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To investigate th e  relationship betw een the  ren in-angiotensin-aldo- 
sterone system  (RAAS) an d  the  electro ly te an d  acid-base sta tu s  during  
early p o stn a ta l life, plasm a renin  ac tiv ity  (PRA), plasm a aldosterone co n 
cen tration  (PAldo) and u rinary  aldosterone exretion  (UAE) were m easured  
using R IA , along w ith sim ultaneous determ ination  of plasm a Na, К  an d  Cl 
levels, N a an d  К  balance as well as ac id -base  param étere in 7 low b ir th  
weight p rem atu re  infants supplem ented w ith  NaCl (group S).

The s tu d y  was perform ed on th e  7th day  an d  a t  weekly in te rvals 
thereafter u n til the  6th week of life. The results were compared w ith  those  
obtained in  in fan ts of sim ilar b irth  weight an d  gestational age w ithout N aCl 
supplem entation  (group NS). NaCl supplem entation  was given in a  dose of 
3—5 m E q/kg /day  and 1.5— 2.5 m E q /kg /day  for 8—21 days and  22— 35 
days, respectively.

NaCl supplem entation resulted in  positive N a balance and resto red  
the plasm a N a level to  140.3 ±  0.36 (m ean ± S E )  mEq/1 by the second week 
of life. The plasm a N a (p <  0.01) and  plasm a Cl (p <  0.05) concentrations 
were significantly  higher in  group S th a n  in group NS in the  3rd week. 
In g ro u p  S, u rinary  N a excretion (p <  0.01) and  u rinary  Na/К  ratio  (p <  0.05) 
were also h igher than  in group NS in weeks 2nd to  4th and 3rd to  4th, 
respectively.

In  response to  NaCl supplem entation, neither PRA, PAldo nor U A E  
rose above th e  in itial values. Instead , P R A  fell significantly from 14.5 d: 1-3 
to  5.8 ±  2.8 ng/m l/hr (p <  0.05) an d  PAldo showed no consistent change 
during th e  course of the study . U A E fell a t  f irs t from  4.2 ±  0.08 to  2.1 ±  0.2 
/<g/day by  th e  3rd week (p <  0.05) followed by  a  rise to  7.1 ±  2.3 /<g/day 
(p <  0.01). P R A  in weeks 2nd to  4 th  (p <  0.01), PAldo in week 3rd (p <  
<  0.05) an d  U A E in weeks 2nd to  4 th  (p <  0.01) were significantly lower 
in group S th a n  in group NS.

A fter NaCl supplem entation, no la te  m etabolic acidosis developed and  
significantly higher to ta l C 0 2 (p <  0.01) and  lower base deficit (p <  0.01) 
values could be observed in the 2nd and  3rd weeks.

I t  is concluded th a t  renal sa lt w asting and  the  negative sa lt balance 
in th e  f irs t two weeks of life m ight be of prim e im portance in the profound  
postna ta l increase in RAAS ac tiv ity  an d  also in  the  developm ent o f la te  
m etabolic acidosis frequently seen in low b irth  weight prem ature in fan ts.

In a series of recent publications it 
has been reported that the activity of 
the renin-angiotensin-aldosterone sys

tem (RAAS) is markedly elevated in 
the early neonatal period [7, 8, 13, 16, 
17, 19, 20, 22, 24, 26, 28, 32, 34, 35].
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It has also been shown that the pat
tern of its postnatal development in 
preterm infants [21, 39] is very dif
ferent from that found in full-term 
newborn infants [13,17, 20, 28, 34, 35].

In full-term neonates plasma renin 
activity (PRA) [13, 17, 20, 34], plasma 
angiotensin [9] and plasma aldoste
rone concentration (PAldo) [7, 13, 17, 
28, 34, 35] have been shown to fall 
progressively with increasing post
natal age, whereas in preterm infants 
these parameters increased dramatic
ally within a few weeks of birth and 
reached their peak value by the end of 
the 3rd — 4th week, followed thereafter 
by a slight and gradual decline [21, 
39]. Moreover, it has been suggested 
that the postnatal increase and the 
sustained high activity of RAAS are 
closely related to the increased urinary 
sodium loss, the subsequent negative 
sodium balance and late hyponatrae- 
mia occurring in low birth weight pre
term infants [21, 39, 40]. At the same 
time, the forced stimulation by the 
excessively activated RAAS results in 
rapid improvement of distal tubular 
reabsorption of sodium, consequently 
it is of great importance in restoring to 
normal the sodium balance and the 
rising plasma sodium concentration 
[41].

Since these observations clearly dem
onstrate the essential role of RAAS 
in the control of sodium homeostasis 
in preterm infants, it seemed worth
while to explore this relationship. 
The present study was undertaken to 
compare the postnatal change of PRA, 
PAldo and UAE in relation to electro
lyte balance in NaCl-supplemented

preterm infants during the first six 
weeks of life with those previously 
found in a comparable group of pre
term infants without NaCl supplemen
tation [39]. In addition, the acid-base 
parameters of the blood were deter
mined to study the influence of NaCl 
supplementation on the development 
of late metabolic acidosis.

M a t e r ia l  a n d  M e t h o d s

Two groups of h ea lth y  m ale p reterm  
in fan ts  were selected for the  s tudy . Group I  
consisted of 7 infants w ith  a b ir th  w eight of 
1080— 1740 g (mean, 1480 g) an d  gesta
tio n a l age of 28—33 weeks (mean, 30.8 
weeks). The m embers o f th is  group were 
g iven  NaCl supplem entation. G roup I I  in 
cluded  14 non-supplem ented in fan ts; 7 of 
these  served as contro l for th e  horm one, 
e lec tro ly te  and acid—base balance studies. 
T heir m ean b irth  w eight an d  m ean  ges ta
tio n a l age was 1580 g (range, 1160—1850 g) 
an d  31 weeks (range, 30—32 weeks), re 
spectively . The results ob ta ined  in  these 7 
in fan ts  have already been repo rted  [39]. 
G roup I I  was com pleted w ith  7 fu rth e r  
p re te rm  infants ranging in  b ir th  w eight 
an d  gestational age from  1100 to  1820 g 
(m ean, 1610 g) and from  28 to  32 weeks 
(m ean, 30.5 weeks), respectively. Their 
p lasm a electrolyte levels were m easured 
seria lly  and com pared to  those supple
m en ted  w ith  NaCl.

G estational age was calcu lated  from  the 
m o th e r’s m enstrual h is to ry  an d  was la ter 
confirm ed by  physical exam ination  of the 
in fan ts . B irth  weight of the  in fan ts was 
w ith in  th e  10th and 90 thpercentiles accord
ing to  our local standard .

T he infants were born  a fte r  uncom pli
ca te d  pregnancy and norm al vag inal deliv
e ry  w ith  Apgar score of 7 or m ore a t  one 
m in u te  of age. M aternal h is to ry  d id  n o t 
revea l a  sa lt-restricted  d ie t or diuretic 
tre a tm e n t. The im m ediate n eonata l period
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was uneventfu l and in itial resp ira to ry  
difficulties were n o t severe enough to  w ar
ra n t positive pressure ven tilation . H aving 
overcome th e  difficulties of resp ira tory  
ad ap ta tio n  all infants rem ained well during 
the  whole period of study.

The infants were kept in incubators 
to provide controlled thermal environ
ment until their weight had reached
2 kg. All were fed at 2-hourly intervals
until the body weight of 1500 g had 
been attained and at 3-hourly inter
vals thereafter, in an amount to en
sure a daily calorie and fluid intake of 
120 140 cal/kg and 180 — 200 ml/kg,
respectively, by the end of the second 
week of life.

Sodium supplementation was in
troduced on the 8th day, in the form 
of 5% NaCl solution, irrespective of 
the base deficit. The required amount 
of NaCl was added to the formula and 
distributed in equal quantities 
throughout the day. Infants with a 
birth weight less than 1500 g received 
5 mEq/kg/day NaCl, while to those 
with a birth weight of 1500—1750 g,
3 mEq/kg/day NaCl was given for a 
period of two weeks. Then the supple
mental NaCl intake was halved and 
administered further in this reduced 
dose for another period of two weeks. 
The supplementation was terminated 
at the end of the fifth week of life.

Sodium and potassium balances, 
acid-base status and hormone levels 
were determined on the 7th day of life 
and in weekly intervals thereafter up 
to the 6th week of life. The first deter
minations in the NaCl supplemented 
group were performed just before 
starting supplementation.

For measurements of sodium, po
tassium, PRA and PAldo, blood was 
taken from a scalp vein. For the acid- 
base studies arterialized capillary 
blood was used.

Urine was collected fractionally for 
a period of 24 hours. The specimens 
were refrigerated, pooled and stored 
at — 20 °C until analysed for urinary 
sodium and potassium excretion as 
well as for UAE. Electrolyte balances 
were calculated as the difference be
tween dietary intake and urinary ex
cretion, losses in the stool and sweat 
were not considered-

Sodium and potassium concentra
tions in plasma, urine and formula 
were determined by flame photometry. 
Acid-base parameters of the blood 
were measured by the method of 
Astrup et al [6]. PRA was measured 
by the radioimmunoassay of generated 
angiotensin I according to the method 
of Haber et al [18]. PAldo and urinary 
aldosterone concentration measure
ments were made by radioimmuno
assay (42) using commercial kits as 
reported previously [39, 40].

Informed parental consent was ob
tained for blood sampling and urine 
collection.

The results were expressed as 
mean ±  SE and statistical evaluation 
was done by using Student’s t test.

R e s u l t s

Electrolyte balance

Sequential changes in sodium and 
potassium balances are shown in 
Fig. l . I t  can be seen that the sodium

Acta Paediatrica Academiae Scientiarum Hungaricae 22, 1981



112 E . Sulyok et al. : Renin-angiotensin system

NaCI supplementation

F i g . 1. P ostnatal developm ent of sodium in take, u rin a ry  sodium excretion an d  sodium 
balance in  preterm  in fan ts w ith  and w ithout NaCI supplem entation during  th e  firs t six 

weeks of life. The vertical bars rep resen t SEM in each F igure

intake of about 5 mEq/kg/day in the 
2nd and 3rd weeks and of 3.4 mEq/ 
/kg/day in the 4th week was signifi
cantly higher in the supplemented (S) 
than in the non-supplemented (NS) 
group (p <0.01).Urinary sodium excre
tion in the NS group was highest (3 
mEq/kg/day) in the first week; it de
creased significantly in the next two 
weeks (p </ 0.01) and remained at 
about the same level thereafter. When 
supplemental sodium was given, uri
nary sodium excretion showed no 
decline and mean values as high as 2.8 
to 3.4 mEq/kg/day could be observed 
in the 2nd to 4th weeks; the differences 
between the two groups were signifi
cant (p <  0.01). As a result, in group 
S a positive sodium balance was found 
by the 2nd week compared with the

negative balance at this age in group 
NS (p <  0.01). Later in life the reten
tion rate of sodium did not differ signif
icantly between NS and S infants 
( K g .  1 ) .

Intake, urinary excretion and re
tention rate of potassium were similar 
in both groups. Potassium excretion 
in urine increased steadily at a low 
rate during the whole observation pe
riod. Sodium supplementation had no 
apparent influence on its develop
mental pattern (Fig. 2).

The urinary sodium/potassium ratio 
(Fig. 3) decreased progressively with 
increasing age in both groups from the 
initial mean values of 5,8 and 4,5 in the 
NS and S groups, respectively. Due to 
the increased urinary sodium excretion, 
however, sodium supplementation
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resulted in a significantly higher 
sodium/potassium ratio in group S 
during the 3rd and 4th weeks of life 
(p <  0.05).

Postnatal changes of plasma so
dium, potassium and chloride concen
tration are shown in Fig. 4. At the 
beginning of the study, mean plasma

sodium concentration was similar in 
the NS and S groups. Thereafter in 
the NS group its value decreased to 
the minimum level of 130 mEq/1 by 
the end of the 3rd week (p <  0.01) 
followed by a stepwise increase until 
the end of the study. In contrast, the 
increased dietary sodium intake in

NaCl supplementation 
kg m supplemented

mEq/kg/day о non-supplemented

postnatal age/weeks/

F ig . 2. P o stn a ta l developm ent of potassium  in take, u rinary  potassium  excretion  and 
potassium  balance in preterm  infants w ith and w ithou t NaCl supplem entation during  the

firs t six weeks of life

NaCt supplementation

postnatal age/weeks/

F ig . 3. P ostna ta l developm ent of th e  urinary N a/К  ra tio  in preterm  infants w ith  and 
w ithout NaCl supplem entation during th e  firs t six weeks of life
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F ig . 4. P o stn a ta l developm ent o f plasm a sodium , po tassium  and chloride concentration 
in p re te rm  infants w ith  an d  w ithou t NaCl supplem entation  during the f irs t six w eeks of life

group S prevented any fall in the 
plasma sodium level and resulted in an 
immediate restoration of plasma so
dium concentration to about 140 
mEq/1 which could be maintained 
throughout the study. In the 3rd week 
the difference in plasma sodium con
centration between the two groups 
was significant (p < 0 .01).

The trend of plasma potassium con
centration in the NS group was op
posite to that of sodium. Its mean 
value of 4.6 mEq/1 in the first week 
increased significantly during the pe
riod of hyponatraemia (p <  0.05), 
then a gradual decline followed. At the 
same time the plasma potassium level 
in group S showed a tendency to fall 
during the whole study, but the fall 
failed to reach statistical significance 
(Fig. 4/b).

Plasma chloride concentration 
roughly corresponded to the plasma 
sodium concentration in the NS group, 
showing a significant fall until the 3rd 
week (p <  0.05) followed by a moder
ate increase later in the study. In S 
infants no similar changes in plasma 
chloride concentration could be seen; 
the mean was highest in the 3rd week 
and then remained relatively constant 
throughout the observation period. 
NaCl supplementation resulted in sig
nificantly higher plasma chloride lev
els only in the 3rd week of life (p <  
<  0.05) (Fig. 4/c).

Hormonal changes

As shown in Fig. 5, PR A, PAldo 
and UAE in NS infants increased 
from the initially high values of 18.2 ±
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plasma renin 
activity 
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NaCt supplementation

supplemented 
□ non-supplemented

5-6
plasma aldosterone concentration

urinary aldosterone excretion 
.10-, ua/24h

1 2 3 4 5-6
postnatal age/weeks/

F i g . 5. P o stn a ta l developm ent of plasm a ren in  ac tiv ity , plasm a aldosterone concentration  
an d  u rin a ry  aldosterone excretion in p rete rm  infan ts w ith and w ithout NaCl supplem enta

tion  during th e  f irs t six w eeks of life

dr 4.1 ng/ml/hr, 1.77 dr 0.5 ng/ml and
2.6 dr 0,4 jWg/day in the first week to a 
maximum of 78,6 dr 18.1 ng/ml/hr (p <  
<  0.01), 6.8 d- 3.7 ng/ml (p <  0.05) 
and 26.4 dr 2.9 /ig/day (p <  0.01) in 
the 3rd week, respectively. Later 
gradual declines occurred, but PRA, 
PAldo and UAE remained markedly 
elevated even at the end of the study. 
By contrast, in response to NaCl supple
mentation neither PRA, PAldo, nor 
UAE rose above the initial values of 
14.5 ±  1.3 ng/ml/hr, 2.0 dr 0.4 ng/ml 
and 4.2 dr 0.8 /ig/day, respectively. In
stead, PRA fell to 5.8 d: 2.8 ng/ml/hr 
(p <  0.05) and PAldo showed no con
sistent change during of the study. 
UAE fell to 2.1 dr 0.2 /ig/day by the

3rd week (p <  0.05) to rise signific
antly afterwards (p <  0.01). Compar
ing the hormone levels in the two 
groups, PRA in weeks 2nd to 4th 
(p <  0.01), PAldo in week 3rd (p <  
<  0.05) and UAE in weeks 2nd to 4th 
(p <  0.01) proved to be significantly 
lower in the S group than in the NS 
group.

Acid-base balance

In Fig. 6 it is seen that prior to 
NaCl supplementation a moderate and 
nearly identical metabolic acidosis 
appeared in both groups. During the 
next two weeks the base deficit tended 
to increase and total C 02 tended to
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Base deficit

F ig . 6. P ostna ta l developm ent o f base deficit and  to ta l СО г content of the blood in preterm  
in fan ts w ith and  w ithou t NaCl supplem entation during  th e  firs t six weeks of life

decrease at a similar rate in group NS 
indicating the increasing acidosis. 
Subsequently both parameters ap
proached gradually the normal level. 
In contrast, metabolic acidosis rapidly 
improved in S infants and the mean 
base deficit and mean total C02 re
mained within the ranges of 2.1 to 4.6 
mEq/1 and 21.7 to 24.8 mEq/1, respec
tively, after the 2nd week of life. 
In the 2nd and 3rd weeks the differ
ence in the degree of metabolic acido
sis between the two groups was sig
nificant (p <  0,01).

Weight gain

In every infant, body weight in
creased with age at a similar rate ir
respective of sodium intake. The rate 
of growth was slightly higher in in
fants on the high than in those on the

T able  I

Effect o f NaCl supplem entation on weight 
gain (g/kg/day) of preterm  infants

Age (weeks) Supplemented Non-supplemented

1 — 6,7 ±  2 .5 — 7.5 ±  2 .8

2 11.2 ±  2.7 0.8 ±  2.1

3 13.5 ±  1.8 11.2 ±  1.6

4 14.8 ±  1.9 14.2 ±  1.8

5— 6 14.9 ±  1.5 13.7 ±  1.3

low sodium diet in the second week of 
life (Table I).

D isc u ssio n

There is a considerable controversy 
concerning sodium requirements of 
low birth weight preterm infants. Ex
perimental studies in rats and epi
demiological studies in humans have
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shown that a high dietary sodium in
take early in life may result in hyper
tension in adult life. The Committee 
on Nutrition of the American Acad
emy of Pediatrics recommended 
that the salt intake of infants should 
he kept low [1]. This recommendation 
did not take into account the differ
ences between preterm and term in
fants.

In the last decade, however, it be
came apparent that the rate of urinary 
sodium excretion, and in particular 
the rate of fractional sodium excretion 
[3, 4, 14, 21, 23, 30, 33, 36, 37] and 
the natriuretic response to salt chall- 
ange [3] is much higher in preterm 
than in full-term infants. It has also 
been shown that renal salt wasting re
sulted in a negative sodium balance and 
hyponatraemia in low birth weight 
infants which were fed breast milk or 
a formula with a sodium level similar 
to that in human milk [12, 14, 21, 25, 
31, 36, 43].

These observations clearly indicate 
that human milk and low sodium for
mulas fail to provide the maintainance 
requirements of sodium and therefore 
additional sodium should be given to 
keep up with the high sodium needs of 
these infants. In contrast with the 
more recent recommendation of the 
Committee on Nutrition [2], it is now 
generally accepted that an increased 
sodium intake should be provided for 
preterm infants. Recent data, how
ever, suggest that the amount of so
dium to be administered varies to a 
great extent with birth weight, post
natal age and clinical condition of the 
infant [14, 21, 25, 31, 43].

Based on detailed balance studies 
in very low birth weight (1300 g) in
fants, Roy et al. recommended a so
dium supplementation of 3 mEq/kg/ 
/day until the body weight of 1500 g 
had been reached [31]. The value 
agrees well with that estimated by 
Fomon et al. for hypothetic growing 
premature infants with a body weight 
of 1200 g, a weight gain of 20 g/day 
and an energy intake of 120 kcal/kg/ 
/ day, when they assumed that intestinal 
absorption reached 87% and urinary 
sodium excretion, 1 mEq/kg/day [15].

Evidence is accumulating to indi
cate that the rate of urinary sodium 
excretion often exceeds 1 mEq/kg/day 
[10, 21, 25, 39]. A sodium intake of 
4—10 mEq/kg/day may meet the nu
tritional demands of some very low 
birth weight and sick neonates [14, 21, 
25].

In our study, sodium supplementa
tion was applied in a dose of 3 — 5 and 
1.5—2.5 mEq/kg/day for 8 — 21 and 
22—35 days, respectively. This high 
dose was chosen because in our prac
tice a sodium intake of 2 — 3 mEq/kg/ 
/day was insufficient to prevent the 
fall of the plasma sodium level and to 
cope with the urinary sodium excre
tion of more than 1 mEq/kg/day. 
Interestingly, the study by Roy et al 
indicates the importance of a sodium 
intake greater than 3 mEq/kg/day. 
They showed that a sodium intake of 
3 mEq/kg daily for as long as 4 weeks 
was necessary to raise the plasma so
dium concentration to about 137 
mEq/1, i.e. to the lower limit of the 
normal range [31]. It should, however, 
be kept in mind that the plasma so
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dium level in itself is only a rough 
estimate of the sodium requirement 
and other reliable indices should also 
be applied.

In a previous study we have shown 
that the RAAS of preterm infants is 
excessively activated during the first 
few weeks of life and we suggested 
that the profound postnatal increase 
in PR A, PAldo and UAE were related 
to the changes taking place in sodium 
balance [39]. It has also been shown 
that due to the forced stimulation by 
RAAS, fractional distal tubular so
dium reabsorption rose rapidly and as 
a result, renal sodium concentration 
improved and the positive sodium 
balance was restored [41].

The present study provided further 
evidence as to the close relationship 
between the function of RAAS and 
electrolyte status in low birth weight 
preterm infants. By giving supple
mental sodium, ensuring a positive 
sodium balance and maintaining a 
normal plasma sodium concentration, 
the postnatal increase in the activity 
of RAAS could be prevented and 
PRA, PAldo and UAE remained signif
icantly lower than in preterm infants 
not supplemented with sodium, at a 
level similar to that of full-term in
fants of the same postnatal age [17, 
20, 34, 35].

In view of these observations the 
following suggestions seem to be.justif- 
ied. 1) The excessive activation of the 
RAAS in preterm infants a few weeks 
after birth results from an inadequate 
sodium intake; 2) the RAAS of pre
term infants even with very low birth 
weight and young age is readily re

sponsive to the changes occurring in 
sodium balance, therefore the high 
values of PRA, PAldo and UAE 
should be regarded as indicating the 
extreme lability of their sodium ho
meostasis; 3) like in the salt-losing 
syndrome of congenital adrenal hyper
plasia, when estimating the dietary 
sodium requirement of preterm in
fants, the activity of RAAS should 
also be determined [29]. The control 
of sodium homeostasis is assumed to 
be the best when PRA and PAldo are 
kept within the “normal” range. 
The term “normal” is used arbitrarily 
and refers to the values measured in 
healthy full-term infants of the same 
postnatal age.

A further point is the influence of 
NaCl supplementation on the acid- 
base balance. With respect to the 
progressive increase in renal Na + 
—H + exchange and the subsequent 
reciprocal changes in H + and sodium 
balance during development, as well 
as to the similar trend and time course 
of late metabolic acidosis and the 
plasma sodium level, it is assumed 
that the late metabolic acidosis seen 
in low birth weight infants might be 
related to the increased urinary sodium 
loss [23, 36]. Furthermore, a close 
negative correlation has been demon
strated between the renal threshold for 
bicarbonate reabsorption and urinary 
sodium excretion, indicating that the 
high urinary sodium excretion may 
account for the low renal bicarbonate 
threshold in preterm infants [38].

In agreement with these observa
tions, it has been reported that on in
creasing the avidity of sodium reab
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sorption by pharmacological stimula
tion, the renal bicarbonate threshold 
will also increase in the salt-losing 
syndrome of congenital adrenal hyper
plasia [27].

The finding that sodium supplemen
tation in itself could be effective in 
maintaining a normal acid-base bal
ance, provides further evidence as to 
the primary role of urinary sodium 
loss and sodium depletion in the devel
opment of late metabolic acidosis.

In conclusion, human milk and low 
sodium formulas do not meet the high 
daily sodium requirements of low 
birth weight preterm infants. Sodium 
supplementation is therefore recom
mended. When sodium intake is suf
ficient, the sodium balance becomes 
positive, the plasma level returns rap
idly to normal and improvement 
occurs in late metabolic acidosis. 
Moreover, the activity of the RAAS 
remains within the range character
istic of full-term neonates. To estimate 
the optimum sodium requirement for 
healthy and sick preterm infants of 
different birth weight and gestational 
age, all these parameters should be 
monitored.

Considering the possible long-term 
effect of a high dietary sodium intake, 
follow-up studies of the growth rate 
[10], renal function [4] and blood 
pressure control [11] are to be con
ducted in all infants supplemented 
with NaCl.
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