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Abstract
Objectives—To evaluate whether genetic
factors contribute to the association be-
tween low birth weight and increased
blood pressure among adolescents.
Design—Historical cohort study of twin
pairs. It was evaluated whether (1) a nega-
tive association between birth weight and
systolic blood pressure was found in the
overall twin sample and (2) whether the
intrapair diVerence in birth weight corre-
lated with the intrapair diVerence in
systolic blood pressure—thereby control-
ling for the eVect of genetic factors (all in
monozygotic and on average half in di-
zygotic pairs).
Setting—The Minnesota Twin Family
Study.
Participants—1311 pairs of adolescent
twins.
Main results—A negative association be-
tween birth weight and systolic blood
pressure was retrieved in the overall sam-
ple. The regression coeYcient after con-
trolling for current weight was −1.88 mm
Hg/kg (SE 0.61), which corresponds to
results from previous studies of singleton
adolescents. The regression coeYcient fell
to −0.64 mm Hg/kg (SE 0.86) when the
intrapair analyses were used. The largest
reduction was observed among mono-
zygotic twins: from −2.44 mm Hg/kg (SE
0.75) in the overall monozygotic twin sam-
ple to −1.06 mm Hg/kg (SE 1.14) in the
analyses of the within monozygotic pair
diVerences.
Conclusion—The association between low
birth weight and increased blood pressure
later in life is well established. “The fetal
programming hypothesis” suggests that
the association is caused by intrauterine
malnutrition while a new hypothesis “the
fetal insulin hypothesis” proposes that
genetically determined insulin resistance
also contributes significantly to the as-
sociation. A recent twin study of middle
aged twins showed no evidence for an
influence of genetic factors while this
larger study provides support for the fetal
insulin hypothesis: the association be-
tween birth weight and blood pressure
attenuated among adolescents when ge-
netic factors were controlled. Together
this suggests an important contribution of
genetic factors to the association between
fetal growth and systolic blood pressure in
adolescence.
(J Epidemiol Community Health 2001;55:583–587)

The association between low birth weight and
later life insulin resistance, non-insulin de-
pendent diabetes (NIDDM), coronary artery
disease and hypertension has been confirmed
in numerous studies.1 The fetal programming
hypothesis suggests that a person’s nourish-
ment before birth “programmes” the develop-
ment of risk factors for these diseases later in
life. Within the past years two books have been
published that review the literature pertinent to
this hypothesis. In one of the books, Barker
concludes that “Because of poor nutrition and
health among girls and women, before and
during pregnancy, many fetuses are under-
nourished. This permanently changes their
structure, physiology and metabolism in ways
that lead to chronic diseases in later life”1 (page
224). In contrast, Susser states in the foreword
to the other book that “At best, if not
unimportantly, programming could create pre-
dispositions and vulnerability to life course
experience”2 (page vii).

There is little doubt that an association
exists between fetal growth and later life health
outcomes such as blood pressure or cardiovas-
cular mortality. The key question is, however,
whether it is fetal nourishment or other factors
such as genes or socioeconomic conditions
that cause the associations. Recent studies
suggest that socioeconomic confounding can-
not explain the association between fetal
growth and cardiovascular mortality,3 but few
studies have evaluated the influence of genetic
confounding.

The potential for genetic confounding has
been illustrated by Dunger et al,4 who showed
that variation in the insulin gene (INS VNTR)
is associated with fetal growth. Based on stud-
ies of fetal insulin secretion and monogenic
diseases, Hattersley and Tooke5 recently pro-
posed that genetically determined insulin
resistance contributes substantially to the
association of low birth weight with diabetes,
hypertension and vascular diseases and named
this hypothesis the “fetal insulin hypothesis”.

We used the Minnesota Twin Family study
to test the potential influence of genetic
confounding on the association between birth
weight and systolic blood pressure, which is the
best documented association between fetal
growth and later life health outcome.1 2 6–8 The
eVect of genetic confounding was evaluated by
analysing individual twin data as well as intra-
pair diVerences in birth weight and systolic
blood pressure. This approach enables control-
ling for the eVect of all genetic factors in
monozygotic pairs and on average half of the
genetic factors in dizygotic pairs as well as
environmental maternal eVects. Two recent
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twin studies9 10 using a similar design did not
find evidence for a genetic component to the
association, but as pointed out in the accompa-
nying editorial,11 the number of monozygotic
twin pairs in these studies was sparse.

Phillips12 has argued that even small birth
weight diVerences in twins could reflect impor-
tant diVerences in intrauterine conditions
important for programming of diseases later in
life, because the mean birth weight among
twins is already considerably lower than in sin-
gletons. Therefore, birth weight diVerences in
twins oVer a unique opportunity to test the
“fetal insulin hypothesis”.

Methods
PARTICIPANTS

The sample consisted of adolescent twin
participants from the Minnesota Twin Family
Study. Two cohorts were assessed: an 11 year
old cohort assessed when the twins were
approximately 11 years old (the age range is 11
to 12 years), and a 17 year old cohort assessed
when the twins were approximately 17 years
old (age range 17 to 18 years). The Minnesota
Twin Family Study uses a population-based
ascertainment scheme, with non-participating
families diVering minimally from participating
families with respect to indicators of socioeco-
nomic status and self reported mental health.13

Of the 1383 twin pairs who completed the
Minnesota Twin Family Study intake assess-
ment, the present sample consisted of the 1311
twin pairs with both members having a valid
measurement of systolic blood pressure and
birth weight. The major reasons for missing
data were either the failure to record birth
weight on the birth record, or the failure to
measure blood pressure because the assess-
ment day for some participants ran longer than
the eight hour limit.

MEASUREMENTS

Three blood pressure readings were taken on
each participant using an automated blood
pressure recording system. Readings were
obtained following standard procedures while
the participant was sitting with their arm rest-
ing on a table. The median systolic recordings
are analysed in this study. To adjust for possible
calibration errors that might have occurred
with the automated system over time, median
blood pressure recordings were adjusted for the
month in which it was taken. Specifically, for
each month a five month running average was
computed and subtracted from the overall
mean. These mean deviations were subtracted
from the observed median reading to produce

an adjusted score. The adjustment of the blood
pressure data had minimal impact on the
values analysed. There was a slight, albeit
statistically significant, tendency for blood
pressure recordings to decrease over the course
of the study. The adjusted scores diVered on
average by 2.5 mm Hg in systolic blood
pressure and 1.8 mm Hg for diastolic blood
pressure. Fewer than 3% of the scores changed
by as much as 8 mm Hg systolic blood pressure
or 4 mm Hg diastolic blood pressure. Because
the two twins in a twin pair were assessed the
same day, the adjustment did not influence the
results in the intrapair analyses. This was con-
firmed by analysing both the adjusted and the
unadjusted values, which yielded similar results
in the analyses of the overall sample as well as
the intrapair diVerences. Birth weight was
obtained from the oYcial State of Minnesota
birth records. Current weight was measured on
a level platform scale with a beam and movable
weights.

STATISTICAL ANALYSIS

As in Hopper and Seeman14 for each twin, i, of
a pair (i=1,2) let Yi be systolic blood pressure
and X1i = birth weight and X2i= current weight.
Let

Yi=a0+a1X1i+a2X2i+Ei (1)

where Ei represents measurement error and
eVects specific to twin i. Each of the coeYcients
a1 and a2 represents the strength of a linear
association between the blood pressure and a
corresponding variable. The intrapair diVer-
ence is

D=Y1−Y2=a1D1+a2D2+E (2)

where Dj = Xj1 - Xj2 (j = 1,2) and E = E1 - E2.
From (2) it can be seen that the same
coeYcients a1, a2 can be estimated by regress-
ing D against D1, D2, and constraining the
fitted line to pass through the origin (because
(2) does not have an intercept term). This sec-
ond regression approach controls for age, sex
and genetic factors (all in monozygotic twins
and on average half in dizygotic twins).

Results
Table 1 shows the expected age and sex
patterns for blood pressure: higher values for
males than for females and for the older groups
compared with the younger groups. There was
no systematic diVerence in blood pressure or
birth weight between zygosity groups, but
dizygotic twins tended to have the highest cur-
rent weight.

Table 2 shows the result of the regression
analyses. In the overall sample a negative

Table 1 Sample characteristics according to sex, age and zygosity

Age

Monozygotic twins Dizygotic twins

Number

Systolic blood
pressure (mm Hg)

Birth weight
(kg)

Current weight
(kg)

Number

Systolic blood
pressure (mm Hg)

Birth weight
(kg)

Current weight
(kg)

Mean (SE) Mean (SE)

Male 11–12 498 103.7 (0.5) 2.58 (0.03) 40.7 (0.4) 234 105.3 (0.8) 2.60 (0.04) 42.8 (0.7)
17–18 368 118.6 (0.6) 2.60 (0.03) 71.1 (0.6) 194 119.3 (0.9) 2.79 (0.03) 73.6 (0.9)

Female 11–12 436 96.3 (0.7) 2.53 (0.03) 44.1 (0.5) 266 93.8 (1.0) 2.66 (0.03) 45.6 (0.7)
17–18 420 103.2 (0.7) 2.61 (0.03) 60.8 (0.5) 206 102.3 (0.9) 2.55 (0.04) 62.5 (0.9)
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association was found between birth weight
and systolic blood pressure: regression coef-
ficient −1.88 mm Hg/kg (SE 0.61). This value
corresponds to those obtained among adoles-
cent singletons.1 2 6–8 Similar to Taylor et al8 we
found a larger coeYcient for females −2.85
mm Hg/kg (SE 0.88) compared with males
−1.40 mm Hg/kg (SE 0.68). We also found a
larger eVect for monozygotic twins compared
with dizygotic twins, but when the coeYcient
was stratified according to sex, age and zygosity
it was seen that this was primarily attributable
to one group (dizygotic women aged 17–18).

If the traditional procedures for calculating
the standard errors in the overall analyses are
used, then the standard errors will be underes-
timated because the twins correlate in blood
pressure. Therefore we used Generalized
Estimating Equations (GEE)15 to assess the
standard errors in the overall analyses, using
the STATA software16 (for example, using

traditional procedures we obtained a standard
error of 0.50 for the regression coeYcient for
the overall sample (−1.88 mm Hg/kg) com-
pared with the GEE estimate of 0.61).

The intrapair analyses revealed regression
coeYcient estimates that were closer to zero for
both males and females, both sexes showing a
reduction of about 1.4 mm Hg/kg. The magni-
tude of reduction was also approximately 1.4
mm Hg/kg when monozygotic twins were con-
sidered as a group, while the corresponding
number was negligible for dizygotic twins
mainly because of the group of women aged
17–18 years.

The appropriateness of controlling for current
weight has been questioned,17 and we therefore
performed the analyses without controlling for
current weight (table 3). The analyses showed a
regression coeYcient of −0.35 mm Hg (SE
0.68) in the overall sample and 0.60 mm Hg (SE
0.86) in the intrapair comparison. Controlling

Table 2 DiVerence in systolic pressure (mm Hg) per kg increase in birth weight adjusted for current weight. Results for the overall twin sample and for
within twin pair (intrapair) comparisons

Age

Monozygotic twins Dizygotic twins All

Overall sample (SE)
Number

Intrapair comparison
(SE) Number

Overall sample (SE)
Number

Intrapair comparison
(SE) Number

Overall sample (SE)
Number

Intrapair comparison
(SE) Number

Male 11–13 −0.66(1.06) 498 1.38(2.64) 249 −1.39(1.41)234 0.74(2.83)117 −0.91(0.85) 732 1.19(1.86) 366
17–18 −1.74(1.39) 368 −2.29(1.87) 184 −2.36(1.98)194 −0.76(2.88) 97 −1.76(1.16) 562 −1.46(1.56) 281

−1.38(0.83) 866 −0.17(1.66 )433 −1.41(1.18)428 0.11(2.02)214 −1.40(0.68)1294 0.06(1.24)647

Female 11–13 −4.08(1.56) 436 −2.03(2.59 )218 −2.55(2.12)266 −1.22(2.33)133 −3.80(1.23) 702 −1.76(1.68) 351
17–18 −3.45(1.55) 420 −1.22(1.94) 210 1.71(2.03)206 −0.11(3.13)103 −1.63(1.24) 626 −0.73(1.66) 313

−3.78(1.11) 856 −1.94(1.56) 428 −0.99(1.45)472 −0.82(1.87)236 −2.85(0.88)1328 −1.34(1.18) 664

All 11–13 −1.77(0.99) 934 −0.03(1.86) 467 −2.36(1.33)500 −0.36(1.81)250 −2.06(0.79)1434 −0.23(1.26) 717
17–18 −3.17(1.13) 788 −1.75(1.35) 394 2.39(1.69)400 −0.37(2.10)200 −1.48(0.95)1188 −1.06(1.14) 594

−2.44(0.75)1722 −1.06(1.14) 861 −0.59(1.07)900 −0.37(1.37)450 −1.88(0.61)2622 −0.64(0.86)1311

Table 3 DiVerence in systolic pressure (mm Hg) per kg increase in birth weight (unadjusted). Results for the overall twin sample and for within twin pair
(intrapair) comparisons

Age

Monozygotic twins Dizygotic twins All

Overall sample (SE)
Number

Intrapair comparison
(SE) Number

Overall sample (SE)
Number

Intrapair comparison
(SE) Number

Overall sample (SE)
Number

Intrapair comparison
(SE) Number

Male 11–13 0.10(1.06) 498 3.19(2.39)249 −0.60(1.44)234 1.44(2.91)117 −0.12(0.86) 732 2.46(1.84) 366
17–18 −1.00(1.55) 368 −0.38(1.83)184 −2.28(1.95)194 −0.62(2.98) 97 −1.21(1.26) 562 −0.48(1.60) 281

−0.12(1.04) 866 1.62(1.57)433 1.04(1.44)428 0.52(2.09)214 0.37(0.85)1294 1.15(1.25)647

Female 11–13 −3.13(1.66) 436 −1.32(2.37)218 −1.45(2.26)266 −0.30(2.36)133 −2.73(1.31) 702 −0.78(1.66) 351
17–18 −2.92(1.54) 420 0.24(1.97)210 2.91(2.27)206 2.39(3.27)103 −0.91(1.29) 626 1.00(1.71) 313

−2.50(1.15) 856 −0.47(1.53)428 −0.31(1.60)472 0.70(1.92)236 −1.79(0.93)1328 0.05(1.19)664

All 11–13 −1.06(1.01) 934 1.21(1.69)467 −1.54(1.35)500 0.49(1.84)250 −1.29(0.80)1434 0.87(1.24) 717
17–18 −2.17(1.31) 788 −0.04(1.36)394 4.40(1.94)400 0.79(2.20)200 −0.07(1.10)1188 0.28(1.17) 594

−1.11(0.84)1722 0.59(1.10)861 1.21(1.17)900 0.62(1.41)450 −0.35(0.68)2622 0.60(0.86)1311

Table 4 DiVerence in systolic pressure (mm Hg) per kg increase in birth weight adjusted for BMI. Results for the overall twin sample and for within twin
pair (intrapair) comparisons

Age

Monozygotic twins Dizygotic twins All

Overall sample (SE)
Number

Intrapair comparison
(SE) Number

Overall sample (SE)
Number

Intrapair comparison
(SE) Number

Overall sample (SE)
Number

Intrapair comparison
(SE) Number

Male 11–13 −0.16(1.05) 498 1.65(2.55)249 −1.08(1.38)234 0.82(2.84)117 −0.46(0.84) 732 1.37(1.85) 366
17–18 −1.19(1.39) 368 −1.16(1.80)184 −2.15(2.01)192 0.54(2.89) 96 −1.38(1.17) 560 −0.42(1.54) 280

−0.70(0.89) 866 0.40(1.60)433 −0.25(1.26)426 0.68(2.01)213 −0.57(0.73)1292 0.57(1.23)646

Female 11–13 −3.48(1.58) 436 −2.25(2.55)218 −1.76(2.13)266 −0.79(2.30)133 −3.12(1.25) 702 −1.59(1.66) 351
17–18 −3.19(1.50) 420 −0.33(1.90)210 2.16(2.04)206 0.77(3.09)103 −1.31(1.21) 626 0.07(1.63) 313

−3.19(1.09) 856 −1.56(1.53)428 −0.57(1.46)472 −0.20(1.84)236 −2.32(0.87)1328 −0.87(1.17)664

All 11–13 −1.30(0.98) 934 −0.02(1.81)467 −1.91(1.31)500 −0.05(1.80)250 −1.60(0.78)1434 −0.05(1.25) 717
17–18 −2.42(1.24) 788 −0.74(1.32)394 4.05(1.87)398 0.59(2.08)199 −0.39(1.04)1186 −0.16(1.12) 593

−1.69(0.78)1722 −0.56(1.11)861 0.53(1.11)898 0.19(1.36)449 −1.00(0.64)2620 −0.15(0.85)1310*

*Missing values for height in one twin pair.
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for current BMI index instead of current weight
resulted in a regression coeYcient of −1.00 mm
Hg (SE 0.64) in the overall sample and −0.15
mm Hg (SE 0.85) in the intrapair analyses (table
4). Common to the subanalyses is the attenua-
tion of the negative correlation between birth
weight and blood pressure when the analyses are
performed within pairs.

Discussion
Among the many phenotypes considered in the
fetal programming hypothesis, blood pressure
is the one that most consistently has been
shown to be associated with birth weight. The
size of the association is modest: from a reduc-
tion of 1–2 mm Hg/kg increase in birth weight
for children to 5 mmHg/kg among elderly peo-
ple.1 6 For adolescents only few and small stud-
ies had been published until recently, but new
studies on more than 149 000 18 year old
Swedes and 3000 8–11 year old British
children have shown associations similar to
those obtained in studies of younger children,
although with sex diVerences.7 8

In our sample of adolescent twins we also
found a negative association between birth
weight and systolic blood pressure and it was
confirmed that the association is stronger
among girls. The association was reduced
when we used intrapair twin comparisons,
which controlled for genetic factors as well as
factors associated with the mother’s socioeco-
nomic status. However, it has been argued that
confounding by socioeconomic status is negli-
gible.1 3

The most interesting subgroup for the intra-
pair analyses was the monozygotic pairs,
because monozygosity allows all genetic factors
to be controlled for. In accordance with the
hypothesis about genetic factors influencing
both fetal growth and later life blood pressure,
we found that the regression coeYcient esti-
mate attenuated compared with the overall
analyses. The findings in the dizygotic group
were less consistent, maybe not only because of
the lower level of genetic control but maybe
also because of chance findings attributable to
the smaller sample size compared with the
monozygotic group.

The twin design used here has several
advantages. Not only is it possible to control for
genetic factors and maternal socioeconomic
status, but because the twins are born at the
same time the intrapair comparisons also con-
trol for gestational age. A concern could be that
the birth weight diVerences in twins are
unrelated to programming and that among
monozygotic pairs twin to twin transfusion
could play a part. However, Phillips12 has
argued that in twins even small weight
diVerences could have a major “programming
eVect” because twins are already small for date.
Another concern could be that a study from
New Zealand found evidence that twins have
lower blood pressure than singletons when
numerous factors were controlled for.18 How-
ever, our finding in the overall twin sample of a
negative association between birth weight and
systolic blood pressure—of the same magni-
tude as seen in studies of singletons—suggests

that the twin sample is well suited for testing
the fetal-insulin hypothesis.

While our findings are similar to a new study
of 114 adolecent twin pairs,19 they diVer
considerably from the recent twin studies by
Poulter et al9 and Dwyer et al10 of 492 pairs of
middle aged female twins and 52 pairs aged 8,
respectively. Both these studies found a large
birth weight eVect within twin pairs (>5 mm
Hg/kg) and no attenuation when genetic factors
were controlled for. Our study includes more
than three times the total number of mono-
zygotic twin pairs in these two studies, and
especially the study of 8 year olds was based on
a very small sample, so this may well be a
chance finding. It may be the case that genetic
factors play a part for the association between
birth weight and blood pressure in adolescence,
but not in mid-life. That is, the correlation
between birth weight and blood pressure may
have diVerent background at diVerent ages.

Based on the fetal programming hypothesis,
public health messages are currently sent out
about the influence of fetal nutrition on the
health of newborns throughout life.20 These
messages may create concerns among pregnant
women regarding their dietary habits before
and during pregnancy. From a public health
perspective this is excellent if the concerns are
appropriate and result in healthier mothers and
babies. On the other hand, concerns should not
be introduced among millions of women with-
out strong evidence. The fetal programming
hypothesis suggests that it is fetal nourishment
that causes the link between fetal growth and
later life health. Our study supports the fetal
insulin hypothesis that suggests that genes may
contribute to the negative association between
fetal growth and later life systolic blood
pressure. The direct evidence provided by
Dunger et al4 of a genetic factor (the insulin
gene) that aVects both fetal growth and later
life health also points toward a genetic compo-
nent in the association. Studies of intrapair dif-
ferences in twins and siblings at various ages
are two promising research areas for assessing

KEY POINTS

x The association between low birth weight
and increased blood pressure later in life
is well established.

x “The fetal programming hypothesis”
suggests that the association is caused by
intrauterine malnutrition.

x “The fetal insulin hypothesis” proposes
that genetically determined insulin resist-
ance contribute to the association be-
tween fetal growth and later life health.

x This twin study showed that the associ-
ation between birth weight and systolic
blood pressure attenuated when intrapair
comparisons were made.

x Our twin data suggest that genetic factors
contribute to the association between
fetal growth and systolic blood pressure in
adolescence.
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the magnitude of genetic confounding in the
association between fetal growth and later life
health.
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