5], others indicate that improvements in the
prevalence of hypertension have begun to level off [10]. Although recent evidence indicates
that between 2003 and 2006, the increases in childhood obesity have become non-significant
[11], the ramifications of increased childhood obesity are expected to continue into the
future as obese children tend to grow into obese adults [12-16].

Most of the evidence for secular trends in BP comes from large cross-sectional
epidemiological studies [3,10,17]. However, cross-sectional studies of secular trends have
several limitations, including potential sampling issues and the fact that cross-sectional data
cannot document individual rates of change in BP as each individual is measured only once.
Using longitudinal BP data from the Fels Longitudinal Study [18], we examine secular
trends in mean BP, the rate of change in BP with age, and the influence of concurrent
secular trends in obesity and height on both mean BP and the rate of change in BP with age
during early-to-middle adulthood.

The Fels Longitudinal Study

The Fels Longitudinal Study began in 1929 in southwestern Ohio (Yellow Springs/Dayton).
It is the world’s longest running study of human growth, development, and body
composition and is composed of mostly white participants residing in the greater Dayton,
Ohio area [18]. Participants were not recruited on the basis of having any particular
condition or risk factor, rather, these life-long participants were recruited based on a sample
of convenience, with the expectation of geographical stability and having attitudes
associated with long-term commitment. Measurements were, and continue to be, taken every
2-5 years during adulthood, depending on the participant’s age and proximity to the
research center.

At the socioeconomic level, Fels Longitudinal Study participants born prior to 1950 are
generally representative of national data, while in more recent years, the lowest
socioeconomic quintile has been somewhat under-represented. Sex-stratified prevalence
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rates of overweight and hypertension in Fels Longitudinal Study participants aged 20-34
and 35-44 years based on the most recent examination since 1999, are similar to NHANES
1999-2002 [19] values. Rates of overweight are slightly lower among Fels Longitudinal
Study participants (45.4-71.4 vs. 52.8-71.5%), and hypertension rates are slightly higher
(8.3-29.1 vs. 2.7-17.1%) compared to NHANES 1999-2002.

Study sample

Going back to 1929, the Fels Longitudinal Study consists of 1268 participants born between
1920 and 1979 and who were recruited before the age of 40 years. Across the entire 80-year
period, 970 (76%) adults (479 men and 491 women) born between 1920 and 1979 were
measured between the ages of 18 and 40 years and had at least one measurement of BP,
weight, and stature. Participants had visits between February 1947 and December 2009, and
had, on average, three serial measurements of BP, weight, and stature. Each participant was
categorized into birth cohorts by decade. Due to limited numbers of participants, the oldest
two birth cohorts, 1920-1929 and 1930-1939, were combined, resulting in five birth
cohorts. Measurements taken during pregnancy were excluded. There were a total of 3263
measurements. All protocols were approved by the Institutional Review Board of Wright
State University and informed consent was obtained at each study visit.

Blood pressure, stature, and weight

Seated BP (mmHg) was obtained through standardized protocols using a standard mercury
sphygmomanometer and appropriate cuff sizes [20]. Three measurements of SBP and 5th
phase DBP were taken with a 2-min rest between each determination. The second and third
BP determinations were used to calculate the mean SBP and DBP. Stature (cm) and weight
(kg) were measured using techniques according to the Anthropometric Standardization
Reference Manual [21,22], and BMI was calculated as [weight (kg)/stature? (m?)]. Stature,
weight, and BP have been collected since 1929 and the reliability, as measured by intraclass
correlation coefficients (ICCs) for both SBP and DBP, is consistently higher than 0.956. The
ICCs for stature and weight are consistently higher than 0.999.

Statistical analysis

In order to identify cohort effects (secular trends) in SBP and DBP, we used PROC MIXED
(SAS v 9.2; SAS Inc., Cary, North Carolina, USA) to fit sex-stratified mixed longitudinal
models with participant-specific random intercept and age effects and an unstructured
covariance matrix for these random effects. After testing for quadratic age effects within
cohorts, we found that whereas BP increased nonlinearly with age over the entire adult
lifespan, it was approximately linear between the ages of 18 and 40 years (the age range
common to all the birth cohorts). Thus, age, cohort, and cohort-by-age were included in the
model as covariates and the final model was:

BP;j=pBok cohort;r+bo;+B1x cohortiy, ® age;;+b1;age;;+ei;

where i indexes participants, j indexes observation times, k indexes birth cohorts, bg; and by;
represent the random intercept and age effects for the ith participant, respectively,
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Poxeohorti, and Bikcohort;y, are the cohort-specific intercepts and age effects, respectively,
where cohort; is 1 if participant i is in cohort k and 0 otherwise. Ages were centered at 29
years (the approximate middle of the age range) for ease of interpretation; thus, the intercept
Pok represents the estimated mean BP at age 29 years for cohort k. We compared mean BP at
ages 19, 29, and 39 years across cohorts. We chose these ages as representative of very early
adulthood, young adulthood, and middle adulthood. The rates of increase in BP with age
among the five cohorts were also compared using the slopes of the regression equations.

The influence of obesity and height on BP, two factors for which secular trends have been
documented and that are known to influence BP, was also investigated by including BMI
and height as covariates in the model (with BMI and height centered at their sex-specific
means). Thus, the resulting cohort effects estimate the secular trend in BP after removing
effects of any concurrent secular trends in obesity and height. We chose to use BMI instead
of weight because BMI is less correlated with height.

Pairwise comparisons of mean BP and changes in BP between the five cohorts were two-
sided and adjusted for multiple testing using the Holm—Bonferroni procedure with an overall
type | error rate of a equal to 0.05, and k equal to 10 tests [23].

Sample characteristics

Sample sizes and BP means by sex and cohort are shown in Table 1 (with individuals
possibly represented more than once within their birth cohorts). Note that among women,
there appears to be a linear secular trend in SBP, but not among men.

Secular trends in blood pressure

The fixed effect parameter estimates (Table 2) indicate that there are cohort effects in mean
SBP for women and in mean DBP for both men and women. There are also age-by-cohort
effects on SBP in men and for DBP in both men and women.

The predicted mean SBP and DBP values by cohort for this unadjusted model are plotted in
Figs 1 and 2 respectively at ages 19, 29, and 39 years (black bars). Men had greater mean
SBP (Fig. 1, black bars) and DBP (Fig. 2, black bars) than women in all cohorts, at every
age. After adjusting for multiple tests, there were no cohort differences in mean SBP at any
age for either men or women, as indicated by the similar letters (Fig. 1, black bars).

There were, however, significant differences in mean DBP between cohorts at all ages for
both sexes except women at age 29 years as indicated by the different letters in Fig. 2 (black
bars). For men at each age (19, 29, and 39 years) and for women at age 39 years, the cohort
differences appear to follow a U-shaped trend across birth cohorts. Differences in DBP
between cohorts, however, differ by age (due to the age-by-cohort effect).

In both sexes, when comparing between the earliest and latest birth cohorts (1920-1939 vs.
1970-1979), at age 19 years, the latest birth cohort has marginally lower mean DBP (68.3
vs. 71.2 mmHg in men and 62.7 vs. 66.0 mmHg in women). However, this slight secular
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improvement disappears at age 39, by which time (age) the latest cohort has significantly
higher DBP (84.2 vs. 76.4 mmHg in men and 74.1 vs. 70.2 mmHg in women). Thus, the
magnitude and direction of the overall secular trend in DBP depends on the period of
adulthood considered. Participants born more recently, on average, start adulthood (at age
19) with marginally lower DBP than those born in earlier cohorts, but enter middle
adulthood (at age 39) with significantly higher DBP.

With respect to the U-shaped secular trend, the cohort with the lowest predicted mean DBP
(nadir) among men and women is most often the 1950-1959 birth cohort. The secular
increase from the nadir is statistically significant (P <0.05) for men at all ages and for
women at age 39 years. Also, in men, the difference between DBP at the nadir and the
1970-1979 cohort becomes larger at older ages. For example, the difference in mean DBP
between the 1950-1959 and 1970-1979 cohorts is 4.8 mmHg (P <0.05) at age 19 years, 6.9
mmHg at age 29 years, and is 11.5 mmHg at age 39 years (Fig. 2, black bars). Among
women, the trend is less clear, with significant mean differences in the nadir and peak
occurring only in women at age 39 years. Thus, the magnitude of the secular increase in
DBP, particularly from the nadir, is larger during middle adulthood than it is during younger
adulthood.

Secular trends in the rate of change in blood pressure with age

The rates of increase in BP from age 18 to 40 years are shown in Fig. 3 (black bars). The
estimated cohort-specific rates ranged from 0.16 to 0.53 mmHg/year for SBP (Fig. 3, top
half black bars), and —0.07 to 0.80 mmHg/year for DBP (Fig. 3, bottom half black bars).
After adjusting for multiple comparisons, rates of change in SBP were not significantly
different between cohorts for either men or women.

There were significant cohort differences in the rate of change in DBP with age among both
men and women (Fig. 3, bottom half, black bars). In both men and women, the 1940-1949
cohort had the slowest rate of DBP change with age. Among men, each of the last three
cohorts (1950-1959, 1960-1969, and 1970-1979) had significantly greater rates of change
in DBP than each of the two earliest cohorts (1920-1939 and 1940-1949; P <0.05, adjusted
for multiple comparisons). Among women, the latest cohort (1970-1979) had a significantly
greater rate of change in DBP than the three earliest birth cohorts (P <0.05, adjusted for
multiple comparisons). The most recent cohort (1970-1979) had the highest rates of change
with age, with mean rates of increase of 0.80 and 0.60 mmHg/year for men and women,
respectively. These rates are approximately three times faster than the rate of DBP increase
in the first (1920-1939) cohort.

Influence of adiposity and height on secular trends in blood pressure

As shown in Table 3, BMI is significantly positively associated with BP. Because BMI was
centered at sex-specific mean values of 24.6 and 23.5 kg/m? for men and women,
respectively, in cohorts and ages wherein BMI tends to be less than these sex-specific
values, predicted mean BP increases after adjusting for BMI, as mean BP is predicted at a
higher BMI. Conversely, cohorts and ages with BMIs that tend to be greater than 24.6 and
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23.5 kg/m? for men and women, respectively, have lower predicted BP. Height was
significant for SBP in men, but not in women or for DBP in either men or women.

Predicted BP means after adjusting for BMI and height at ages 19, 29, and 39 years are
shown in Figs 1 and 2 for this adjusted model (white dotted bars), with the means from the
unadjusted models shadowed behind (black bars). The BMI adjustment does not alter any
relationship between birth cohorts for SBP (Fig. 1, dotted white bars), although it does
attenuate cohort differences in predicted mean SBP in both men and women at later ages
(age >29 years). Interestingly, although the secular trend is not significant at age 39 years
among women, predicted mean SBP increases slightly across cohorts when unadjusted for
BMI and height (black bars), whereas it decreases slightly after adjustment (white dotted
bars), thus demonstrating that raw SBP increases in this group are very much due to the
increases in BMI and height over time.

For DBP (Fig. 2, dotted white bars), the BMI and height adjustment attenuates some cohort
differences (e.g., women at 39 years) and magnifies others (e.g., women at age 19 and 29
years). Although adjustment for BMI and height changes the magnitude of mean DBP in
men, it does not alter the significant differences in cohorts. In women at age 19 and 29
years, the significance patterns change, due to an increase in the predicted mean DBP for the
1920-1939 cohort. Adjusting for BMI and height also changes the magnitude and
significance of the difference in the last two cohorts among women at age 39 years such that
the 1960-1969 and 1970-1979 are no longer significantly higher than the 1940-1949
cohort.

Secular trends in the rate of change in BP with age before (black bars) and after adjusting for
BMI and height (dotted white bars) are shown in Fig. 3. Adjusting for BMI and height did
not change the cohort differences in the rate of change in SBP (top half) and DBP (bottom
half) for either men or women, although all rates of change with age were attenuated.

Discussion

Several studies have shown that mean SBP, mean DBP, and the prevalence of hypertension
are decreasing [2-5,10,17] over time, whereas others have reported an opposite trend in the
prevalence of hypertension [24,25] and DBP [7,26,27]. Still others have found a U-shaped
trend in mean SBP [27,28] and mean DBP [28], or no significant trend in mean SBP [5,25]
or DBP [5,25,27]. Our data indicate that there is no secular trend in SBP and a curvilinear
(U-shaped) secular trend in DBP, even after adjusting for BMI and height.

It is possible that the different results across previous studies result from small snapshots of
long-term secular trends in BP. Due to limited ranges of ages and birth years, some studies
may have only captured the first or last part of a curvilinear trend. Some cross-sectional
studies, which consist of cohorts estimated by comparing population means at different time
periods, ignore periods (cohorts) that are intermediate to the earliest and latest periods
[29,30]. Such linear trends are, thus, based on the difference between the first and last
cohorts and show a decreasing (linear) trend when actually, the beginnings of a curvilinear
trend is starting to appear, particularly between the penultimate and most recent cohorts. For
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example, Knuiman et al. [29] report a decreasing linear trend in DBP from 1966 to 1981.
The 1978 and 1981 cohorts, however, are on an ‘upswing’ and have higher DBP means than
the lowest (1975) cohort [29]. This also occurs in the study by Sjol et al. [30] of BP in a
Danish population, in which at any given age and BP-percentile grouping, mean BP is
lowest in 1987 (from 1964) and begins to increase by 1991 [30]. In both of these studies, BP
was lower in more recent cohorts compared to the earliest cohorts; however, the most recent
cohorts did not have the lowest observed BP over the entire period studied.

Typically, in westernized countries, SBP increases with age, whereas DBP peaks at
approximately 50-60 years of age and then declines [3,31]. Previous studies suggest that the
increase in BP with age is slower or less steep in more recent cohorts [3]. In contrast, our
data indicate there are no significant differences between birth cohorts with respect to
increases in SBP with age, and that the increase in DBP with age is steeper in more recent
cohorts compared to earlier cohorts, even after adjusting for BMI.

We found that BMI did not explain all of the increasing trends in DBP. Adjusting for BMI,
however, did alter the magnitude of predicted mean SBP, DBP, and decreased the rate of
change in BP with age. One study found that despite increasing prevalence of overweight
and obesity, decreases in BP were evident [5]. Our study contradicts this study [5] and
others [10] that show improved (lower) cardiovascular disease risk factor profiles. Adjusting
for BMI also attenuated age-related differences (Figs 1 and 2). BMI tends to be higher at
older ages. After adjusting for BMI, there appears to be less difference in mean BP because
both age groups are set to the same BMI. This attenuation in age-related differences can also
be observed in the rate of change in BP with age (Fig. 3), wherein the rate of increase is less
steep after adjusting for BMI and height.

Because antihypertensive medication use has been posited as a possible reason for decreases
in BP and hypertension over time [3], we also examined the potential role of
antihypertensive medication separately (not shown). In our study sample, the prevalence of
hypertensive medication use in all cohorts was less than 7% (data not shown). We found no
differences in our comparisons of BP between cohorts, presumably due to low rates of
antihypertensive medication use before 40 years of age.

Our findings have public health implications because increases in BP are occurring in what
should be the healthiest segment of the adult population [26]. Generally, elevated SBP is
associated with arterial stiffness and loss of elasticity (distensibility), whereas DBP is
thought to reflect peripheral resistance [32,33]. Whereas many have found SBP to be more
highly related to vascular disease [34], wherein SBP and isolated systolic hypertension is
more prevalent in the elderly, DBP is more important as a risk factor for cardiovascular
disease among individuals less than 50 years of age [32,33,35,36]. Moreover, DBP is still an
important risk factor for other vascular problems as elevated DBP but not SBP, was recently
found to be an important risk factor for poor cognition [37]. Another point of concern is that
our data confirm that this segment of the population is unlikely to be using antihypertensive
medication or to have hypertension [26]; yet, it also shows that young, ostensibly healthy
adults are influenced by significant age-related increases in BP. These findings suggest that
in the near future, if intervention efforts to lower DBP are ignored, the prevalence of
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hypertension in young-to-middle adulthood may increase due to DBP staging (wherein DBP
levels are at a higher stage than SBP) [32,33]. Indeed, among normotensive adults from the
Minnesota Heart Study, mean DBP significantly increased in the 2000—2002 cohort
compared to the 1980-1982 cohort, whereas among hypertensive individuals, mean DBP
decreased [27], presumably due to the use of antihypertensive medication.

Very few studies are available to examine long-term secular trends with serial data.
Strengths of this study include the use of longitudinal data to determine individual changes
in BP with age. Furthermore, our study includes participants over a wide range of birth years
(1920-1979). It is possible that we would not have detected the curvilinear secular trend in
DBP with a smaller range of birth cohorts. The 22-year age range of observations also
allowed us to observe that the secular trend in BP differs at different stages of early
adulthood.

There are some limitations to this study. The sample size within each cohort is relatively
small compared to other surveys using national data [3,10,24,25,38]. However, though small
in participant number, our study uses serial data to estimate secular trends in BP as well as
changes in BP with age. Another limitation to this study is the generalizability of this study
due to the population and age range. This study can, at most, be generalized to US-based
non-Hispanic white adults of young-to-middle age who are, for the most part, normotensive.
We were not able to comprehensively examine the effects of diet [34,39-43], physical
activity [44,45], and smoking [45,46], as these data were not collected over the entire study.
We were, however, able to examine the influence of other factors, including concurrent BMI
and height. Regardless of the role that any of these unmeasured behavioral factors may have
played, our study shows that DBP and its rate of increase with age have been worsening for
over 30 years.

In summary, our study shows that mean SBP and the rate of change in SBP among 18-40-
year olds have not changed significantly for individuals born between 1920 and 1979. For
DBP, however, there is a secular trend in both mean DBP and rate of DBP increase with
age. Among those born most recently, mean DBP is lower at the beginning of adulthood
(age 19 years) compared to the earliest cohort. However, the rate of change in DBP with age
has increased in recent cohorts such that by middle adulthood (age 39 years), those born
most recently have higher DBP than those born in the earliest cohort. These secular changes
are only partially attributable to concurrent increasing secular trends in obesity. The secular
trends observed during early-to-middle adulthood may result in an earlier onset, and higher
incidence, of hypertension, and thus, adults in this age range may require additional effort in
reducing both BP and further cardiovascular disease events.
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ADBP change in diastolic blood pressure
ASBP change in systolic blood pressure
BP blood pressure
ICCs intraclass correlation coefficients
NHANES National Health and Nutrition Examination Survey
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dotted bars). Means with different letters (22:¢) are significantly (P <0.05) different from
each other, within each model and age group, stratified by sex, after adjusting for multiple
testing using Holm-Bonferroni.
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Predicted mean DBP before (black bars) and after adjusting for BMI and height (white
dotted bars). Means with different letters (22:¢) are significantly (P <0.05) different from
each other, within each model and age group, stratified by sex, after adjusting for multiple
testing using Holm-Bonferroni.
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Fig. 3.
Predicted changes in SBP and DBP with age before (black bars) and after (white dotted

bars) adjusting for BMI and height. Rates with different letters (2:€) are significantly (P
<0.05) different from each other, within each model and age group, stratified by sex, after
adjusting for multiple testing using Holm—Bonferroni.
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Fixed effect parameters estimates (standard error of mean) from mixed models adjusting for age, cohort, and
cohort-by-age effects

Men \Women

SBP (mmHg) DBP (mmHg) SBP (mmHg) DBP (mmHg)
Intercept 117.74 (1.02)™"  76.26 (0.84)"™"  107.41(0.93)""* 68.72(0.77)"*"
1920-19392 0.07 (1.37) -2.48 (1.13)" -2.48 (1.26)" -0.63 (1.05)
1940-19492 -161(138)  _509(113)"*  —134(130) ~2.03 (1.08)
1950-19592 -152(1.44)  _gg7 (118"  ~119(1.30) -2.73 (1.08)"
1960-19692 —2.06 (1.40) -4.43 (1.15)"" -1.31(1.26) -2.30 (1.04)"
1970-1979 reference
Ageb 0.53 (0.09)"*  0.80 (0.09)"™* 0.17 (0.09) 0.60 (0.08)"™*
Age 31920-1939¢  —022(0.12)  _g54(0.12)"** 0.14(0.12) -0.39 (0.12)""
Age31940-1949¢  “019(0.13)  _gg4(012)"*  000(013)  _g67(0.10)"*"
Age 31950-1959¢  -0.34 (0.12)" -0.21(0.12) 0.08(0.12) -0.34 (0.10)"
Age 31960-1969¢  ~0.18 (0.12) ~0.03 (0.12) 0.18 (0.11) ~0.20 (0.10)
Age 31970-1979 reference

Parameter estimates (SE).
a1970—1979 is referent group.
bAge centered at 29 years.

CAge 31970-1979 is referent group.

P<0.05;

*

*
P<0.001;

*%

*
P<0.0001.
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Fixed effect parameters estimates (standard error of mean) of mixed models additionally adjusted for secular

trends in BMI and height

Men \Women

SBP DBP SBP DBP
Intercept 116.07 (0.95)"" 7489 (0.77)"""  105.89 (0.84)""*  67.46 (0.73)""
1920-19392 1.56 (1.28) -1.41 (1.03) 0.02 (1.15) 1.42 (1.00)
1940-19492 0.35 (1.29) ~3.52 (L04)™ 0.33 (1.16) ~0.60 (1.01)
1950-19562 0.08 (1.34) ~5.43 (1L.08)"** 0.39 (1.17) -1.42 (1.01)
1960-19692 ~0.92(1.30) -3.47 (1.04)" —0.99(1.12) -1.94 (0.97)"
1970-1979 reference
Ageb 0.19 (0.09)" 0.51 (0.09)"** -0.06 (0.09) 0.41 (0.08)"**
Age 31920-1939¢  —0.07(0.12) -0.42 (0.11)"" 0.28 (0.12)" -0.27 (0.10)"
Age 31940-1949¢  0.02(0.12) -0.46 (0.12)"" 013(012) 57 (0.01)""
Age 31950-195¢¢  —0.23 (0.12) -0.10 (0.11) 0.15 (0.11) 027 (0.10)"
Age 31960-1969¢  ~0.13 (0.11) 0.02 (0.11) 0.21 (0.11) ~0.16 (0.09)
Age 31970-1979 reference
Bm1d 1.09 (0.08)"* 0.88 (0.07)"™*  0.82(0.07)"™"  0.65(0.08)"""
Height® 0.15 (0.05)" 0.03 (0.04) -0.02 (0.06) -0.03 (0.05)

Parameter estimates (SE).
a1970—1979 is referent group.
bAge centered at 29 years.

CAge 31970-1979 is referent group.

dBMI centered at 24.6 kg/m2 for men and 23.5 kg/m2 for women.

eHeight centered at 179.3 cm for men and 165.5 cm for women.

P<0.05;

*

P<0.001;

*%

*
P<0.0001.
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