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Extract

Simultaneous measurements of immunoreactive parathyroid hormone (iPTH), cal-
cium, magnesium, phosphorus, and alkaline phosphatase in serum were performed
in 120 normal subjects who ranged from 6 months to 20 years of age. When plotted as
a function of age, these extracellular indices of calcium homeostasis showed changes
throughout the growth period and differences in their interrelationships in
early childhood, middle childhood, and adolescence. Mean serum concentration of
minerals was highest during early childhood and decreased parallel to decreases in
iPTH and alkaline phosphatase. Between the ages of 6 and 12 years, calcium, mag-
nesium, and phosphorus tended to plateau, iPTH was lower, and alkaline phospha-
tase increased. During adolescence, calcium, phosphorus, and alkaline phosphatase
decreased to adult values, magnesium showed no change, and iPTH increased to
adult values.

Plasma ionized calcium, which was higher in middle childhood (mean, 4.59 mg/
100 ml) than at ages 12 to 20 years (mean, 4.33 mg/100 ml), showed the ex-
pected negative correlation with iPTH (P < 0.005). Total serum calcium did not
correlate with iPTH; however, the pattern of decrease of serum calcium with age was
similar to growth velocity curves, especially in girls, in whom mean serum calcium
was higher (9.93 mg/100 ml) between 8 and 16 years than in boys (9.75 mg/100
ml).

Speculation

Parathyroid hormone is important in maintaining the concentration of plasma ionized
calcium in normal children, but the regulation of total serum calcium is different from
that in adults. The total serum calcium or factors regulating it may have a direct or
indirect influence on the growth process.

Introduction

The circulating parathyroid hormone concentration,
as measured by a sensitive radioimmunoassay, is in-
versely related to the concentration of total serum cal-
cium in adult man [3] and animals [2, 32] and is not
directly related to the serum phosphorus concentration
if normocalcemia is maintained [32]. Young children

have higher concentrations of serum calcium [16, 34]
and phosphorus [11, 34, 41] than do adults, but the
relationships between iPTH and these minerals have
not been examined in well children. This study was
done to determine the normal range and variation of
serum iPTH and of the minerals influencing its secre-
tion under steady state conditions in children. Our
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Fig. 1. Height percentile of subjects, estimated according to
Reed-Stuart [29] tables.

results provide normative data which can be used for
the study of disorders of calcium metabolism and also
show interrelationships among these parameters of cal-
cium homeostasis which may have importance in the
basic understanding of skeletal growth.

Methods and Materials

Study Subjects

We studied 120 clinically well children and young
adults from 6 months to 20 years of age; 116 were
Caucasian and 4 were Negro. Height and weight were
recorded for all but three of the subjects. The sample
was taller than average when compared with standard
growth charts [29] (Fig. 1), and all subjects were at or
over the third percentile. "Volunteers" were 66 healthy
offspring of hospital and laboratory personnel who
were seen specifically for the study. Informed consent
was obtained from all the parents and all volunteers
over 6 years of age. "Outpatients" were 54 clinically
well outpatients who were referred to the Mayo Clinic
Department of Pediatrics for diagnostic evaluation of
problems unrelated to skeletal disease. All outpatients
had normal hemograms and normal results on urinaly-
sis; none was receiving medication. These studies
were done between October 1970 and January 1972.

Analytical Methods

Ten to 15 ml of venous blood were drawn, with
application of a tourniquet for 60 sec, from a fasting
study subject between 7:30 and 9:00 AM. The blood
was collected into a syringe and then placed in uno-
pened Vacutainers [43] containing either heparin or
no anticoagulant.

Total serum calcium and magnesium were measured
by atomic absorption spectrometry [44]. Ionized cal-
cium was determined on fresh plasma withdrawn an-
aerobically into a tuberculin syringe through the rub-
ber stopper of a completely filled 5-ml Vacutainer
(containing 143 U of heparin) after centrifugation at
3,000 rpm for 10 min. The Orion flow-through cal-
cium activity electrode [23, 37, 45] was used with the
following modifications: (/) standards were prepared
in Vacutainers containing the same amount of heparin
as did samples, (2) no trypsin or triethanolamine was
added to the standards, which were prepared weekly,
and (3) the membrane was primed by pooled normal
plasma before the daily standard curve was run. Total
protein was determined on plasma with an American
Optical refractometer [46]; plasma pH was measured
by a microelectrode and a standard pH meter. Serum
phosphorus was determined by the method of Young
[42] modified by manual precipitation of protein with
10% trichloroacetic acid prior to the AutoAnalyzer
[47] determination. Alkaline phosphatase was meas-
ured by using the Sigma 104-5 kit [48] based on the
Bessey et al. method [4] with disodium p-nitrophenyl-
phosphate as substrate, nitrophenol as standard, and
Enza-Trol [49] as a continuing check on quality con-
trol.

Serum iPTH was measured by a sensitive radioim-
munoassay [3] which uses (7) guinea pig anti-porcine-
PTH antiserum (1:100,000, GP-1M), (2) “'I-labeled
bovine parathyroid hormone, and (3) human hyper-
parathyroid serum as a reference standard. The immu-
noreactive species of parathyroid hormone which this
assay measures in 95% of normal adult sera is unde-
tectable in hypoparathyroid sera and is increased over
40 fj. eq/ml [50] in 90% of hyperparathyroid sera [3,
27]. GP-1M antiserum reacts with all currently known
circulating species of parathyroid hormone [10]. Each
serum sample was assayed in three dilutions (200, 100,
and 50 /J/500-/x1 incubation volume). The values ob-
tained agreed within 14%, and 80% of the values re-
ported represent averages of the values obtained with
either two or three dilutions of serum. The interassay
coefficient of variation of replicate determinations of
values which felj in the midportion of the standard
curve was 12%; for those which fell in the lower por-
tions of the standard curve (above 85%, see below) the
coefficient was 20%. The iPTH value was considered
undetectable only in serum which resulted in a ratio of
antibody-bound to unbound "*'I-labeled bovine PTH
(B/F ratio) greater than 85% of the B/F ratio in con-
trols of hypoparathyroid serum (<5 /J eq/ml). In 20%
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Fig. 2. Best fit curve of serum total calcium as a function of age. @-: Boys; O: girls. Note preponderance of female values above mean

from 8 to 16 years.

of sera, iPTH was detectable only in the 200-/J sample,
and this is the value reported; however, it was re-
quired that the next lower serum dilution (100 /J/500-
J incubation volume) of these sera result in a B/F
ratio equal to that of hypoparathyroid control serum.
This latter precaution was observed in order to mini-
mize the potential of nonspecific influences of serum on
the immune system. Using these criteria, iPTH was
considered measurable in greater than 94% of the sera
studied.

Statistical Analysis

Estimates of central tendency were calculated by
pooling the data in 2-year age groupings (n = 8-18),
the only deviation from this practice being the pooling
of ages 6 months to 2 years (n = 10) and of 16-20 years
{n = 17). Differences between age groups were evalu-
ated statistically by Dunnett's test [7], which provides
for multiple comparisons with a control group. In this
case, the age group 16-20 years was considered as the
reference or control group, since mean values of all
variables studied were essentially identical with those
of adults [3, 18]. Differences between boys and girls of
like age were evaluated by the nonpaired Student ¢
test. Product-moment correlation and regression analy-
sis were performed by standard techniques [33]. For
curvilinear regressions, successive terms were added to
the polynomial equation so long as each addition was
statistically significant by analysis of variance. Stepwise
multiple regression analysis was performed by adding
one variable to the regression at each step. The varia-
ble added is the one which makes the greatest decrease

in the error sum of squares; equivalently, it is the -
variable which has the highest partial correlation with
the dependent variable partialed on the variables
which have already been added.

Results

Total Serum Calcium

Mean total serum calcium was highest (10.2 mg/100
ml) in the youngest age group (0.5-2 years) studied,
decreased to a plateau by 6-8 years, and decreased to
an adult value (9.6 mg/100 ml) at 16-20 years (Fig. 2).
Different methods of measurement [38] probably ac-
count for the values being slightly lower than those
previously published [16, 24, 34, 41], but the narrow
range of normal values within each age group is simi-
lar (1.4 mg/100 ml) [16]. By Dunnett's test, only chil-
dren less than 6 years old had a significantly higher
mean serum calcium than those in age group 16-20
years, but the entire population showed significant age
dependency (r = 0.473; P < 0.001). Total protein was
significantly correlated with total calcium (r =
+0.263; P < 0.025) in the 60 subjects in whom both
were measured. In the youngest children (6 months-6
years), the total protein concentration was not in-
creased compared with older groups, which indicates
that the higher serum calcium in this age group was
not caused by an artifact of venous stasis during veni-
puncture [6]. Sex differences in total serum calcium
were observed only at ages 8-16 (9.75 + 0.36 in males
vs 993 £ 046 mg/100 ml in females; P < 0.01). A
similar observation was recently reported by Tumble-
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Table 1. Parameters of calcium homeostasis'

Serum parathyroid hormone and blood minerals

Age group, yr qug/ni?)locnaﬂ’ qugrflrgo]\fxﬁ’ 32?5‘86 i Plasﬁag/il%lgzﬁ e T°E§‘1 it iteqmr AN
0.5-6 10.05 2.00 5.65 441 (n=7) 681 (n = 7) 2 83
+0.70 +0.28 +1.62 +0.50 +0.30 ND"-56 39-141
6-12 9.84 1.90 5.09 4.59 7.02 16 91
+0.46 +0.22 +1.14 +0.52 +0.66 ND’-34 41-155
12-20 9.75 1.89 4.78 4.33 7.06 20 53
+0.54 +0.26 +1.52 +0.50 +0.60 ND<M4 10-145

' Shown as mean 2 SD in each group, n: Shown in Table I1. Sex distribution ranged from 1 :1 to 3:2.

2 {PTH: Immunoreactive parathyroid hormone.

3 Range used because of logarithmic mean and skewed distribution.

4 Not detectable in 4% of population sample.
3 Not detectable in 9% of population sample.
% Not detectable in 2% of population sample.

Table II. n for parameters of calcium homeostasis'

Serum Serum Serum Plasma- Total iPTH, Alkaline

e group, Ca, Mg, P, ionized rotein, hos-
I S e R < ol
0.5-6 27 20 23 7 7 27 19
Male 13 11 12 5 5 13 9
Female 14 9 11 2 2 14 10
6-12 45 40 44 28 28 45 40
Male 21 20 21 13 13 21 16
Female 24 20 23 15 15 24 24
12-20 47 39 46 32 32 48 41
Male 21 17 22 14 14 22 20
Female 26 22 24 18 18 26 21

" IPTH: Immunoreactive parathyroid hormone.

son et al. [39], who noted an increase in total serum
calcium a few months before skeletal maturity in fe-
male miniature pigs but not in males. The data of
Keating et al. [18], from normal adults 20-80 years of
age, which show a significant regression of serum cal-
cium with age in men (y — 9.79 — 0.0068 x) but not
women (y = 941 + 0.0005 x), suggest that men 20-30
years old have higher serum calcium values than do
women of that age, the opposite of our observation in
the preceding decade (Tables I and II).

Ionized Calcium

Plasma ionized calcium was determined in the 66
volunteers. With the exception of the six children who
were less than 6 years old, the pattern of ionized cal-
cium with age was like that for total calcium. Mean
ionized calcium was 4.48 mg/100 ml between ages 6
and 16 years and decreased to 4.22 mg/100 ml in age
group 16-20 years (P < 0.001). Sachs et al. [31] re-
ported no significant difference in a smaller number of
French children (4.4 mg/100 ml vs 42 mg/100 ml in

adults). Comparison of plasma ionized calcium concen-
tration in seven pairs of children and their adult rela-
tives showed consistently higher (0.09-0.47 mg/100 ml)
values in the children. The ionized calcium ranged
from 39-47% of total calcium in individual samples,
as reported in normal adults [14, 23]. Nevertheless,
plasma ionized calcium did not correlate with total
calcium, a phenomenon noted by others in sera from
adults [12, 14, 23] but not in neonates [28]. Fasting
serum phosphorus was correlated positively with both
total serum calcium (r = +0.314; P < 0.001) and with
ionized calcium (r = +0.322; P < 0.025), a situation
opposite that observed in acute studies of infusion or
dietary load of phosphate [14, 30] and indicative of age
dependency and the difference between the steady state
and acutely perturbed relationships of both these ele-
ments in the blood.

Serum Magnesium

Serum magnesium decreased from a mean (+2 SD) of
216 = 0.16 mg/100 ml in the youngest 2-year age
grouping to 191 £ 0.24 mg/100 ml in the 4-6-year age
group; thereafter it showed no change.

Serum Phosphorus (Inorganic Phosphate)

Serum phosphorus showed an age dependency like
that for calcium (r = +0.314; P < 0.025), but with a
much greater decrease between infancy and adulthood
(Fig. 3). For the entire population, only the linear
term of the least squares regression was significant (r =
-0.504; P < 0.001), with a slope of -0.076 mg/100
ml/year of age. The pattern of change with age, how-
ever, showed greatest decreases in the youngest child-
ren (0.5-4 years) and at adolescence (12-16 years).
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Serum iPTH

The best fit curve for serum iPTH (Fig. 4) showed a
significant quadratic regression (r = 0.309; P < 0.025)
on age. Mean values were generally highest in the
youngest children, decreased to a nadir at about ages
7-9 years, and then increased gradually to a plateau at
adolescence. Mean serum iPTH between ages 14 and
20 years was 22 /] eq/ml, identical with that observed
in adults. No significant differences in mean values
between boys and girls were observed, although the
nadir in boys occurred slightly later (age 11 years) than
that in girls (age 9 years).

Serum iPTH showed no significant correlation with
total serum calcium, although comparison of Figures 2
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Fig. 3. Best fit curve of serum phosphorus as a function of age.
«: Boys; Q: girls.

and 4 discloses relationships which differ before and
after age 6 years, the latter one being similar to that
observed in adults [3]. In the 66 children in whom
both serum iPTH and ionized calcium were estimated,
a significant negative correlation was observed (r —
-0.420; P < 0.005) (Fig. 5). Ten percent of these
children were under 6 years of ags. Serum phosphorus
correlated negatively with iPTH only in children
older than 6 years (r = -0.290; P < 0.01). The coinci-
dent adolescent (12-16 years) decrease in serum phos-
phorus and increase in serum iPTH is compatible
with a physiologic role of parathyroid hormone in
maintaining the concentration of serum phosphorus
[1, 13]. The adolescent increase in iPTH also parallels
changes in parathyroid gland size between 10 and 20
years, noted by Kurokawa [20].

Serum Alkaline Phosphatase

Of all of the variables examined, serum alkaline
phosphatase activity showed the most striking changes
with age (Fig. 6). Values were high in the youngest
children, decreased slightly at about age 4, increased
prior to adolescence, and then decreased during adoles-
cence to reach adult values by age 18-20 years. The
best fit curve, calculated from the logarithmic values to
provide homogeneity of variance, is nearly identical
with the well known graph of Clark and Beck [5] of
change in plasma alkaline phosphatase in growing
children; the small quantitative differences are due to
pooling of data from males and females and to the
mathematical techniques of curve fitting. We believe
that this mathematical technique is more suitable for
the small number of observations at each age because
it does not require arbitrary age grouping. Values for
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Fig. 4. Best fit curve of serum immunoreactive parathyroid hormone (logarithmic scale) (GP-1M antiserum) as a function of age. Units
are microliter equivalents of standard hyperparathyroid serum (1,000 /4 eq/ml). Undetectable values are taken as 5 /4 eq/ml, the limit
of sensitivity of the assay, for calculation of mean. ¢ : Boys; O: girls.
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Serum parathyroid hormone and blood minerals
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Fig. 6. Best fit curve of serum alkaline phosphatase (logarithmic scale) as a function of age. Note predominance cf values for boys above

mean curve and values for girls below. ¢ : Boys; O: girls.

Table III. Correlation of growth velocity data (from literature)
with serum calcium, phosphorus, alkaline phosphatase, and
parathyroid hormone

Correlation coefficients'

Presum]:tive Boys Girls
TOW
velocity vs e}gflf“@%] Falkner [8] Jg‘lfn&] Falkner, [§]
n =38 » =8
Serum calcium +0.932  +0.90°  +0.83° +0.91°
Serum  phospho- , 5
rus +0.95 +0.93 +0.59 +0.64"
Serum alkaline . . .
phosphatase +0.72 +0.71< +0.77 +0.68
Serum iPTH
+0.,49 _+0.61 +0.42 +0.40

! Correlations were made with average annual height increment
at age of mean value for calcium homeostasis data and mean
value at same age point for serum calcium, phosphorus, alkaline
E)hosphatase, and iPTH.

P < 0.001.
*P < 0.0l.
“P < 0.05.

boys and girls plotted separately show a peak which is
later in boys (age 13 years) than in girls (age 9 years).

Serum alkaline phosphatase was correlated with
total calcium (r = +0.233; P < 0.05), ionized calcium
(r = +0.455; P < 0.001), magnesium (» — +0.406; P
< 0.001), phosphorus (r = +0.409; P < 0.001), and
total protein (r = 0.230; P < 0.1). By stepwise multi-
ple regression analysis, however, only three of these
factors contributed significantly to the alkaline phos-
phatase; in the order of their relative contribution to
the regression sum of squares, they were ionized cal-
cium (P < 0.001), phosphorus (P < 0.01), and total
protein (P < 0.05).

Correlations of Serum Calcium, Phosphorus, Alkaline
Phosphatase, and Parathyroid Hormone With Pre-
sumptive Annual Height Increment

A summary of the results is presented in Table III.
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Discussion

Serum Calcium and Parathyroid Hormone

We found age-dependent changes in the mean val-
ues of serum calcium and plasma ionized calcium
which have not been previously reported. The studies
showing that young children normally have higher
serum calcium concentrations than adults were based
on small numbers of American children examined a
few years before the routine commercial addition of
vitamin D to milk [16, 34]. Because our small sample is
representative of every age in childhood, age-related
changes are easily seen and, as shown by the best-fit
curve, indicate that the serum calcium concentration is
slightly higher than in the adult until age 16. We have
not specifically studied the role of factors which influ-
ence the concentration of serum calcium, such as in-
creased turnover and retention of calcium during
growth [15], dietary intake of calcium and vitamin D,
hormones other than parathyroid hormone, or envi-
ronmental factors. Most of the children we examined
lived in moderately affluent suburban environments in
a sunny temperate climate, so that our values may not
be applicable for use in clinical comparison with dis-
similar populations. Nevertheless, the relationships be-
tween iPTH, serum calcium, plasma ionized calcium,
and serum phosphorus which we have established for
healthy children are basic to the understanding of cal-
cium homeostasis in sick children.

In normal adults, there is a negative relationship
between total serum calcium and iPTH [3] which we
observed only between plasma ionized calcium fraction
and serum iPTH in children. This is indicative of the
negative feedback control of parathyroid gland activity
by ionic calcium. The explanation for the absence of a
relationship between serum total calcium and iPTH
in children is not clear. The fraction of total calcium
which is ionized is similar in adults and children, al-
though there is no positive correlation between the
two in adults [14, 23, 26]. On the other hand, the
concentration of total calcium is directly correlated
with total protein [22] which does not appear to
change significantly during childhood [19]. The influ-
ence of steady state concentrations of serum phospho-
rus on the ionized fraction of plasma calcium is largely
unknown [21]. The physiologic situation in children
who have high concentrations of serum phosphorus
and total and ionized calcium is unique and awaits
further study of the partition of calcium and phospho-
rus in plasma.

Serum Phosphorus and Parathyroid Hormone

The high concentration of serum phosphorus in nor-
mal children and the pattern of change with age which
we observed is identical with what has been described
by others [11, 34]. An influence of parathyroid hor-
mone on the concentration of serum phosphorus in
children is suggested by the negative correlation be-
tween these two indices after age 6; but other humoral
effects, such as those mediated by growth hormone,
have not been considered here. Parallel and decreasing
serum concentrations of phosphorus and iPTH in
children less than 6 years old are not consistent with
our understanding of the known effects of parathyroid
hormone.

Blood Minerals, Parathyroid Hormone, and Skeletal
Maturation

Our data suggest three descriptive phases of mineral
homeostasis in childhood, each of which is character-
ized by a change in the interrelationships among the
variables and corresponds approximately to a period
of alteration in the roentgenographic appearance of
ossification [40]. Between 6 months and about 6 years
of age, most of the secondary centers of ossification
appear, and linear skeletal growth decelerates; there
are decreases in the serum concentrations of calcium,
phosphorus, and iPTH and a relatively smaller de-
crease in alkaline phosphatase. In the middle child-
hood years, skeletal development is characterized pri-
marily by bony penetration of cartilaginous areas, and
longitudinal growth remains fairly constant; serum
calcium and phosphorus tend to plateau, iPTH de-
creases gradually, and serum alkaline phosphatase in-
creases. Adolescence marks the beginning of a 5- to
10-year period during which epiphyses fuse, ending
longitudinal growth, and there are large gains in skele-
tal mass [10]. During this phase, girls show an initial
increase in serum calcium followed by a decrease to
adult values, a greater decrease in serum phosphorus
and alkaline phosphatase, and an increase in iPTH to
adult values by age 16 years. Boys, on the other hand,
show a gradual decrease in calcium, and a generally
parallel increase followed by a steep decrease in both
phosphorus and alkaline phosphatase, and an increase
in iPTH to adult values.

Throughout the period of growth, trabecular bone
formation and resorption occur at different rates [17],
with resulting changes in cortical thickness. Maximal
remodeling rates occur in the first year of life [35], and
maximal gains in cortical thickness, as well as remodel-
ing, occur during adolescence [9]. The high serum
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iPTH concentration during early life and the increase
at adolescence may reflect the extensive remodeling
which occurs at these ages, but the lower concentra-
tions during middle childhood years are not easily un-
derstood. Further studies relating bone morphology to
serum iPTH in children are required to determine the
role of this hormone in the formation of the normal
skeleton.

Growth Data and Indices of Calcium Homeostasis

The pattern of change in total serum calcium with
age resembles normal growth velocity curves [36], a
relationship which is reminiscent of the report of Per-
ris et al. [25] of parallel changes in plasma ionized
calcium, growth rate, and mitotic activity of marrow
and thymus in young rats. There are obvious limita-
tions in attempting to correlate our cross-sectional
data, obtained from a population with wide variation
in both growth rate and stature, with average annual
height gains from mixed longitudinal data obtained 4
decades ago; but the pattern of growth rate has not
changed to the degree that actual size measurements
have [8]. Nevertheless, we made the correlations pre-
sented in Table III in a speculative effort to relate
indices of calcium homeostasis to growth. These results
suggest that a careful evaluation of blood minerals
may be important in any systematic study of growth
failure.

Summary

Significant age-related changes were found in the
serum concentrations of minerals and immunoreactive
parathyroid hormone (iPTH) in 120 healthy children
with normal growth and development. Compared with
levels in adults, mean iPTH concentrations were
higher from 6 months to 2 years of age, lower during
middle childhood, and the same as adult values at
adolescence. Total serum calcium values were highest
in early childhood and decreased throughout the pe-
riod of childhood within a narrow range (1.4 mg/100
ml) at each age. Total calcium did not correlate with
iPTH, but ionized calcium, which was significantly
higher from 6 to 16 years than in adults, showed a
significant negative correlation with iPTH (P <
0.005). This suggests the physiologic importance of the
negative feedback control of parathyroid gland activity
by the calcium ion in childhood. High or increasing
values at two periods of rapid growth, under 2 years
and at adolescence, suggest participation of the para-
thyroid gland in the generalized growth process.
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