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The inverse associations between birth weight and later adverse health outcomes and the positive associations
between adult body size and poor health imply that increases in relative body size between birth and adulthood
may be undesirable. In this paper, the authors describe life course path analysis, a method that can be used to
jointly estimate associations between body sizes at different time points and associations of body sizes throughout
life with health outcomes. Additionally, this method makes it possible to assess both the direct effect and the
indirect effect mediated through later body size, and thereby the total effect, of size and changes in size on later
outcomes. Using data on childhood body size and adult systolic blood pressure from a sample of 1,284 Danish men
born between 1936 and 1970, the authors compared results from path analysis with results from 3 standard
regression methods. Path analysis produced easily interpretable results, and compared with standard regression
methods it produced a noteworthy gain in statistical power. The effect of change in relative body size on adult blood
pressure was more pronounced after age 11 years than in earlier childhood. These results suggest that increases
in body size prior to age 11 years are less harmful to adult blood pressure than increases occurring after this age.
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Abbreviations: BMI, body mass index; SBP, systolic blood pressure.

Editor’s note: An invited commentary on this article ap-
pears on page 1179.

Ever since Barker (1) introduced his theory on fetal
origins of adult disease, the
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multiple regression analyses with a number of measure-
ments of size, relative size, or the change in relative size
between 2 time points as independent variables (15–25). It is
clear that childhood body size is associated with later dis-
ease (26), but does change in childhood body size matter,
and if so, at what ages does the change matter the most?

Our aim in the present paper is to present a new statistical
framework for analyzing and visualizing the impact of body
size and change in size in early life on later outcomes based
on path analysis techniques, and to compare the results from
this framework with results obtained using 3 standard re-
gression methods. We illustrate this by examining the asso-
ciation between childhood body size and adult SBP in
a sample of Danish men.

MATERIALS AND METHODS

Sample and study design

Childhood data were obtained from the Copenhagen
School Health Records Register (27), which contains data
on birth weight and annual height and weight measurements
for children who were born between 1930 and 1983 and
attended school in Copenhagen, Denmark. These analyses
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Conditional linear regression. We performed a series of
conditional regression analyses to obtain estimates condi-
tioned only on past body size. SBP from the first investiga-
tion was regressed on body size at a given age, with
adjustment for all previous measures of body size.

Path analysis. The path analysis technique is an exten-
sion of regression analysis. It is a joint analysis of 1) the
associations between body sizes at different time points and
2) the associations between all body sizes and adult SBP. In
this analysis, there was simultaneous estimation of 9 regres-
sion equations (33, 34): 1 for each of the 7 measurements of
childhood BMI, 1 for adult BMI, and 1 for SBP. In the
a priori path analysis model based on a biologic conceptual
framework, each measurement of body size depends on all
previous measurements of body size, and SBP depends on
all measurements of body size. A reduced model was spec-
ified by removing all nonsignificant associations from the
a priori model. Following this, each association was indi-
vidually returned to the model, and significance was as-
sessed. The fit of the reduced model was assessed using
a v2 test against the a priori model. The robustness of the
model was tested by comparing the results with results from
alternative models, and Akaike’s Information Criterion (35)
(see Appendix) was used to compare the fit of nonnested
models.

Unlike the situation in the first 3 regression models, with
path analysis it is possible to assess direct and indirect ef-
fects of, and thus the total effect of, size and change in size
in childhood on adult SBP. This is illustrated in Figure 1.
The direct effect b12 of BMI at age 12 years on adult SBP is
the part of the effect that is not mediated through measure-
ments of later BMI. The indirect effect of BMI at age 12
years on adult SBP can be calculated by adding the products
of coefficients along all paths from BMI at age 12 years to
adult SBP: bA;12bA þ b13;12b13 þ b13;12bA;13bA; this indirect
effect is the part of the effect that is mediated through later
measurements of BMI. The total effect is the sum of the
direct and indirect effects.
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high correlation among the body size measurements, be-
cause of their close spacing, made the model unable to
reliably estimate their individual effects. To reduce the
collinearity problem, we performed an alternative multiple
regression analysis by regressing SBP on birth weight,
BMI at ages 7 and 13 years, and concurrent BMI. The
modified life course plot showed a positive association
between BMI z score change from age 13 years to adult-
hood and adult SBP (Figure 2). Parameter estimates from
this model are interpreted as the effect of body size at
a particular age given past and future size. For example,
these estimates compare 2 children, 1 of whom has a
1-standard-deviation higher body size at a given age but
the same size at all other measurements. In other words, we
are comparing a child who increased in BMI before a mea-
surement at a given age and then decreased before the next
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changes in the associations between body size measure-
ments. These models consistently showed the same general
pattern in the estimated total effects, although the direct
effect estimates differed (data not shown).

From age 7 years to age 11 years, the total effect of BMI
on SBP is small but positive. These small effects result from
adding the negative pathways through BMI at age 11 years
to SBP with the positive pathways that go through adult
BMI. The total effects of BMI at ages 12 and 13 years on
SBP are positive and larger, as all pathways from these ages
to SBP are positive (Figure 4). Overall, the negative path-
way from BMI at age 11 years to SBP causes the size of the
total effects to change from being small at ages 7–11 years
to large at ages 12 and 13 years. To investigate the specific-
ity of this inflection point, we fitted 6 alternative path anal-
ysis models. We defined them by substituting the arrow from
BMI at age 11 years to adult SBP in Figure 4 with an arrow
from one of the other childhood BMI measurements to adult
SBP. Although these alternative models all showed accept-
able tests for goodness of fit, none fitted as well as the model
in Figure 4 (Appendix).

The negative direct effect of BMI at age 11 years on adult
SBP is eliminated by an opposite indirect effect that goes
through adult BMI. The estimated total effect of BMI mea-
sured at age 11 years on adult SBP is calculated by adding

the products of coefficients along all paths from BMI at age
11 years to adult SBP in Figure 4. The estimated effect is
�0.16 þ (0.16 3 0.34) þ (0.73 3 0.67 3 0.48 3
0.34) þ (0.18 3 0.48 3 0.34) ¼ 0.01. Thus, children who
were larger than average at age 11 years were also larger
than average as adults. In turn, this led to higher SBP.

The effect of change in BMI at ages 12 and 13 years is
completely indirect and is mediated through adult body size,
since the only path from BMI at ages 12 and 13 years to
adult SBP goes through adult BMI (Figure 4). At early
school age, however, the total effect of change in BMI is
smaller than the indirect effect going through adult BMI.
The total effect of BMI at these ages is the sum of the
negative indirect effect going through BMI at age 11 years
and the indirect positive effect going through adult BMI.

We assessed the impact of incorporation of noncomplete
data and repeated SBP measurements by performing a path
analysis modeling SBP only from the first investigation and
using complete data only (Appendix). The impact on the
estimates was limited, but the restriction of the data led to
some loss of precision, hence wider confidence intervals.

Sensitivity analysis

We performed the path analysis after excluding BMI from
age 11 years to age 13 years in order to assess whether the
timing of puberty influenced the results (Table 3). Even
though the estimated direct effects changed, the general
pattern of the total effects remained unchanged, suggesting
that puberty timing did not influence the analysis of the
early childhood body size–SBP association. The study-
specific analyses revealed no signs of heterogeneity (data
not shown).

DISCUSSION

In this study, we compared 3 types of standard regression
analysis with path analysis in an investigation of the asso-
ciation between childhood body size and adult SBP. In this
context, path analysis produced easily interpretable esti-
mates with greater precision than those from the standard
regression analyses. Path analysis showed that birth weight
is negatively associated with adult SBP; that change in BMI
z score at early school age is weakly and positively associ-
ated with adult SBP; that the association between change in
BMI z score at late school age and SBP is positive and
stronger; and that the association between adult BMI and
SBP is positively and strongly associated with adult SBP.

Standard regression techniques have largely been inade-
quate in addressing questions about how body size early in
life affects later health. One reason is that reparameteriza-
tion of a multiple regression analysis can change the inter-
pretation of the model’s results (11–14). Another is that
multiple regressions using all available measurements of
body size, such as those used to produce a life course plot
(18), are hindered by collinearity problems—at least in data
sets with closely spaced measurement points. Since the use
of closely spaced data is essential when the research ques-
tion is about the timing of change in childhood body size

Figure 2. Life course plot (solid line), as suggested by Cole (18).
The plot shows multiple regression coefficients (circular points) from
the regression of systolic blood pressure (SBP) z scores on birth
weight and body mass index z scores, by age at body size measure-
ment. The dashed line represents a modified version of the life course
plot using a reduced multiple regression of SBP on body size. Vertical
lines, 95% confidence interval.
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Estimates illustrated in the path analysis life course plot
are generally positive (Figure 3, part B), and these contrast
with the more mixed pattern shown in the life course plot
(Figure 2). The 2 plots are based on different models; thus,
they have different interpretations. Estimates in the path
analysis life course plot come from a path analysis model
in which the association between current and future body
size is modeled, and therefore they can be interpreted as the
effect of a 1-standard-deviation change in body size on SBP,
accounting for past body size. Estimates in the life course
plot come from a multiple regression model in which the
estimates are conditional on both past and future body size.
Therefore, interpretation of an estimate from this model
involves comparing 2 children with different body sizes at
a given age but identical body sizes both before and after
that age. In other words, an estimate in the life course plot at
a given age can be interpreted as the effect of a 1-standard-
deviation gain in body size under the assumption that the
gained body size will be lost again before the next measure-
ment. There is a general pattern of differences in the esti-
mates between the plots, and this occurs because the path
analysis model does not include any assumptions about fu-
ture body size, whereas the multiple regression model does.

The path analysis life course plot provides a new way of
visualizing the effect of change in body size distribution
given past body size on later outcome. This method moves

beyond the life course plot (18), where estimates are condi-
tioned on both the future and the past. Integral to path anal-
ysis is the path diagram, which illustrates the conceptual
framework used to guide the analysis. The combination of
the path analysis life course plot with the path diagram eases
the interpretation of analyses of the association between
childhood body size and later outcome.

Similarly to all other techniques, path analysis also has a set
of assumptions and challenges. The first assumption is that
there is linearity among all included variables, as opposed to
the conditional regression approach, which only assumes lin-
earity between the body size measures and the outcome. The
second assumption is that there are no interactions among the
variables. The third is that all intermediate or outcome varia-
bles have a normal distribution. A challenge in path analysis is
the lack of efficient ways to compare different models that are
not nested, which can lead to a potentially subjective choice of
the final model. It can be overcome by performing an exten-
sive sensitivity analysis assessing all models with an accept-
able fit to the data and the impact of these models on the shape
of the path analysis life course plot.

This study showed that the effect of a BMI z score change
on adult SBP is more pronounced at ages 12 and 13 years
than it is in earlier childhood, and that the effect of BMI z
score change at ages 12 and 13 years is completely mediated
through later body size. However, the total effect of BMI z
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score change at early school age is smaller than the indirect
effect going through adult BMI. This result implies that an
early-onset large body size has a smaller impact on adult
SBP than a later-onset large body size. Therefore, the body
size trajectory matters, since SBP depends on current body
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APPENDIX

Collinearity in the conditional regression

The confidence intervals around the estimated effect of the change in body size on systolic blood pressure (SBP) from the
series of conditional regressions increase from age 7 years to age 13 years (see Figure 3, part A, in text). This increase is
caused by a combination of increasing collinearity and a decreasing number of persons with complete body size measure-
ments as more independent variables are added to the model.
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Path analysis

To take into account the fact that body size at a given time in life affects not only later SBP but also later body size, we
performed path analysis (33, 34). It implies the simultaneous estimation of as many regressions as there are intermediate and
outcome variables. Model 1 below is an example of such a path analysis model, where each measurement of body size depends
on all previous measurements of body size and SBP depends on all measurements of body size. This model is termed the
a priori model in the text.

Xi;7 ¼ a7 þ b7;0Xi;0 þ ei;7

Xi;8 ¼ a8 þ b8;0Xi;0 þ b8;7Xi;7 þ ei;7

..

.

Xi;adult ¼ aadult þ badult;0Xi;0 þ . . .þ badult;13Xi;13 þ ei;13

Yi ¼ aþ b0Xi;0 þ . . .þ b13Xi;13 þ badultXi;adult þ ri:

ðA1Þ

Xi;0; . . . ;Xi;adult are the measurements of body size z score, Yi is the adult SBP z score, and ei;7; . . . ; ei;13 and ri are independent
normally distributed error terms.
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Sensitivity analyses in the path analysis

We performed sensitivity analyses by adding nonsignificant effects to the model and assessing the impact on the path
analysis life course plot. The shape of the plot was only minimally influenced by the changes in the model.

From age 7 years to age 11 years, the total effect of BMI on SBP is small but positive (see Table 3 in text). These small
effects result from adding the negative pathways through BMI at age 11 years to SBP with the positive pathways that go
through adult BMI. The total effects of BMI at ages 12 and 13 years on SBP are positive and larger (see Table 3 in text), since
all pathways from these ages to SBP are positive. Overall, the negative pathway from BMI at age 11 years to SBP (b̂11 < 0 in
model 3) causes the size of the total effects to change from small at ages 7–11 years to large at ages 12 and 13 years.

To investigate the specificity of this inflection point, we fitted 6 alternative path analysis models. They were defined by
substituting b11X11 in the last equation in model 3 with b7X7, b8X8, . . ., or b13X
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