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Current and Birth Weights Exert Independent Influences
on Nocturnal Pressure-Natriuresis Relationships in
Normotensive Children

Empar Lurbe, Josep Redén, Jose Tacons, Isabel Torrd, Vicente Alvarez

Abstract—The objective was to study the impact of birth weight on the relanonship between ambulatory blood pressure and
urinary sodium excretion in children and adolescents The study included 134 healthy children (61 boys), all Caucasians,
who were born at termn after 2 normotensive pregnancy For each subject, a 24-hour ambulatory blood pressure momtoring
and a complete urme collection were sumultaneously performed according to the protocols designed Average ambulatory
blood pressure (BP) and the urinary excretion rates for sodium, potassium, and creatinmne were calculated separately for
24-hour, awake, and sleep periods defined by a mini-diary The excretion rate of sodium during sleep time was positively
correlated with ambulatory systolic BP, such a positive relationship was not found for waking hours Consequently, the
mmpact of birth weight on the relationship between blood pressure and the urinary sodium excretion rate was analyzed
during sleeping hours Stepwise muluple regresston analysis shows that although current weight was the strongest predictor
for the sodium excretion rate during sleep (P<< 001), there was also an independent significant direct relationship for birth
weight (P<C 04) after controlling for age, sex, and the average of systolic BP during sleep Adjusted for current weight, a
significant difference mn the regression slopes relating urinary sodium excretion rate and systolic BP during sleep exists
between children in the lowest (<3 100 kg) and the highest tertiles (>3 500 kg) of birth weight (P<< 02) Dafferences in
sodium excretion rates, adjusted for current weight, between the two extreme tertiles of birth weight became sigmificant
at the highest systolic BP (P<< 04) The cluldfen who had the lowest birth weight tended to excrete less sodwuum during
sleep The results of the present study show a blunted pressure natriuresis curve 1n children and adolescents with the lowest
birth weight Whether this abnormal renal sodium handling may be present as an 1nitial or as an intermediate mechamsim
leading to higher BP values must be assessed 1n additional studies (Hypertension. 1998;31[part 2]:546-551.)

Key Words: birth weight @ ambulatory blood pressure ® sodium excretion ® children

he crucial influences 1in producing adverse cardiovascular

disease risk profiles may be the interactions among fetal
development, as indexed by barth weight, genetic background,
and environmental factors later 1n hife Recently, a number of
studies have found an mverse relationship between birth
weight and blood pressure (BP) levels in both adults and
children,"”* and this relationship becomes more evident
throughout one’s lifetime * There seenms to be evidence that
hypertension and the distribution of BP within the population
are partially programmed 1n intrauterine life Postnatal expo-
sure to environmental factors may then modify the prenatal BP
seting © The interaction between fetal and environmental
factors, however, remains poorly understood

There already exists a well documented connection between
BP levels and salt intake ’® In essential hypertension, some
observations and experiments have led to the hypothesis that a
restricted ability to excrete sodium is one 1mtiating factor in the
development of hypertension ? A sustained restrant on sodium
excretion tends to trigger volume expansion, which itself
stimulates a sustamed activation of compensatory volume-

adjusting mechanisms It 15 the persistent presence of the
compensatory mechanisms that causes a rise in BP, thereby
helping to overcome the kidney’s inability to excrete sodium
An abnormal pressure-natriurests relationship could provide
one pathway by which an impaired ability to excrete sodiun
would lead to hypertension ’

As birth weight, hypertension, and dietary sodium mntake are
all common 1ndicators of a population’s health, any association
between these factors 15 of great interest Investigations that
gather such data can contnbute to understanding how mech-
anisms acting during early hife can contribute to the develop-
ment of high BP later in hfe The present research was
undertaken to study the mmpact of birth weight on the
relationship between ambulatory BP and urmary sodium
excretion m children and adolescents

Methods

Selection of Participants
One hundred and forty-nine children (69 boys) from 3 to 19 years of
age were mncluded mn the present study All children had been selected
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from the pediatric outpatient chinic of the General Hospital of the
Umwversity of Valencia, Spain, which the children attended for the
purpose of routme health maintenance Systemic and renal disease
were discounted through physical examination, serum biochemustry,
and urmalysis All children included were born at term (>>37 weeks)
after a normotensive pregnancy The gestational age and the birth
weight were obtamed from routine obstetrical records Subjects were
divided mnto tertiles by birth weight lowest tertile, <3 1 kg, middle
tertile, 3 1 to 3 5 kg, and highest tertile, >3 5 kg Informed consent
was obtained from the chuldren and their parents The study was
approved by the Comrmuttee for the Protection of Human Subjects of
the General Hospital, University of Valencia, Spain

For each subject, 24-hour ambulatory BP monitoring and a
complete urne collection were simultaneously performed according
to the protocols described below

BP Measurements
Office and ambulatory measurements were petformed following a
previously published protocol " Briefly, on the day of the monitoring,
nurses measured the BP of the subject, 1n the sitting position, three
umes consecutively using a mercury sphygmomanometer after a rest of
at least 5 minutes Korotkoff phase I was used for systolic blood
pressure (SBP) and phase IV was used for diastolic blood pressure
(DBP) for children younger than 13 years of age, and phase V was used
for children older than 13 years of age "' The mean of the three
measurements was considered the office BP

An ambulatory BP monitoring was performed using a SpaceLabs
model 90207 monutor (SpaceLabs, Inc) weighing 340 g (including
batteries) This device uses an oscillometric method with a deflation
rate of 8 mm Hg/s The proper cuff was selected from among the
three sizes supplied by the manufacturer (10X13, 13X24, and
24X32 cm) according to the subject’s arm length, the cuff, which was
placed on the nondomnant arni, extended completely around the
arm, and the bladder width covered at least two-thirds of the upper
arm The accuracy of the momtor was tested on each subject under
resting conditions at the beginning of the monitoring pertod

Ambulatory BP monitoring was performed during a regular school
day with normal recreational activities, although the children were
structed not to engage 1n vigorous physical exercise or contact sports
on momitormg days Recording began between 8 30 and 9 00 AM
The reading frequency was programmed every 20 mnutes from 6 00
AM to 12 00 mudmght and every 30 minutes from 12 00 midmight to
6 00 AM The relatves of the participants were required to keep a
mim-diary, recording what time the children went to sleep and when
they awoke

Readings were automatically rejected when 1) SBP>220 mm Hg
or <70 mm Hg, and 2) DBP>140 mm Hg or <40 mm Hg
Whenever a reading could not be successfully completed, the mea-
surement was automatically repeated after 2 minutes while retaning
the preestablished sequence Nonedited recordings, in which more
than 30% of the measurements were erroneous, were excluded from
the analysis The average of the total number of readings obtaned
during each monztoring session was 61+3

Three different time periods were defined for this study 24-hour,
awake-time, and sleep-tume The 24-hour period included all valid
readings performed during the momtoring Both awake-time and
sleep-time were defined according to the mim-diary, n which
bedtime and awakening times were annotated by the subject or s
relatives Sleep-time was 1dentified from the subject’s mini-diary as the
tme between retining at might and standing up in the morning
Awake-time was defined as the remainder of the day The following
parameters were calculated for each subject total number of readings
and mean SBP and mean DBP during the 24-hour, awake-time, and
sleep-time periods

Urinary Electrolyte Measurements

On the day of the ambulatory BP monitoring (ABPM), the subjects
collected a timed, 24-hour urine specimen 1n two contamers, one for
awake-time and one for sleep-time use All urine produced during
waking hours, including the last urine before retiring, was collected 1n
the awake-time bottle Urine passed during sleep-time and upon nising

TABLE 1. General Characteristics, Office and Ambulatory
Blood Pressure in the Study Population (n=134)

Parameter Average SD
Age (yr) 100 35
Weight (kg) 431 174
Height (m) 14 022
Body mass index (kg/m?) 208 49
Birth weight (kg) 34 065
QOffice blood pressure
SBP (mm Hg) 105 1 251
DBP (mm Hg) 575 69
Ambulatory biood pressure
24-hour
SBP {mm Hg) 1089 91
DBP (mm Hg) 639 48
Awake-time
SBP (mm Hg) 1126 95
DBP (mm Hg) 678 51
Sleep-time
SBP (mm Hg) 996 97
DBP (mm Hg) 549 61

Awake-trme and sleep-time for each individual subject was calculated using a
mini-diary

was collected n the sleep-time container Urine volume was mea-
sured, and aliquots of urine were taken from both samples to measure
urinary electrolyte and creatimne levels the day after collection
Sodum and potasstum concentrations m the urine were determimed
by flame-photometry, and creatinine concentration was measured by
an automated enzymatic method (Techmcon Autoanalyzer, Techni-
con Instruments) The sodium, potassium, and creatimne excretions
were expressed per minute for the whole day, the awake penod, and
the sleep period

Possible under-collection or over-collection of unne during the
24-hour pertod was evaluated using standardized creatinine excretion
for body weight estimates Creatimine excretion was well within the
accepted normal range for age according to a previous study

Statistical Analysis

An association within two parameters was assessed by Pearson corre-
lation coefficient Multiple hinear regression analysis was calculated 1n
which unnary sodium excretion per minute during sleep-time was the
dependent variable and age, sex, current weight, birth weight, and the
average of sleep SBP were the independent variables The regression
slopes relating urinary sodium excretion and SBP during sleep within
lower and higher tertiles of birth weight were evaluated by a formal
test for nteraction (covamance analysis) by adjusting for current
weight The covanant per SBP of the differences in sodium excretion
per munute and per current weight during awake and sleep periods
within lower and higher tertiles of birth weight was evaluated using a
multiple analysis of variance

Results

General Characteristics of the Study Population
One hundred and thirty-four children (61 boys and 73 guls),
all Caucasians, who fulfilled the mnclusion critenia were -
cluded 1n the analysis The general characteristics of the study
population are shown 1n Table 1
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TABLE 2. Urinary Eiectrolyte Measurements (n=134)

Parameter 24-hour Awake-time  Sleep-time
Duration (hr min) 24000000 1456=0055 09030055
Volume (mL/min) 067+034 071042 061039
Creatinine (pg/min) 4209+311 4140332 4372+356
Sodwm {wmol/min) 1053+45 114657 889+57"
Potassium (umol/min) R21=11 401+16 194x12*
Sodium/potassium ratio 339011 295010 527+025*

The values are expressed as mean=standard error Awake-time and sleep-time
for each individual subject was calculated using a mini-diary
*P< 001 denotes a significant difference between awake-time and sleep-time

BP Measurements
The mean values of SBP and DBP for both office and
ambulatory BP for 24-hour, awake-time, and sleep-time
measurements are shown in Table 1 Reflecting circadian
thythmicity, the SBP and DBP during awake-time were
higher than those measured during sleep-time

An 1nverse relanonship between birth weight and all ambu-
latory BP values was observed The correlation coefficients
between birth weight and means of ambulatory BP were as
follows 24-hour SBP (r=~—0 11, P= 23), 24-hour DBP (r=0 04,
P=69), awake-time SBP (r=-013, P=13), awake-ime DBP
(r=—003, P=72), sleep-ume SBP (r=—008, P=71), sleep-
ame DBP (=004, P=70) Although the correlaton coef-
ficents were low, the strongest relabonship was observed
between birth weight and SBP In contrast, a sigmficant positive
correlaton  emerged between ambulatory SBP with age (24-
hour r=051, P=.0002, awake-time r=0 53, P= 0001, sleep-tume
=037, P=004), current weight (24-hour r=027, P= 002,
awake-time =025, P= 004, sleep-ume r=021, P=018), and
body mass mdex (24-hour r=023, P= 01, awake-ume
r=022, P= 01, sleep-time r=020, P= 02)

Urinary Measurements
In the study population, the total sodium excretion was
151 7%6 5 mmol for the 24-hour and 47 7£3 0 mmol for the
sleep-time pertods A significant positive correlation between
these vanables (r=0 67, P<< 001) was observed The values for
creattmine and urinary electrolyte excretion, expressed per
minute, are shown in Table 2 Awake-time urine was collected
for an average of 14 560 55 hours and sleep-time unne was
collected for an average of 09 03+0 55 hours Creatinine
excretion remained constant during both awake and sleep
periods In contrast, urnary volume, sodium, and potassium
excretion rates were significantly higher dunng the awake
period than they were during sleep The awake/sleep ratio for
the sodium excretion rate was 161%£009 The sodium/
potassium ratio ncreased sigmficantly during sleep

A umivariant relationship between ambulatory BP values and
selected variables with urinary sodum excretion rates per
munute for the 24-hour, awake, and sleep periods 1s shown 1n
Table 3 Regardless of the ime period considered, a significant
postitive correlation between sodium excretion and age, cur-
rent weight, and body mass index was observed There 1s also
a positive correlation between sodium excretion rate during
sleep and birth weight The excretion rate of sodium during
the 24-hour and sleep-time periods was positively correlated

TABLE 3. Correlation Goefficients Between Urinary Sodiuw
Excretion per Minute and General Characteristics and Bloo
Pressure in the Study Population (n=134)

Sodium (umol/min)

Parameter 24-hour  Awake-time  Sleep-fime
Age (y1) 048t 045t 020t
Current weight (kg) 057t 0491 044t
Body mass index (kg/m?) 042t 0341 037t
Birth weight (kg) 016 007 024+
24-hour SBP (mm Hg) p21* 015 021
24-hour DBP (mm Hg) -007 -012 004
Awake SBP (mm Hg) 019 014 020
Awake DBP (mm Hg) -009 —014 003
Sleep SBP (mm Hg) 018" 011 019
Sieep DBP (mm Hg) -008 -010 —-001

Awake-time and sleep-time for each individual subject was calculated using a
mini-diary

*P< 05, 1P< 01

with ambulatory SBP, such a positive relationship was not
found for waking hours (Table 3)

Birth Weight, BP, and Urinary Sodium
Excretion During Sleep

The 1mpact of birth weight on the relationship between BP
and the urmary sodium excretion rate during sleeping hours
was analyzed Stepwise multiple linear regression analysis was
used to assess the impact of other vartables on the association
between the birth weight and the unnary sodium excretion
rate Although current weight was the strongest predictor for
the sodium excretion rate dunng sleep, there was also an
independent significant direct relationship between birth
weight and unnary sodium excretion after controlling for age,
sex, and the average of SBP during sleep (Table 4)

Adjusted for current weight, the regression slopes and their
corresponding 95% confidence interval, relating the urinary
sodium excretion rate and SBP during sleep 1n the lowest
(<3100 kg) and the highest tertiles (>3 500 kg) of birth
weight are shown in Fig 1 The children who had the lowest
birth weight tended to excrete less sodium during sleep The
differences 1n sodium excretion rates between the two groups
became significant when sleep SBP increases (Fig 1) As

TABLE 4. Relationship Between Urinary Sodium Excretion
During Sleep with Other Selected Variahles Estimated hy
Stepwise Multiple Regression Analysis (n=134)

Variables Beta P R?
Step 1
Current body weight (kg) 1637 <001
0194
Step 2
Current body weight (kg) 1525 <001
Birth weight (kg) 17185 <035
0222

Other variables meluded in the analysis were age, sex, and average of sleep SBP
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Figure 1. Regression slopes and their corresponding 95% con-
fidence intervals, showing urinary sodium excretion rate,
adjusted for current weight, and SBP during sleep in the lowest
(<8 100 kg) and the highest tertiles (>3 500 kg) of birth weight
There 1s a significant difference between the slopes (covarnance
analysis, P < 02)

sleep-time SBP 1ncreases, the urinary sodium excretion rate,
adjusted for current weight, seems to be blunted among
children 1n the lowest birth weight group when compared to
those 1n the highest (MANOVA, P< 04) (Fig 2A) Further-
more, a lower sodum excretion rate during sleep 1n children in
the lowest birth weight tertile was not compensated for during
waking hours (Fig 2B)

Discussion
It has been extensively documented over the last several years
that the population distribution of BP 1s partially programmed
in mtrauterine hife (reviewed m ref 4) Postnatal exposure to
hifestyles and to environmental factors seems to modify the
prenatal BP setting, however One of the main environmental
factors influencing BP values 1s sodium consumption,” and
abnormal sodium-handhing’ may be a contnbuting factor to
the development of essential hypertension In the present
study, while simultaneously measuring ambulatory BP and
urinary sodium excretion, we examined whether the pressure-

natriurests curve 1s influenced by birth weight In children and
adolescents, birth weight seems to mfluence the pressure-
natriurests curve during sleep The sodium excretion rate of
children with the lowest birth weight was lower than that
observed 1n the highest birth weight group at the same
level of BP

This observed difference 1n sodium excretion among chil-
dren 1n the extreme tertiles of birth weight could not been
explamed by differences i gestational age, maternal BP, and
current weight Gestational age and maternal BP do not seem
to be determunants in the observed difference mn sodium
excretton because all subjects included were born at term,
after a normotensive pregnancy Current weight has a signif-
1cant positive correlation with sodium excretion
(r=0 44, P<01) and with birth weight (r=0 19, P<03) If
current weight 1s, to some extent, an intermediate variable
between sodium excretion and birth weight, the sodium
excretion rate was expressed per kilogram of current weight to
avoid the effect of this potentially confounding variable After
adjusting for current weight, difference 1n the sodium excre-
tion rate during sleep remained significant between children m
the extreme tertiles of birth weight

The relationship between BP values and sodium excretion,
and the umpact birth weight has on this relationship, was
analyzed during sleeping hours During this ume, but not
during waking hours, SBP and the sodium excretion rate were
posittvely correlated Thus difference could not be attributed to
methodological problems in urine collection because creati-
nine excretion was constant throughout the 24 hours, as would
be expected for complete collections During sleep, the balance
between sodium-retaining and sodium-conserving mecha-
misms favors sodium excretion, so the pressure-natriuresis
relationship probably becomes evident only at mght ">

Sodium excretion depends on papillary flow, which 15 not
belteved to be efficiently self-regulating, changing according to
arterial pressure ° An elevation i BP may result in an
increased hydrostatic pressure within the vasa recta capillaries
and the renal interstittum resulting 1 so-called pressure natri-
uresss ' Sympathetic tone and other hormonal regulatory
systems, such as the renin-anglotensin-aldosterone system,
modulate the basic effect of arterial pressure on sodum
excretion ' Reduced activity 1n these modulating mechanisms

A B
4 4 Figure 2. Uninary sodium excretion rate,
1 SLEEP-TIME 1 AWAKE-TIME adjusted for current weight, at different
P SBP values during sleep-time (A) and
=) I | awake-time (B), in the two extreme ter-
§ g . . 34 @ T tiles of birth weight (lowest birth weight,
gg | J T .«l + <3 100 kg [®), and highest birth weight,
5 E O~ P J.T >3 500 kg [O]) Urinary sodium excretion
g% T 0 "‘Ii-‘ during sleep was blunted in children in
3E ’I" 5. 1 the lowest birth weight group when com-
38 21 oo T pared to those in the highest birth weight
£ 1oored 1 group (MANOVA, P < 04) The lower
[ sodium excretion rate during sleep In
1 children in the lowest birth weight tertile
180 - s Pt i 1 0 w00 o 120 30 was not compensated for during waking

Average of Systolic Blood Pressure
{mmHg)

hours

Average of Systolic Blood Pressure
(mmHg)
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at mght, in a prolonged supine position, 1s substantiated by our
data There 1s an increment 1n the sodmm/potassium ratio,
which allows overmght uninary sodium to reflect, 1in part, the
pressure-natriuresis relationship

According to the pressure-natriuresis hypothesss for essential
hypertension formulated by Guyton et al,'™ a diminished ability
for sodium handling 1n the kidney leads to expanded extracel-
lular volume Thus, BP rises, allowing the kidney to excrete
excess sodium and restore the normal extracellular flid vol-
ume Grven the data 1n the present study, we have formulated
a hypothesis to explain the association between birth weight
and high BP values 1n children and adolescents A lesser ability
to excrete sodium mght be present in subjects with lower
burth weight and could predispose them to a progressive rise 1n
BP levels throughout hife Abnormalities 1n sodium excretion
have been observed in subjects who are prone to develop
hypertenston, such as healthy normotensive black adoles-
cents," young normotensive offspring of patients with essential
hypertension,” and rats with hereditary hypertension %'

The abnormal sodium-handling observed 1n normotensive
children with lower birth weight, together with hfelong salt
intake and the decreased ability to excrete sodium with age,22
may contribute to an mncrease of BP values and to the inverse
relationship between birth weight and BP values that becomes
more evident throughout life > The mechanisms resulting n
abnormal sodium-handling in children with the lowest birth
weight, although sull not fully explained, may be related to
those implicated 1n the hypotheses advanced to explain why
birth weight influences BP values A number of mechanisms
could hnk a compromised intrauterine environment to re-
duced fetal growth and higher BP values An adverse environ-
ment during critical periods may lead to permanent changes in
the body’s structure, physiology, and metabolism, of these,
reduced renal mass® and hormonal imprinting of cardiovascu-
lar and cerebral tssues during fetal ife® have recerved the most
attention

It has been argued that a reduced number of nephrons 1s one
of the mechamisms responsible for the impact of low birth
weight on BP values ® Sixty percent of the nephron popula-
tion develops 1n the third trimester,” and severe intrauterine
retardation 1 human fetuses has been shown to exert a
profound effect on renal development ” A reduced number of
nephrons produces an impairment 1n the capacity of the kidney
to excrete sodium by the kidney A reduced number of
nephrons by itself, however, does not explain the relationship
between birth weight and BP described in the absence of
intrauterine growth retardation

Increased fetal exposure to maternal glucocorticoids exerts
orgamzational effects or imprinting patterns of response on
vascular structures and cerebral tissue that persist throughout
life >* Reinforcing this, lower arterial comphance m subjects
who were small at birth has been recently reported ® Glu-
cocorticoids in the maternal circulation are normally prevented
from gamming access to the fetus by a placental enzyme,
11-beta-hydroxysteroid dehydrogenase, which catalyzes the
rapidly metabolized cortisol and corticosteroid mto inactive
products Studies conducted 1n rats demonstrated a low activity
level of this enzyme 1 newborn amimals that have a large
placenta but a low birth weight ® Furthermore, the adminis-

tration of low doses of dexamethasone to pregnant rats leads to
persistently raised BP 1n the offspring ** Hormonal imprinting
may lead to reduced sodium excretion ability by predisposing
the kidney to a higher vascular resistance, a situation charac-
tersstic 1 prehypertensive stages *'

The finding of our study 1s important with regard to the
development of high BP values and may be appropnate for the
identification of high risk groups, an important public 1ssue due
to 1ts potential for hypertension prevention It must be borne
m mund that current weight 1s still one of the main determ:-
nants of BP values Indeed, the subjects with the highest nisk
for developing hypertension are those with the lowest birth
weight and a higher current weight ** Consequently, given our
data, we beheve the opportunity to implement dietary salt
restrictions should be explored Any interpretation of our
results, however, must take into account the cross-sectional
design of the study Further research 1s needed to determine
whether directly mampulating salt intake 1n this high
nisk group of children will result 1n a reduction of the BP
rise rate

In summary, this study seeks to advance the knowledge of
the mechanisms implicated in the mverse relationship between
birth weight and BP values during hife Our study shows that
normotensive children 1n the lower birth weight tertile may
have a restricted ability to excrete sodium Further studies are
needed to assess the impact of abnormal renal sodium-handling
on BP later 1n hife An appreciation of the determinants of BP
in the early years of Ife could provide clues for the prevention
of hypertension
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