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Abstract
Objectives—Although low birthweight is associated with elevated blood pressure (BP) levels,
whether the strength of this relationship is amplified with age is still debated. This study tested the
hypothesis that the magnitude of the birthweight–BP association increases with age from
childhood to adulthood.

Methods—The study cohort included 6251 individuals (64.5% whites and 35.6% blacks, 50.0%
males) enrolled in the Bogalusa Heart Study. Individuals were examined 1–15 times for BP from
childhood to adulthood, with 24 363 observations. Information on birthweight and gestational age
was obtained from Louisiana State birth certificates.

Results—After adjusting for race, sex, age and gestational age, low birthweight (kg) was
associated with higher SBP levels (mmHg) in adolescence (aged 12–17 years, regression
coefficient β=−0.80, P=0.004) and adulthood (aged 18–50 years, β=−1.34, P=0.010). Adjustment
for current BMI yielded considerably stronger association. Importantly, the magnitude of the
birthweight–SBP relationship, measured as standardized β(unit=SD), was significantly amplified
with increasing age, regardless of adjustment for current BMI and race. Further, the strengthened
association (the increase in standardized β ranging 0.02–0.12) by adjustment for current BMI was
closely related to the BMI–SBP and birthweight–BMI correlations, especially noted in childhood.

Conclusion—These findings on the potentiating effect of increasing age on the birthweight–BP
relationship suggest that the fetal programming and the increasing cumulative burden with age of
unhealthy lifestyle behaviors affect the development of adult hypertension in a synergistic manner.
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Introduction
The relationship between low birthweight, an indicator of intrauterine growth retardation,
and elevated blood pressure (BP) levels at various stages in postnatal life has been well
established and extensively replicated in epidemiologic studies [1-12]. Further, in a pooled
analysis of four cohorts, the magnitude of the birthweight–BP association was found to
increase with increasing age from childhood to adulthood [10]. Although a meta-regression
analysis [11] and a large cross-sectional study [12] have recently provided more evidence
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for the age-amplification hypothesis among adults, this hypothesis was not strongly
supported by results from other studies [9,13-15]. One of the major concerns in this regard is
that the age-related trend of the association may be largely resulted from the adjustment for
current body size [9,14,15].

Researchers have recently outlined substantive challenges to the birthweight–BP association
[16-20]. One of the criticisms is the inappropriate use of statistical methodology and
improper interpretation of epidemiologic analyses in support of the fetal origins hypothesis
[15-17]. It is suggested that many of the inverse associations between birthweight and adult
BP might be the consequence of inappropriate adjustment for measures of current body size
[14,15-20] by generating a statistical artifact known as the ‘reversal paradox’ [16,17]. To
examine the timing of the effect of prenatal growth and the impact of the adjustment for
current body size, longitudinal studies spanning the whole growth period, with serial
measurements of growth parameters and BP, are appropriate to test the age-amplification
hypothesis.

As part of the Bogalusa Heart Study, a long-term biracial (black–white) community-based
epidemiologic study of the early natural history of cardiovascular disease beginning in
childhood since 1973 [21], the current study examines the birthweight–BP relationship in
preadolescence, adolescence and adulthood and the age-related trend of the magnitude of the
association from childhood to adulthood in black and white individuals.

Methods
Study cohort

In the biracial (65% whites, 35% blacks) community of Bogalusa, Louisiana, nine cross-
sectional surveys of children aged 4–17 years between 1973 and 1994 and 10 cross-sectional
surveys of adults aged 18–50 years between 1977 and 2009 were conducted for
cardiovascular risk factors. This panel design of repeated cross-sectional examinations
conducted approximately every 2–3 years has resulted in serial observations (1–15 times)
from childhood to adulthood. Children surveys had short intervals and larger sample size.
Birthweight and gestational age of 6251 individuals (64.5% whites, 50.0% males) were
obtained from birth certificates in the State Office of Health Statistics in New Orleans,
Louisiana, USA. These 6251 individuals who had 24 363 BP observations formed the cohort
of the current study. A majority (84.0%) of the study cohort had more than one [2-15]
repeated BP measurements.

All individuals in this study had informed consent at each examination. For those under 18
years of age, consent of a parent/guardian was obtained. Study protocols were approved by
the Institutional Review Board of the Tulane University Health Sciences Center.

General examinations
All surveys since 1973 followed the same protocols, and procedures for the general
examination were described elsewhere [22]. Height and weight were measured twice to ±0.1
cm and to ±0.1 kg, respectively. BMI (weight in kilograms divided by the square of the
height in meters) was used as a measure of overall adiposity. In all surveys, BP levels were
measured at 0800–1000 h in the morning on the right arm of individuals in a relaxed, sitting
position by two trained observers (three replicates each). SBP and DBP were recorded at the
first and fourth Korotkoff phases, respectively, using a mercury sphygmomanometer. The
fourth Korotkoff phase was used for DBP for children and adults because our earlier study
[23] showed that the fourth phase is more reliably measured in children and more predictive
of adult hypertension. Further, the fifth phase is often recorded as zero at young ages. For
individuals who were on medications for hypertension at the time of examination, the
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recorded BP values (n=405) were adjusted by adding 10 mmHg to SBP and 5 mmHg to
DBP, based on average treatment effects [24,25]. We tried to include these individuals
because they represent a subgroup with the highest BP.

Statistical methods
Differences in mean values of study variables between race and sex groups were tested by
analysis of covariance models in preadolescence (aged 4–11 years), adolescence (aged 12–
17 years) and adulthood (aged 18–50 years). In order to remove the influence of correlation
between repeated measurements, for individuals who had multiple measurements of BP,
only the first measurement in preadolescence and the last in adolescence and adulthood were
used within growth period groups and each of the 18 age groups (see below).

Only full-term (gestational age ≥37 weeks) births were included in this analysis. The rate of
fetal growth was calculated as birthweight (kg)/gestational age (week) for each individual,
and then multiplied by the mean gestational age of the total sample. Thus, the adjusted
birthweight solely depends on the rate of growth instead of the length of gestation period.
The gestational age-adjusted birthweight was used in all subsequent analyses. The effect of
birthweight on BP was examined by multiple linear regression models, adjusting for race,
sex and age in preadolescence, adolescence and adulthood. Two types of regression analyses
were performed, with and without adjustment for BMI, to examine the impact of BMI
adjustment on the relation between birthweight and BP. The race–birthweight and sex–
birthweight interaction effects on BP were tested using an interaction regression model by
including respective interaction terms.

For analyses of birthweight effect on BP by age groups, all 24 363 observations were
stratified into 18 groups with an equal number of individuals in each age group by race and
sex. The age stratum-specific regression coefficients of BP on birthweight were first derived
in separate regression models in 18 age groups with and without adjustment for current
BMI. Then the two sets of the effects, measured as regression coefficients, were regressed
on the midpoints of the 18 age groups to examine the age-related trend in the effect size. A
significant, negative slope of the effect size with increasing age suggests an amplification of
the birthweight–BP association with age. We noted that an unstandardized regression
coefficient (β) solely depends on variation of the dependent variable (Y=BP) when variation
of the independent variable (X=birthweight) is fixed, that is, β=Σ(X − mean)(Y − mean)/Σ(X
− mean)2. BP levels and variations are well known to increase with age. The unstandardized
β is expected to increase with age. For this reason, standardized βs were estimated in each of
the 18 age groups for the age-amplification analyses of the birthweight effect.

Results
Characteristics of the study cohort

Table 1 shows the mean levels of study variables by race, sex and age groups.
Preadolescence SBP showed a significant sex difference (males > females) in whites and a
significant race difference (whites > blacks) in males. SBP in adolescence and adulthood
showed significant race (blacks > whites) and sex (males > females) differences; DBP
showed significant sex difference. Significant race (whites > blacks) and sex (males >
females) differences were noted for birthweight for both before and after gestational age
adjustment.

Association by age groups
As no significant race–birthweight or sex–birthweight interaction effect was detected, the
birthweight–BP association was examined using the combined sample of race and sex
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groups. As shown in Table 2, in model I without BMI included, race, sex and age were all
significant and consistent determinants of SBP in all three age groups. Lower birthweight
was significantly associated with higher SBP only in adolescence and adulthood. However,
in model II with BMI included, the effect of birthweight on SBP was considerably
strengthened and became significant in all three age groups. DBP showed a significant
association with birthweight only in adults when BMI was included in the model. In
addition, the birthweight–BMI interaction was not significant for both SBP and DBP in all
three age groups.

Age-amplification of the association
The trend of the magnitude of the SBP–birthweight association with age derived from two
regression models with and without adjustment for BMI is presented in Fig. 1. Because age
distributions somewhat varied among the four race–sex groups in the study cohort, the
number of individuals of the 18 age groups ranged from 1317 to 1407. The 18 standardized
regression coefficients estimated in the model without adjustment for BMI decreased
significantly (stronger effects) with increasing age (β=−0.0034, P<0.001). When adjusted
for BMI, the 18 age stratum-specific regression coefficients were substantially strengthened,
but the trend of the age amplification of the birthweight effect was weakened, although still
significant (β=−0.0012, P=0.010). The slopes of the two lines derived from the models=with
and without adjustment for BMI differed significantly (P=0.018), suggesting that the
adjustment for BMI influenced not only the magnitude of the birthweight–SBP association
but also the degree of its age-amplification phenomenon. Regression analyses of SBP by 18
age groups without adjustment for BMI were also performed with BP values (n=405)
excluded for individuals who were taking antihypertensive treatment. A substantially similar
age-related trend of the standardized regression coefficients (β=−0.0036, P<0.001) to that
shown in Fig. 1 was yielded.

Influence of BMI adjustment
Figure 2 shows the absolute values of the differences in standardized regression coefficients
for SBP derived from the two models with and without adjustment for BMI. The values
represent the actual distance between the two corresponding data points within each age
group shown in Fig. 1. The highest peak of the difference occurred in the age group with a
midpoint of 9.1 years, and the differences were greater in preadolescence than in
adolescence and adulthood. The increase in the standardized regression coefficients due to
adjustment for current BMI ranged from 0.02 to 0.12. Such a pattern indicates that the
adjustment for BMI had more impact on the birthweight–SBP relationship in
preadolescence. In addition, Pearson correlations among birthweight, current BMI and SBP
were calculated in the 18 groups. The 18 BMI–SBP correlation coefficients ranged from
0.167 to 0.503 (P<0.001 for all correlations); the 18 birthweight–BMI correlation
coefficients ranged from 0.057 to 0.223 (P=0.036 to P<0.001). Importantly, the two sets of
correlations were both higher in preadolescence than in adolescence and adulthood,
particularly for the BMI–SBP correlations, which resembled the pattern of the differences
shown in Fig. 2. These similar age-related patterns suggest that the strengthened
birthweight-SBP association by adjustment for BMI is driven by the strong intercorrelations
among birthweight, BMI and SBP, much more in preadolescence.

Age amplification of the association by race groups
Figure 3 shows the age-related trend of the magnitude of the SBP–birthweight association in
black and white individuals without adjustment for BMI. The absolute values of
standardized regression coefficients were greater in whites than in blacks, consistently for all
18 age groups (P=0.003). However, the two regression lines paralleled (difference in slopes,
P=0.960), indicating that the age amplification of the SBP–birthweight association remained
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almost identical in blacks and whites, although the effect of birthweight on SBP was
stronger in whites. Furthermore, a considerably similar pattern of the age-related
associations was noted in blacks and whites in terms of the slope of the regression lines
(difference in slopes, P=0.963) when BMI was included in the models for 18 age groups,
indicating that the current BMI did not account for the observed age amplification of the
BP–birthweight association in blacks versus whites.

Discussion
There are at least two mechanisms in the cause of essential hypertension: an initiating
process in childhood that raises BP and an amplifying process that progressively magnifies
the difference throughout life [26,27]. The observation that low birthweight is inversely
associated with high BP at various stages in later life could indicate that adult hypertension
is initiated in utero. Regarding age amplification of the birthweight effect on BP, the first
study was conducted by pooling four studies of children and adults (age range=0–10, 36,
46–54 and 59–71 years) in UK [10]. It is concluded in that study that ‘essential hypertension
is initiated in fetal life. A raised BP is then amplified from infancy to old age, perhaps by a
positive feedback mechanism’. Recently, evidence for the age-dependent association
between birthweight and SBP has been emerging from a meta-regression analysis of 197
954 adults from 20 Nordic cohorts [11]. Further, it is observed in an observational study [12]
of 25 874 adults that the inverse association between birthweight and SBP was amplified
with age, with a significant interaction of age and birthweight on SBP (P<0.001). On the
contrary, a recent meta-analysis [13] concluded that adjusting for potential publication bias
weakens the evidence for the age-amplification hypothesis. A study [15] with longitudinal
BP measurements during adulthood found weak evidence of the age amplification of
birthweight–SBP association, and the association was largely accounted for by current
weight. In our study cohort with an age range of 4–50 years, we found that the birthweight–
SBP relation was substantially amplified with advancing age from childhood to adulthood,
regardless of adjustment for current BMI and race groups. The observation on the age
amplification of the effect of birthweight indicates that the fetal programming and the
increasing burden of unhealthy lifestyle behaviors affect the development of adult
hypertension in a synergistic manner.

In previous studies [9-15], the increasing trend of the birthweight–BP association with age
was examined by using unstandardized regression coefficients. It is obvious that there is a
limitation in using the unstandardized regression coefficients with a unit of mmHg/kg. It is
well known that BP levels and variations increase with age. Such an increase was also noted
in our study cohort from preadolescence to adulthood as shown in Table 1. In the
birthweight–BP association analysis, the mean values and variance of birthweight remained
unchanged after birth. Therefore, the effect size of birthweight on BP is expected to increase
with age when using unstandardized regression coefficients. In order to eliminate the
influence of the age-dependent levels and variations of BP, standardized regression
coefficients with a unit of SD for both birthweight and BP levels were applied in the current
study. The strengthened association between birthweight and SBP by age observed in this
study suggested that the underlying fetal programming mechanisms such as persisting
changes in vascular structure, abnormalities of nephrogenesis, effects of glucocorticoid
hormones and elevated sympathetic nervous system activity [3,4,28] might be amplified by
aging, or individuals born with low birthweights are more susceptible to the exposure of
environmental factors.

Although the ‘fetal origins’ hypothesis has been extensively studied, aspects of the
methodology used have been questioned. The problem of overestimation of birthweight–BP
association by the statistical adjustment for current body size in testing this hypothesis has
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been specifically addressed [14-20]. A simulation study demonstrated that adjustment for
current weight created an inverse association when there was no genuine association
between birthweight and BP; the adjustment for current weight exaggerated the magnitude
of the association when there was a genuine inverse association. This statistical artifact is
known as ‘reversal paradox’. It is concluded that the adjustment for current body mass is
inappropriate in the regression analysis model because it is not a true confounder but part of
the causal pathways between birthweight and adult BP [16,17]. We examined the
birthweight–BP relation in two regression analysis models with and without BMI adjustment
in age groups from childhood to adulthood. Although the birthweight–SBP association was
substantially attenuated without BMI adjustment, the effect of birthweight on SBP,
measured as standardized regression coefficients, was significantly strengthened with age in
both models.

Whether current body size adjustment is appropriate and how to interpret the results have
been controversial in the analysis of birthweight and BP [14-20]. In spite of the debate,
current body size has been adjusted for in most studies. In a meta-analysis of 55 studies, the
regression coefficients had been adjusted for current weight in 49 studies, and removal of
this adjustment reduced the estimated association to −0.4 mmHg/kg [14]. The impact of the
current body size adjustment is considered arising from a close correlation between
birthweight and current body size, which are also strongly correlated with BP levels
[9,16,17]. The simulation studies have [16,17] shown that the increase in the magnitude of
the inverse association was considerably related to the strength of the birthweight–current
weight and current weight–BP correlations. Further, adjustment for current BMI and height
resulted in a strengthening of the negative association between birthweight and SBP, and the
largest impact on the magnitude of the association was seen in the two youngest cohorts of 7
and 16 years; the extent and direction of the change in regression coefficient depended on
the size of the correlation between birth-weight and current body size and between current
body size and SBP [9]. In this study, the effect size of birth-weight on SBP was strengthened
by adjustment for current BMI (Figs. 1 and 2), more in childhood than in adulthood. A
substantial resemblance of the two patterns of correlations between current BMI and SBP
and between brithweight and current BMI, especially the former, was found in the current
study cohort. It provides additional evidence supporting the concept that investigators
should consider the potential risk of overestimation of the association due to adjustment for
current body weight, particularly in a pediatric population.

This community-based epidemiologic study has certain limitations. First, cross-sectional and
longitudinal surveys were combined in this report because large sample size was needed for
the analysis by age groups. Second, we tried to include hypertension patients who were
taking antihypertensive medications because these patients represent a subgroup with the
highest BP. An adjustment of adding 10 and 5 mm Hg to SBP and DBP values, respectively,
was used. Furthermore, information on the drugs used for the treatment was not available.
Although this approach has been commonly used based on average treatment effects, it is an
approximate estimation and may lead to a bias in data analyses to some extent. Third,
children and adults are expected to have completely different information on several types of
socioeconomic variables such as marital status, household income or education and so on.
Such inconsistent information did not allow us to adjust for the socioeconomic status in the
age-related trend analysis in the current study.

In summary, the findings of the current study provide strong evidence supporting the
hypothesis that the association between birthweight and SBP is amplified with increasing
age from childhood to adulthood. The adjustment for current body size considerably
strengthens the birthweight–SBP association. These results suggest that the fetal
programming related to intrauterine malnutrition and the increasing burden with age of
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unhealthy lifestyle behaviors affect the development of adult hypertension in a synergistic
manner. For studies assessing the birthweight–BP relationship, age has to be taken into
account as an indicator of overall cumulative burden of environmental exposures throughout
life. On the basis of these observations, further studies on birthweight–lifestyle interaction
and the impact of growth patterns during childhood on adulthood BP levels are suggested.
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Abbreviation

BP blood pressure
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Fig. 1.
Age-related trend of the relationship between birthweight and SBP with and without
adjustment for current BMI by age groups: the Bogalusa Heart Study.
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Fig. 2.
Absolute values of difference in standardized regression coefficients between the two
models with and without adjustment for BMI by age groups: the Bogalusa Heart Study.
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Fig. 3.
Age-related trend of the relationship between birthweight and SBP without adjustment for
current BMI by age and race groups: the Bogalusa Heart Study.
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