
a reduced model (with k parameters) is asymptotically
distributed as a X2 with m-k degrees offreedom.
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Abstract
Objective-To determine whether the relation

between high blood pressure and low birth weight is
initiated in utero or during infancy, and whether it
changes with age.
Design-A longitudinal study of children and

three follow up studies ofadults.
Setting-Farnborough, Preston, and Hertford-

shire, England, and a national sample in Britain.
Subjects-1895 children aged 0-10 years, 3240

men and women aged 36 years, 459 men and women
aged 46-54 years, and 1231 men and women aged
59-71 years. The birth weight ofall subjects had been
recorded.
Main outcome measure-Systolic blood pressure.
Results-At all ages beyond infancy people who

had lower birth weight had higher systolic blood
pressure. Systolic blood pressure was not related to
growth during infancy independently ofbirth weight.
The relation between systolic pressure and birth
weight became larger with increasing age so that,
after current body mass was allowed for, systolic
pressure at ages 64-71 years decreased by 5 2mmHg
(95% confidence interval 1l8 to 8 6) for every kg
increase in birth weight.
Conclusions-Essential hypertension is initiated

in fetal life. A raised blood pressure is then amplified
from infancy to old age, perhaps by a positive
feedback mechanism.

Introduction
Folkow suggested that there are two components in

the aetiology of essential hypertension: an initiating
process raises the blood pressure, and an amplifying
process progressively magnifies the difference through-
out life.' If this is true, the initiating abnormality could
be difficult to detect because it would have a small
effect on blood pressure in the early years of the
disease. There is little evidence on whether amplifi-
cation occurs in essential hypertension, though the rise
in blood pressure with increasing age is consistent with
this. It is clear that amplification occurs in secondary
hypertension. In patients with phaeochromocytoma,
Conn's syndrome, or renal artery stenosis, hyperten-

sion can persist even after the primary cause, the
tumour or stenosis, has been removed.23

Recent work has shown that raised blood pressure in
adults is associated with reduced growth in early life.45
Mean systolic and diastolic pressures of men and
women in middle and late life fall progressively from
those with the lowest birth weights to those with the
highest. Blood pressure is also higher in those whose
birth weights were low in relation to that expected from
their placental weights.4 Children show similar
relations.6 These findings could indicate that high
adult blood pressure is initiated in utero. Alternatively,
healthy infants oflow birth weight may have accelerated
growth, so called catch up growth, during the first six
months of life.78 If this accelerated early growth were
accompanied by an accelerated rise in blood pressure,
then the values would be set on a higher than expected
plane when tracking of blood pressure becomes
established after 6 months of age.9 10
We examined the timing of initiation of high blood

pressure and the occurrence of amplification by bring-
ing together data from four studies of children and
adults in Britain.

Methods
We used data from the following studies. In two of

them (Famborough and Hertfordshire) weight at 1
year of age was recorded in addition to birth weight.

CHILDREN

Farnborough-The Brompton study of blood
pressure was based on 1895 consecutive term ( >38
completed weeks of pregnancy) births at Farnborough
Hospital, Kent, from 1975 to 1977. The infants were
followed up at 4 days, 6 weeks, 6 months, 1 year, and
yearly thereafter to the age of 10 years; at each age
systolic pressure and weight were measured by a
standardised procedure. A 4 cm cuff was used at ages
up to 6 months, an 8 cm cuff from 6 months to 8 years,
and a 12 cm cuffon some children aged 5-8 years and all
children from 8-10 years. Details of the methods and
follow up rates have been published.9 We excluded two
children born at more than 42 completed weeks of
pregnancy.
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ADULTS

1946 cohort-The Medical Research Council's
national survey of health and development comprises
5362 men and women born in Britain in one week in
March 1946. Birth weight was recorded in pounds
(1 pound=0-45 kg). At the age of 36 years, 3240 had
their blood pressure measured by a standardised pro-
cedure. Details of the methods have been published;
the results presented are derived from the published
reports.I'

Preston-In Sharoe Green Hospital, Preston,
detailed records of pregnancy and delivery were
preserved. Birth weight was measured in pounds. A
total of 459 men and women who were bom in this
hospital and still lived in Lancashire had their blood
pressure measured by a standardised procedure at a
mean age of 50 (range 46-54) years. Details of the
methods have been published.4

Hertfordshire-In the county of Hertfordshire
from 1911 onwards each birth was notified by the
attending midwife, who recorded birth weight. A
health visitor saw the child at home periodically
through infancy and recorded weight at 1 year.
Weights were measured in pounds. A total of 844 men

TABLE I-Systolic pressure and birth weight

Mean (SD) unadjusted Mean (SE) difference in
systolic pressure systolic pressure per kg

Age (mm Hg) increase in birth weight

Farnborough
4 Days (n= 1739) 72 (9) -1 0 (1-4)
6 Weeks (n= 1628) 93 (11) -0-8 (0 8)
6 Months (n=863) 93 (14) -0-6 (1 0)

I Year (n= 1344) 94 (11) 0 4 (0 7)
2 Years (n= 1313) 96 (11) -0 3 (0-7)
3 Years (n= 1215) 97 (10) -1-4 (0-7)
4 Years (n= 1147) 97 (9) -2 5 (0 6)
5 Years (n=994) 96 (10) -1 1 (0 7)
6 Years (n= 1070) 93 (9) -1 9 (0 6)
7 Years (n= 1066) 91 (9) -1 1 (0 6)
8 Years (n= 1093) 91 (9) -1 6 (0 5)
9 Years (n=961) 92 (9) -0-7 (0 6)
10 Years (n=445) 94 (9) -1 3 (0 9)

1946 National cohort
36 years
Men (n= 1630) 123 (15) -2 3
Women (n= 1610) 118 (15) -2 0

Preston
46-50 9 Years
Men (n= 123) 154 (20) -2 8 (3 3)
Women (n= 116) 143 (22) -2 7 (4 0)

5 1-54 Years
Men (n=117) 154 (19) -3 4 (2 9)
Women (n= 103) 149 (26) -3 4 (5-2)

Hertfordshire
59-63 9 Years
Men (n=426) 162 (23) -3 0 (2 0)
Women (n=203) 159 (23) -2 7 (3 1)

64-71 Years
Men (n=418) 166 (24) -4 9 (2 0)
Women (n= 184) 161 (26) -5-5 (3 4)

TABLE II-Correlation between birth weight, weight at 1 year, and
current measures

Birth weight Weight at one year

Children aged 4 years (Famborough)
Weight at 1 year 0 39
Weight at 4 years 0-34 0 59
Adults aged 64 years (Hertfordshire)
Weight at 1 year 0 41
Body mass index at 64 years 0 12 0 12

TABLE III-Mean systolic pressure (mm Hg) at age 4years according to birth weight and weight at 4years

Weight at 4 years (kg)

Birth weight (grams) To 15-9 (n=256) To 16-8 (n=241) To 18-0 (n=199) > 18-0 (n=295) Total (n=991)

To 3060 95 (n=98) 97 (n=60) 102 (n=43) 100 (n=53) 98 (n=254)
To 3360 97 (n=74) 98 (n=62) 97 (n=60) 103 (n=48) 99 (n=244)
To 3650 95 (n=53) 96 (n=72) 98 (n=57) 99 (n=68) 97 (n=250)
>3650 92(n=31) 95 (n=47) 94 (n=39) 100(n=126) 97 (n=243)
Total 95 97 98 100 98*

*Overall standard deviation= 10mm Hg.

TABLE IV-Regression analysis of relation of birth weight and weight
at 1 year to systolic blood pressure at age 4 years, taking account of
current weight

Mean difference in
systolic pressure 95%
(mm Hg) per kg Confidence

Weight (kg) increase in weight interval p Value

At birth -2 8 -4-1 to - 1-4 <0 0001
Atlyear 01 -05to08 07
At4years 1-5 1 1to1-8 <00001

Standard error of residuals=89mm Hg.

who were born in east Hertfordshire during 1920-30
and who still lived there had their blood pressure
measured by a standardised procedure at a mean age of
64 (59-70) years. Details of the methods have been
published.'2 The blood pressure of 387 women born in
the same area during 1923-30 was measured similarly
at a mean age of 64 (60-71) years. The body mass of all
except six subjects was recorded.

STATISTICAL METHODS

Table I shows the mean unadjusted systolic pres-
sures. Systolic pressures were adjusted by linear
regression to allow for the effects of influential
variables. In Famborough systolic pressure was
adjusted for cuff size. Mean recorded blood pressure
was lower when the larger cuff was used.' In the 1946
cohort systolic pressure was also adjusted for cuff
size." In Preston systolic pressure was adjusted for age
at examination.4 In Hertfordshire systolic pressure
was adjusted for age at examination and ambient
temperature and for sex where men and women were
considered together.

Analysis was by tabulation of means using approxi-
mate fourths of the marginal variables and by multiple
linear regression. In Farnborough and Hertfordshire,
birth weight and weight at 1 year were used as joint
regression variables to determine the relative contri-
butions of prenatal and infant weight gain in the
prediction ofblood pressure.

Results
RELATION OF BLOOD PRESSURE TO BIRTH WEIGHT AND

WEIGHT GAIN IN INFANCY

Farnborough
Mean (SD) birth weight was 3411 (459) g for boys

and 3282 (431) g for girls. Mean (SD) gestation was
39.7 (1-0) and 39-8 (1 1) weeks respectively. Only
children with weights recorded at birth and 1 year
were included in this part of the analysis. To enable
comparison with other studies6 we analysed systolic
pressure at age 4 years, when there were 521 boys and
470 girls.

Systolic pressure was higher in children who were
heavier at age 4 years. Systolic pressure rose by 1-3
(95% confidence interval 1-0 to 1 -6) mm Hg for
every kg increase in current weight. Table II shows
correlation coefficients between weight and body mass
index at different ages. Children with higher birth
weight and weight at 1 year tended to be heavier at 4
years. Table III shows the relation between systolic
blood pressure and birth weight at different levels of
current weight. Children who had lower birth weights
tended to have higher systolic pressure at any level of
current weight. This was found in both sexes and was
little changed by adjusting birth weight for duration of
gestation. Table IV shows a simultaneous analysis of
the relation of birth weight and weight at 1 year with
systolic pressure, taking account of weight at 4 years.
Systolic pressure decreased by 2 8mmHg for every kg
increase in birth weight. There was no relation with
weight at 1 year.
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Hertfordshire
Mean (SD) birth weight was 3587 (590) g for men

and 3441 (536) g for women. Systolic pressure was
higher in men and women who had a higher body mass
index (weight/height2), rising by 1 0 (0-6 to 1 3) mm Hg
for every unit increase in body mass index. Table II
shows that, as in children, men and women with higher
birth weight and weight at 1 year tended to have
higher body mass at 64 years, though the relation was
small and the same for weight at 1 year as for birth
weight. Table V shows the relation between systolic
blood pressure and birth weight at different levels of
current body mass. As in children, men and women
who had lower birth weights tended to have higher
systolic pressure at any level of current body mass.
This was found in both sexes. Table VI shows the
simultaneous relation of birth weight and weight at 1
year with systolic pressure, taking account of current
body mass. Systolic pressure decreased by 4-0mmHg
for every kg increase in birth weight. There was no
relation with weight at 1 year. The relation of diastolic
pressure (adjusted for age and ambient temperature) to
birth weight, weight at 1 year, and current body
mass was similar to that of systolic pressure, though
weaker.

RELATION OF SYSTOLIC PRESSURE AT DIFFERENT AGES TO
BIRTH WEIGHT

Table I brings together the relation between birth
weight and systolic blood pressure in all four studies.
Systolic pressure was regressed simultaneously on
birth weight and a measure of concurrent size, weight
in children and body mass index in adults. Table I and
figure 1 show the regression coefficients at each age.
These give the mean difference in systolic pressure per
kg increase in birth weight.
Mean systolic pressure rose with age. The inverse

TABLE v-Mean systolic pressure (mm Hg) at age 64 years according to birth weight and current body mass
index

Body mass index at 64 (kg/m')

Birth weight (pounds) To 241 (n=308) To 26-4 (n=301) To 29-0 (n=313) >29-0 (n=303) Total (n=1225)

To7 156 (n= 109) 165 (n=88) 168 (n=101) 169 (n=82) 164 (n=380)
To 7-75 162 (n=70) 164 (n=71) 167 (n=51) 162 (n=58) 164 (n=250)
To 8-5 159 (n=79) 164 (n=66) 164 (n=90) 170 (n=78) 164 (n=313)
>8 5 152 (n=50) 153 (n=76) 163 (n=71) 165 (n=85) 159 (n=282)
Total 158 162 166 167 163*

*Overall standard deviation= 24mm Hg.

TABLE vi-Regression analysis of relation of birth weight and weight
at I year to systolic blood pressure at age 64 years, taking account ofsex
and current body mass

Mean difference in
systolic pressure 95%
(mm Hg) per kg Confidence

increase in weight interval p Value

Birthweight (kg) -4 0 -6-5 to -1.5 <'0005
Weight at I year (kg) 0 03 -1-2 to 0 3 0-96
Body mass index (kg/m')
at64years 1-0 0-7to 1-4 <0-00001

Standard error of residuals=23-1 mm Hg.

TABLE ViI-Mean systolic pressure (mm Hg) at ages 59 to 71 years according to birth weight by age and sex

Men Women

Birth weight (pounds) 59-63 Years (n=426) 64-70 Years (n=418) 60-63 Years (n=203) 64-71 Years (n= 184)

To5-5 166(n=17) 171 (n=18) 156(n=10) 169(n=9)
To 6-5 163 (n=53) 168 (n=53) 156 (n=35) 165 (n=33)
To7-5 162 (n=120) 168 (n=144) 162 (n=73) 160 (n=68)
To8-5 163 (n=136) 165 (n=l1) 163 (n=48) 163 (n=48)
>8 5 161 (n=100) 163 (n=92) 152 (n=37) 155 (n=26)
Total 162 166 159 161
Standard deviation 23 24 23 26

2I
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relation between birth weight and systolic pressure was
apparent in pressure measurements made from the
early months of life up to the age of 71 years. The
strength of this relation, as indicated by the size of the
regression coefficient, increased with age. To take
account of the increase in standard deviation of systolic
pressure with increasing age (table I) the regression
coefficients at each age were divided by the standard
deviation. These adjusted regression coefficients
remained larger in adults than in children.
As an illustration of the stronger relation between

birth weight and systolic pressure with age, the mean
pressures, adjusted for ambient temperature, are shown
for the men and women in Hertfordshire at ages 59-63
years and 64-71 years (table VII). In each sex the
difference in systolic pressure between people who had
low or high birth weights was greater at the older age.
For men and women aged 64 to 71 years systolic
pressure decreased by 5-2 (1 8 to 8 6)mm Hg for every
kg increase in birth weight, after allowing for current
body mass.

Discussion
At all ages beyond infancy people who had lower

birth weight had higher systolic pressure (table I).
Though small babies tend to become small children
and small adults (table II) systolic pressure is also
higher in people who are heavy in childhood and adult
life. Thus the highest systolic pressures are found in
people who had low birth weight but become heaviest
(tables III and V). This group of people has also been
shown to have a high prevalence of non-insulin
dependent diabetes."2
The samples which we studied were different in age,

place of birth, and residence. However, the relations of
systolic pressure with birth weight and weight at 1 year
were consistent. The loss to follow up in Farnborough
is unlikely to have biased our findings as the birth
weights and other measures of those who were followed
up were similarly distributed to the original sample.9
Similarly, in Preston and Hertfordshire the early
weights were not different between those who did or
did not participate in the study.
We showed that weight gain in infancy is not related

to later blood pressure after birth weight and current
weight or body mass are allowed for (tables IV and VI).
This suggests that high blood pressure is initiated
prenatally rather than during infancy. Consistent with
previous findings among adults in Preston,4 and among
children in Salisbury6 and in a national cohort,'
the Famborough data show that the relation of
systolic pressure with birth weight does not depend on
shortened gestation. We therefore conclude that high
blood pressure is initiated by processes associated with
reduced growth in utero. The relation between blood
pressure and reduced growth is not confined to babies
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with intrauterine growth retardation defined by birth
weight at the lowest centiles. It is also seen in babies of
around average weight.
We found that the relation between systolic pressure

and birth weight becomes evident in the early months
of life and grows stronger with increasing age (tables I
and VII). We therefore suggest that the relation
initiated in utero becomes amplifed in later life. This
amplification could depend on a feedback mechanism
which progressively increases an initially raised systolic
pressure from infancy to old age. Such amplification
could determine the progressive dispersion of
blood pressure, indicated by the increase in standard
deviation around the mean (table I) with increasing
age.
We suggest that adult hypertension is determined by

initiating and amplification mechanisms, as Folkow
proposed,' and that these are both set in place in utero,
though compounded by later obesity. Two groups of
babies develop high blood pressure in later life. One is
thin at birth, as indicated by a low ponderal index; the
other is short in relation to its head size and has above
average placental weight.'3 The relative contribution of
initiating and amplifying effects to the development of
hypertension may differ in the two groups, and we are
currently studying this.
We can speculate on the processes which underlie

initiation and amplification. The initiating process
could be changes in fetal blood flow, perhaps resulting
from perfusion of a large placenta, since large placental
size in relation to fetal size is a strong predictor ofblood
pressure in adults.4 Altematively, it might be increased
activity of a trophin or mitogen, leading to changes in
the vessel wall and subsequently a rise in blood
pressure. Suggested trophins include growth hormone,
insulin, insulin-like growth factor I (somatomedin C)
sympathetic nerves, catecholamines, and angiotensin
II.3 A wide variety of endocrine changes have been
shown in growth retarded fetal sheep; these include
lower blood concentrations of insulin and increased
concentrations of adrenaline and noradrenaline.'4
The feedback mechanism which amplifies the

initiating effects with age could depend on progressive
changes in the structure or compliance of blood
vessels. In humans and in animals, vascular structure
and compliance change with haemodynamic load." An
increase in peripheral resistance and pulse pressure in
early life could alter structure and reduce compliance,
which in tum would increase pulse pressure. A feed-
back mechanism could thereby become established.'6

Whatever the mechanisms, further understanding
of the causes of essential hypertension may lie in
knowledge of the processes which control fetal growth.
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ONE HUNDRED YEARS AGO

LONDON AS A PLACE OF OCCASIONAL STUDY.

Every year the desire to be up to date drives a larger and
larger number of medical men to spend part at least of
their holidays in study, and a constant stream of Colonial,
American, and other English-speaking wanderers passes
through the Continental medical schools, picking up such
crumbs of knowledge as their degree of familiarity with
foreign languages will permit. Perhaps if the enormous
advantages of London as a place of occasional study were
as well known as they should be, many would stay here
instead of going further. The prospectus of the London
Post-Graduate Course shows how thoroughly a couple of
months can be filled up; but it by no means covers the
whole field which is open to the enterprising stranger. If
any special line is to be studied, a small sum spent in fees
will put the student not merely on the benches of a lecture

room, but in actual touch with the daily practice of most of
the special hospitals. For those who wish to see the
surgical procedures of the leading operators the theatres of
all the hospitals are practically open for occasional visitors,
although at none of the hospitals to which schools are
attached can the stranger easily come in contact with the
patient or do more than take his place among the crowd of
students. Going round the wards of a school hospital is not
always satisfactory, at any rate to the amour propre of the
distinguished stranger; but by doing ward and out-patient
work at the special hospitals, attending such portion of the
Post-Graduate Course as may be of most interest, and
taking full advantage of such operative and clinical work at
the school hospitals as is done in the theatres, an immense
amount of information may be picked up regarding the
actualities of medical and surgical practice.

(BMY 1893;i: 1237.)
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