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Extract

Calcium ion activity was measured in plasma obtained by venous or arterial puncture
using a calcium-selective flow-through electrode. Mean level of ionized calcium
in umbilical venous plasma was 2.48 ± 0.04 mEq/liter. Within 30 hr after birth, the
values decreased in sick infants to 1.35 ± 0.11 mEq/liter. Total calcium concentra
tions were in the normal adult range at birth (5.20 ± 0.08 mEq/liter), showing a
subsequent decline to subnormal values (3.47 ± 0.28 mEq/liter at age 30-40 hr). A
calcium ion activity of less than 1.4 mEq/liter was associated with total calcium level"
at or below 3 mEq/liter in 80% of patients. Symptoms and signs attributable to hypo-
calcemia (ionized fraction) or hypornagnesemia, or both, were found only in infants
in whom plasma levels of both divalent cations were below the lower limit of normal.
Administration of NaHGOs for acidosis caused a slight rise in pH (from 7.20 to 7.28
rnEq/liter) and a decrease in plasma calcium ion activity (from 1.68 to 1.51 mEq/liter).
During exchange transfusion with acid-citrate-dextrose (ACD)-Tham buffered blood,
calcium ion activity decreased significantly from 1.90 ± 0.08 to 1.20 ± 0.09 mEcj,
liter, whereas total calcium levels increased consistently (from 4.22 db 0.13 to 5.33 ±
0.15 mEq/liter).

Speculation

The temporary hypocalcemia, observed in sick newborn infants, may also occur in
healthy newborns. It is thought to initiate normal calcium homeostasis by stimulating
parathormone secretion and by bringing into play the two feedback mechanisms for
calcitonin and parathormone secretion.

Introduction trode [12, 18J, these changes can be assessed directly.
Calculations of ionized calcium levels by the applica-

One of the many adaptations that the newborn infant d o n o f f o r m u l a s a m o n g o t h e r d e f i d e n c i e s d o n o t t a k e

faces in the immediate neonatal period is the change i m o a c c o u n t t h e possibility of rapid changes in the
from high to low calcium levels in the blood [1, 3, 7, 9, internal milieu in the neonate. This applies particu-
14]. With the development of a rapid and simple larly to parameters known to influence ionized cal-
method for measuring calcium ion activity in small cium: pH, protein, inorganic phosphate, and other cal-
amounts of plasma by means of a calcium-selective elec- cium complexors.
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The problem of calcium abnormalities in the neo-
natc is illustrated by the occurrence of significant hy-
pocalcemia (plasma calcium levels < 3 mEq/liter) in
93 of 312 sick infants admitted consecutively to the
Neonatal Unit of The Hospital for Sick Children in
Toronto during a 6-morith period. Because of the mag-
nitude of this problem, we undertook a study of cal-
cium ion activity in sick neonates in an attempt to
correlate symptoms and signs of hypocalcemia with the
calcium ion activity in the blood. This report contains
results of three aspects of the study chosen primarily to
illustrate discrepancies between total and ionized cal-
cium levels. The effects on calcium ion activity and
total calcium level of age, treatment of acidosis with
\ a H C O 3 , and exchange transfusion were assessed.

Materials and Methods

Patients

Sixty-two infants admitted to the Neonatal Unit
with respiratory distress syndrome, with Rh or ABO
incompatibility, or for observation were selected for
the study. Blood was taken on admission and in 35
babies serially thereafter. The infants were examined
particularly for signs of hypocalcemia (muscle twitch-
ing, convulsions, irritability) and the reflex activity
was assessed. The exact feeding history and medication
administered were also recorded.

Patients with respiratory distress syndrome who re-
quired bicarbonate administration for acidosis had
blood taken immediately before and 10 min after the
administration of NaHCO3. The dose of NaHCO3 was
calculated according to the following formula:

milliequivalents of NaHCO3 required

= base deficit (milliequivalents per liter)

X kilograms body weight X 0.3.

This dosage of XaHCO:t was given to produce half
correction of the base deficit [13].

Exchange transfusion was carried out with acid-cit-
rate-dextrose (ACD)-Tham buffered blood (150 ml/kg
body weight). Five milliliters 2% solution of calcium
gluconate was given by push injection after each 100
ml blood. Blood for chemical determinations was ob-
tained immediately before and 10 min after the trans-
fusion.

Procedures

Blood was drawn anaerobically into plastic syringes
containing 1 mg of a sodium heparin-soluble starch

mixture (1:100) for each milliliter of blood. This
amount of heparin (1.6 U/ml blood), shown by pre-
vious investigation [16] to have a negligible effect
on the ionized calcium level (P > 0.1), facilitates the
rapid processing of the blood. Blood was sampled ei-
ther from umbilical vein catheter or by venous or ar-
terial puncture. The pH of the blood was determined
immediately; the syringe was then centrifuged for 5
min at 3000 rpm and the plasma was removed anaero-
bically into a 1-ml tuberculin syringe. Calcium ion
activity was determined within 30 min after the blood
was drawn, or the syringe was capped with Parafilm
and frozen immediately. After thawing, the plasma in
the syringe was briefly agitated on a Vortex mixer and
the syringe was centrifuged. The calcium ion activity
was determined by means of a flow-through calcium-
selective electrode [19]. The remaining plasma was
analyzed for total calcium, magnesium, and protein
levels and for inorganic phosphate concentrations. A
minimum of 0.7 ml blood was required for these deter-
minations.

Chemical Methods

Total calcium and magnesium levels in plasma were
determined by emission and atomic absorption flame
spectrophotometry [2, 11], respectively. Inorganic
phosphate levels were measured by an automatic adap-
tation of the Gomori procedure [8]; total protein
levels were measured by an automatic modification of
the procedure of Lowry et al. [10], using human serum
albumin as standard.

The standards for calcium ion activity measure-
ments were prepared with 150 mM NaCl by diluting
the appropriate amounts of CaCL stock solution.
Working standards also contained 3 drops 1 M trieth-
anolamine solution and 0.06 g trypsin per 100 ml.
They were prepared fresh weekly and stored in the
refrigerator when not used. Unkown samples were
bracketed between two adjacent standards.

Results

Serial Measurements

Values obtained from 35 patients on whom serial
measurements of ionized calcium were made are re-
ported. Values following NaHCO3 treatment, ex-
change transfusion, or calcium administration were ex-
cluded. Figure 1 shows the pattern of Ca ion activity
in these infants up to 120 hr of age. During the first 5
hr of life, calcium ion activity was greater than that
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found in older children and adults, except in two in-
fants whose mothers' calcium levels at delivery were
reduced (0.65 and 1.30 mEq/liter); these infants also
showed relative hypocalcemia at the time of birth.
Thereafter, ionized calcium levels decreased, with a
minimum which was below the lower limit of normal
occurring between 15 and 45 hr of life. By the end of
120 hr, calcium ion activity in plasma had risen to
values similar to those found in older children (Table

I)-
When total calcium levels were plotted in a similar

fashion (Fig. 2), the pattern that emerges is of levels in
the normal adult range at birth and a subsequent de-
cline to subnormal values. A calcium ion activity of
less than 1.4 mEq/liter was associated with total cal-
cium levels at or below 3 mEq/liter in approximately
80% of patients, but did not correlate well in the re-
mainder. The correlation coefficient between total and
ionic calcium was: r = 0.76, P < 0.01.

Serial Magnesium Levels

Magnesium levels in cord blood were lower than
those found in older children and adults (Table I).
They then remained relatively constant during the
first 5 days of life. Levels of plasma magnesium which

by themselves might lead to symptoms (i.e., < 1.0
mEq/liter) were observed only once; the simultaneous
calcium ion activity in the plasma of this infant was

mEq/l

o.o - • , , , , , , , , , , rt— #
0 10 20 30 40 50 60 70 80 90 100 110 120 5 10 l i t
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Fig. 1. Serial ionized calcium levels in plasma of sick newborn
infants arranged according to age. The normal range in older
children and adults is indicated by the bar labeled A*. The line
connects group means at 0, 5. 15, 25, 35, 45, 60, 80. and 100 hr of
age.

Table I. Chemical variables studied in blood from sick newborn infants

Age

Birth1

1-10

10-20

20-30

30-40

40-50

50-70

70-90

hr

hi-

lir

hr

hr

hr

hr

90-100 hr

111 hr-10

11-30

days

days

Ca4 f, mEq/liter

2.48 ± 0.042
(2 IP

2.06 ± 0.05
(33)

1.68 ± 0.05
(23)

1.50 ± 0.08
(13)

1.35 ± 0.11
(c-»)

1.42 ± 0.08
(14)

1.62 ± 0.11
(10)

1 .72 ± 0.04
(13)

1.85 ± 0.14
(7)

2.00 ± 0.06
(13)

2.46 ± 0 . 1 0
(11)

Total C

5.20

4.48

3.79

3.64

3.47

2.65

3.96

3.94

3.96

4.53

4.75

a, mEq/liter

± 0.08
(21)
± 0.08

(32)
± 0.19

(21)
± 0.22

(13)
± 0.28
(9)
± 0.26

(14)
± 0.35

(10)
± 0.20

(12)
± 0.26
(7)
± 0.30

(10)
± 0.09
(7)

Ms,

1.37

1.51

1.42

1.50

1.48

1.49

1.40

1.64

1 .48

1.46

1.77

mEq/liter

± 0.03
(21)
± 0.05

(26)
± 0.07

(13)
± 0.06

(11)
± 0.12
(8)
± 0.10

01)
± 0.10
(8)
± 0.08

(13)
± 0.08
(7)
± 0.31

(10)
± 0.12
(7)

PO,,

4

6

5

5

4

.98

.15

.29

.97

.98

5.45

4

5

.94

.15

5.93

6 .74

mg/10U ml

± 0.14
(21)
± 0.32

(26)
± 0.30

(13)
± 0.47

(ID
± 0.52
(7)
± 0.47

(11)
i

± 0 . 5 2
(11)
± 0.84
(5)
± 0.41
(9)
± 0.42
(7)

pH

7.32 ±
(21)

7.272 ±
(23)

7.29 ±
(18)

7.29 ±
(7)

7.36 ±
(9)

7.31 ±
(11)

7.34 ±
(5)

7.30 ±
(7)

— .

7.33 ±
(9)

7.32 ±
(11)

0.02

0.02

0.02

0.03

0.04

0.02

0.03

0.02

0.06

0.02

1>

5

4

4

4

4

4

4

4

5

rote

.38

.74

.28

.36

.59

.84

.59

.50

.05

in, g/lOU ml

± 0
(21)

.41

± 0.20
(28)
± 0

(16)
± 0
(9)
± 0
(0)
± o
(8)
± 0
(5)
± 0

(10)

± 0
(5)

— .

.24

.41

.24

.34

.30

.30

.27

1 Cord blood.
2 Mean ± SE.
3 Number in parentheses: Number of observati
4 : Insufficient number of observations.
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Fig. 2. Serial total calcium levels in plasma of sick newborn infants arranged according to age. The normal range in older children and
adults is indicated by the bar labeled A*. The line connects group mean values at 0, 5, 15, 25, 35, 45, 60, 80, and 100 hr of age.

Gestational Age and Minimal Values of Calcium Ion
Activity

When we correlated the gestational age of the baby
(or the birth weight) with the ionized calcium values
found, it became evident that premature or dysmature
(small for gestational age) infants showed more severe
and prolonged depression of calcium ion activity in
their plasma than did full term infants. During the
first 5 hr of life, however, gestational age did not corre-
late well with calcium ion activity, the latter being
high in all instances.

Administration of NaHCOs

Administration of bicarbonate was followed within
10 min by a slight rise in pH and a small but highly
significant decrease in plasma Ca ion activity (Table
II). Total calcium did not decrease significantly. The
decrease in ionized calcium did not correlate with the
change, if any, in total calcium. Plasma magnesium
levels also decreased (P < 0.05), whereas inorganic
phosphate levels remained unchanged following bicar-
bonate administration. No symptoms or signs of hypo-
calcemia were observed at this time in infants receiv-
ing NaHCO3, although three values fell within the
symptom range predicted by Figure 3.

Exchange Transfusion

Results of 26 pre- and postexchange measurements
were available for study. Two infants received two and
one received three transfusions. Figure 4 depicts the

Ca + + mEq/l

Fig. 3. Correlation between calcium ion activity and magnesium
levels in newborn infants. The horizontal interrupted line indi-
cates the lower limit of normal for magnesium values; the verti-
cal interrupted line indicates the lower limit of normal for
calcium ion activity. Crosses represent values for blood taken at
the time of neuromuscular hyperirritability in the infants.

1.3 mEq/liter, and the infant showed muscle twitch-
ing.

Figure 3 depicts the relationship between ionized
calcium and plasma magnesium levels. A positive cor-
relation was observed which was highly significant (r
= 0.86; P < 0.01). Symptoms and signs attributable to
hypocalcemia (ionized fraction) or hypomagnesemia,
or both, were found only in infants in whom both
divalent cations were below the lower limits of normal.
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Table. II. Effect of bicarbonate administration on the plasma of sick newborn infants1

Before
After 10 min

7.20 ± 0.02
7.28 ± 0.03

P < 0.01

1 Results given as mean ± standard error; n — 11.
2 NS: Not significant.

Ca+* Activity, mEq/liter Total Ca, mEq/1 liter

1.68 ± 0.09
1.51 ± 0.09

P < 0.01

3.69 ± 0.19
3.46 ± 0.16

Mg, mEq/liter

1.51 ± 0.04
1.40 ± 0.06

P < 0.05

Tolal Calcium

mEQ/1

6.0-

5.0

4 0 -

3.0-

n c- î ^

2.0-

1.5-

1.0-
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1 2 3 i 5 t> 7 8 9 10 11 12 13 14 IS 16 17 18 19 20 21 22 23 2* 25 26

Case No.

I'ig. J. Calcium ion activity (lower panel) and total calcium levels {upperpanel) in plasma taken before and after exchange transfusion. Shaded
areas indicate the normal range for each calcium value.
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onized Cokii

f : : : : : :

' i
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pre- and postexchange (10 min) levels of calcium ion
activity and total calcium concentration. In every pa-
tient, there was a significant decrease in calcium ion
activity in spite of the administration of the standard
dose of calcium gluconate. Levels below 1.2 mEq/liter
were reached in eight patients, and were associated
with muscle twitching or frank convulsions in four
cases. Total calcium levels, on the other hand, in-
creased consistently, in four instances into the frankly
hypercalcemic range. The highest level observed was
6.75 mEq/liter. The average blood pH did not change
during transfusion (Table III). Plasma magnesium
levels decreased significantly, but only to slightly
below normal values. The changes in inorganic phos-
phate concentration were less clear-cut, and the differ-
ence between pre- and postexchange mean values was
not statistically significant. Total protein levels in

plasma did not change consistently during exchange
transfusion.

Discussion

The development of a calcium-selective electrode has
given us a helpful tool for correlating symptoms of
neuromuscular hyperirritability with the concentration
of the physiologically active fraction of plasma calcium
in the sick newborn infant. As results are available
within 20 min of drawing the blood, effective treatment
of the significant hypocalcemia which occurs fre-
quently in these neonates is facilitated. Although pre-
vious reports have indicated the existence of hypocal-
cemia in the neonatal period [6, 17], these changes
were not serially related to symptoms nor was the dis-
crepancy between total and ionized calcium fully
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Table III. Effect of exchange, transfusion on the plasma of sick newborn infants1

pi I

Before transfu-
sion

After transfu-
sion

Mean differ-
ence2 ± SK

P

7.31 ± 0.03

7.31 ± 0.02

Ca+t, mEci/liter

1.90 ± 0.08

1.20 ± 0.09

Total Oi, mEq/liter

4.22 ± 0.13

5.33 ± 0.15

Mg, mEq/liter PO4, mg/100 ml Protein, g/100 ml

- 0 . 0 0 1 ± 0 .02 - 0 . 7 0 ± 0 .09 + 1 . 1 1 ± 0.11

NS3 <0.001 <0.001

1.41 ± 0.05

1.33 ± 0.04

-0.083 ± 0.026

<0.005

6.04 ± 0.32 4.87 ± 0.18

5.80 ± 0.24 4.71 ± 0.16

-0.24 ± 0.22 -0.16 ± 0.16

NS NS

1 Results given as mean ± standard error; n — 26.
2 Calculated by paired comparisons.

NS : Not significant.

appreciated. Furthermore, significant depression of cal-
cium ion activity occurs particularly in premature in-
fants who, in addition to their hypocalcemia, have
multiple biochemical abnormalities such as hypomag-
nesemia, hypoglycemia, and anoxia, each potentially
capable of causing neuromuscular hyperirritability. In
these infants, the primary cause of the hyperirritability
can only be decided if the various biochemical abnor-
malities are assessed fully and separately. The measure-
ment of calcium ion activity will facilitate this assess-
ment of one of the potentially fatal biochemical
abnormalities in the neonatal period.

To define the time-course of hypocalcemia after the
administration of XaHCO3, we had carried out paral-
lel experiments in experimental animals, administer-
ing equivalent amounts of bicarbonate, adjusted to
body weight and to a base deficit of 10 mEq/kg. These
results, reported elsewhere [15], indicate that calcium
ion activity indeed decreases rapidly (within 5 min)
with an increase in pH in the rats. We suggest that
similar rapid changes occur in infants whose acidosis is
corrected with sodium bicarbonate, and one should be
careful to avoid overcorrection of the acidosis, particu-
larly before the end of 100 hr of age. Before this time,
calcium ion activity is still low and may be further
decreased by any increase in pH, which may result
from treatment of the respiratory distress syndrome
with sodium bicarbonate.

The practice of using ACD blood with added cal-
cium gluconate for exchange transfusion leads to two
undesirable consequences. First, the abrupt decrease in
calcium ion activity may exacerbate the poor meta-
bolic state of an often seriously ill infant. It seems that
the administered amount of calcium gluconate fur-
nishes an insufficient number of calcium ions to neu-
tralize the citrate in the transfused blood, which forms
nonionized complexes with calcium. Calcium glucon-
ate by itself is not fully ionized at pH 7.40. Further-

more, the citrate in the transfused blood may not be
metabolized efficiently by the neonate, especially when
he is anoxic, premature, and perhaps has reduced liver
function. This may lead to a dangerous reduction in
calcium ion activity in the blood, such as that seen in
later life under exceptional circumstances such as
cardiopulmonary bypass operations.

1 he second serious consequence of the administra-
tion of calcium gluconate during exchange transfusion
is the significant hypercalcemia which occurred in
one-third of the infants examined. Glomerular filtra-
tion rate in the newborn is much less than in older
children [4], Because the concentrating ability of the
kidney is also reduced [5], any increase in calcium
levels in plasma would require increased amounts of
water lor efficient excretion of the calcium complex.
This may upset the already inefficient mechanism for
homeostasis in the sick newborn infant. Studies are in
progress to evaluate the suitability of using CaCL dur-
ing exchange transfusion.

Summary

True ionized calcium levels could not be measured in
small amounts of plasma until the recent development
of a Ca : t-specific electrode made this possible. Thus,
the incidence and magnitude of hypocalcemia in the
neonatal period has not been appreciated fully. We
found that, although total calcium levels in cord blood
are generally in the normal adult range, calcium ion
activity is high. In the sick neonate, calcium ion activ-
ity and, usually, total calcium levels decreased, reach-
ing a minimum between 30 and 40 hr of age. Acute
changes in acid-base status (e.g., hypo- and hyperven-
tilation and NaHCO3 administration in the treatment
of acidosis) lead to rapid changes in calcium ion activ-
ity, whereas total calcium concentration may remain
unchanged. During exchange transfusion with ACD-
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Tham buffered blood, calcium ion activity decreases
profoundly, whereas total calcium levels were found to
be increased because of the routine administration of
calcium gluconaie. These results are evidence for the
frequently observed dissociation between total calcium
and ionized calcium levels in the sick neonate.

References and Xoles

1. ACHARVA, P. '1'., AND PAYNE, W. W.: Blood chemistry of nor-
mal full-term infants in the lirsl -18 hours of life. Arch. Dis.
Childhood, 40: 430 (1965).

2. AI.COCK, N., MACINTVRE, I., AND RADDE, I.: The determination

of magnesium in biological fluids and tissues by flame spectro-
photoinctry. J. Clin. Pathol, 13: 506 (1960).

3. AXIIERSCH, M., AND OBERST, F. W.: Filterable serum calcium
in late pregnancy and parturient women and newborn. J.
Clin. Invest., 75: 131 (1936).

4. H\RNETT. H. I..: Renal physiology in infants and children.
I. Method for estimation of glomcrular filtration rate. Proc.
Soc. Exp. Biol. Mod., H: 654 (1940).

5. CAI.OAC.NO, P. I.., RUBIN, M. I., AND WEINTRAUB, D. H.: Studies

on the renal concentrating and diluting mechanism in the
premature infant. J. Clin. Invest., 33: 91 (1954).

(i. 1)I:I.IVORIA-PAI>ADOI'OI,I.OS, M., BATTACLIA, F. C, BRU.NS, P. D.,

AND MLSCHIA, G.: Total protein-bound, and ultra-filterable
calcium in maternal and fetal plasma. Amer. J. Physiol., 213:
363 (1967).

7. DORMANCY, 'I'. L., AND BEOUM, R.: The plasma calcium and
plasma magnesium response to standard metabolic loads in
infants. In: D. Barltrop and W. I.. Burland: Mineral Meta-
bolism in Paediatrics, p. 31 (Blackwell Scientific Publications,
Oxford, 1969).

8. GOMORI, G.: A modification of the colorimetric phosphorus
determination for use with the photoelectric colorimeter. J.
Lab. Clin. Med., 27: 955 (1942).

9. IIOHENAUFR, L., ROSENBERG, I'. F., AND OH, W.: Calcium and

phosphorus homeostasis on the first day of life. Biol.
Xeonatorum, IS: 49 (1970).

10. I.OWRY, O. II., ROSEBHOUGH, X. J., FARR, A. L., AND RANDALL,

R. J.: Protein measurement with the Folin Phenol reagent.
J. Biol. Chcm., 193: 265 (1951).

11. MACINTYRE, I.: Flame photometry. Advan. Clin. Chcm., 4:
1 (1961).

12. MOORE, E. \ \ \ : Ionized calcium in normal serum, ultra-
iiltrates and whole blood determined by ion-exchange elec-
trodes. J. Clin. Invest., 19: 318 (1970).

13. NELSON, IN". M., AND RII.GEL, K. P.: A schematic approach to
acid-base therapy in the newborn. Pediatrics, 13: 821 (1969).

14. PAUPE, J., COLIN, J., POLITIS, E., AND LELONC, M.: Some

physiological variations of blood calcium level in mothers
during labor, in cord and newborn infants. Biol. Xeonalorum,
3: 357 (1961).

15. RADDE, I. C , IIOFFKEN, IS., AND PARKINSON, D. K.: Effects of
alterations of blood pH on calcium ion activity in rat plasma.
Clin. Orthop. Related Res., 7,y.- 30 (1971).

16. RADUF, I. C , HOFFKEN, B., PARKINSON, 1). K., SHF.EI'I.RS, J.,

AND l.txiKHAM, A.: Practical aspects of a measurement tech-
nique for calcium ion activity in plasma. Clin. (.hem., 17:
1002 (1971).

17. ROSENKRANZ, A.: Der Serumcalziumspiegel beim Friihgebo-
renen in den ersten Lebenstagen. Paediat. Paedol., 2: 367
(1966).

18. SACHS, C, BOURDEAU, A.-M., AND BALSAX, S.: Determination

clu calcium ionize dans le serum avec line electrode specilique
a membrane liquidc. Ann. Biol. Clin., 2: 487 (1969).

19. Model 99-20, Orion Research Corporation, Inc., Cambridge,
Mass.

20. The authors wisli to acknowledge the helpful ad\ice of
Dr. P. Swyer, M.A., M.B. (Cantab.). M.R.C.P. (I.ond.), in
whose Neonatal Unit the clinical part of the study was car-
ried out; the competent technical assistance of Mrs. J.
Sheepers, R. T., and Miss A. I.uckham, R. T., and the
enthusiastic help of Messrs. Peter Storms, B.Sc, and D. Mc-
Lean.

21. Supported in part by Grant no. MA-1797 from the Medical
Research Council of Canada.

22. Requests for reprints should be addressed to: INKEISORG C.
RADDE, M.D., Research Institute, The Hospital for Sick
Children, 555 University Avenue, Toronto 2, Ontario, Canada.

23. Accepted for publication April 15, 1971.

Copyright © 1972 International l'ecliatric Research Foundation, Inc. Printed in U.S.A.


	Calcium Ion Activity in the Sick Neonate: Effect of Bicarbonate Administration and Exchange Transfusion
	Introduction
	Materials and Methods
	Chemical Methods
	Results
	Discussion




