J c I The Journal of Clinical Investigation

THE ULTRAFILTRABLE CALCIUM OF HUMAN SERUM. II.
VARIATIONS IN DISEASE STATES AND UNDER EXPERIMENTAL
CONDITIONS

A. Raymond Terepka, ..., T. Y. Toribara, Priscilla A. Dewey

J Clin Invest. 1958;37(1):87-98. https://doi.org/10.1172/JCI103589.

Research Article

Find the latest version:

https://jci.me/103589/pdf



http://www.jci.org
http://www.jci.org/37/1?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI103589
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/103589/pdf
https://jci.me/103589/pdf?utm_content=qrcode

THE ULTRAFILTRABLE CALCIUM OF HUMAN SERUM.

II. VARIATIONS

IN DISEASE STATES AND UNDER EXPERIMENTAL CONDITIONS®

By A. RAYMOND TEREPKA, T. Y. TORIBARA, axp PRISCILLA A. DEWEY

(From the Department of Medicine and the Division of Pharmacology of the Department of
Radiation Biology, University of Rochester School of Medicine and
Dentistry, Rochester, N. Y.)

(Submitted for publication August 22, 1957 ; accepted September 12, 1957)

The total serum calcium is composed of two ma-
jor fractions: the non-diffusible or protein bound
calcium, and the diffusible or ultrafiltrable cal-
cium. The latter, containing predominantly ionic
calcium, theoretically traverses capillary mem-
branes in vivo and participates in metabolic proc-
esses at the cellular level.

In a previous publication, a new simple method
for the ultrafiltration of human serum was de-
scribed (1). It was found that in normal adults,
between 60 and 70 per cent of the calcium present
in serum was ultrafiltrable. These findings were
compared with the variable values reported by
other authors for the normal percentage of ultra-
filtrable calcium. It was pointed out that virtually
all previous workers had failed to control both the
pH and the temperature during their ultrafiltra-
tion procedures. Our data indicated that these
variables had a considerable effect on the ultra-
filtrability of serum calcium, thus offering an ex-
planation for the lack of agreement, particularly
among the early workers (2), in the study of nor-
mal and abnormal sera. Only the recent data of
Hopkins, Connor, and Howard (3) show reason-
able consistency for specific disease states. They
used the Lavietes mercury-pressure ultrafiltration
apparatus, controlled pH, and carried out the ul-
trafiltration procedure at room temperature.

Utilizing the controlled technique previously
described (1) we have reinvestigated the distri-
bution of calcium in the serum of a group of pa-
tients with hypercalcemia and hypocalcemia.
These results are given in the first portion of this
communication. Although differing in the abso-
lute quantity, and therefore the per cent of ultra-
filtrable calcium, our findings are in agreement
with those reported by Hopkins and her associates

1 This paper is based on work performed under con-
tract with the United States Atomic Energy Commission

at the University of Rochester Atomic Energy Project,
Rochester, New York.
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(3). However, certain interesting observations
in renal disease prompted us to investigate more
closely the hypocalcemia associated with this
condition.

The ultrafiltration method we have utilized re-
quires relatively small quantities of serum (3 ml.).
Thus, frequent determinations of ultrafiltrable
calcium are possible during experimental proce-
dures. To supplement the observations in dis-
ease states, a detailed investigation was made of
acute hypercalcemia in human subjects induced by
calcium infusion or parathyroid extract adminis-
tration. In addition, hyperphosphatemia and hy-
percitremia, both considered to have specific ef-
fects on total or ultrafiltrable calcium, were in-
duced experimentally and observations made on
the distribution of calcium in serum. The re-
sults of these experiments are presented in the
second portion of this paper.

METHODS

Patients on the general medical wards of the Strong
Memorial Hospital with abnormal total serum calcium
values were selected for the study of the distribution of
serum calcium in disease states. A definite diagnosis
was established clinically in all cases. Blood was col-
lected by venipuncture in the non-fasting state and serum
ultrafiltered the same day. Another patient, who was
being studied on the metabolism ward of the Depart-
ment of Medicine, served as the subject for the detailed
investigation of the effect of experimentally induced
conditions on the ultrafiltrability of serum calcium. He
was a 75 year old white man with chronic lymphatic
leukemia and an annular carcinoma of the rectosigmoid.
In spite of the two malignant processes, he appeared well
nourished (body weight, 63 Kg.) and was generally
asymptomatic but did have slight hypoproteinemia. No
evidence of bone involvement with cancer was apparent
clinically, by X-ray or balance study.

2The higher values for ultrafiltrable calcium in the
studies of Hopkins, Connor, and Howard (3) probably
resulted because these authors carried out their ultra-

filtration procedures at room temperature instead of
37° C.



88

A. RAYMOND TEREPKA, T. Y. TORIBARA, AND PRISCILLA A. DEWEY

TABLE 1
Ultrafiltration results and other pertinent data in patients with hypercalcemia and hypocalcemia

Serum calcium* Serum proteint

Serum _—
Subject Age Diagnosis Date Total Ultrafil. % U.F. P* Total Alb. Glob.
M. M. 60 Vit. D intoxication 1/24 11.57 834 722 3.0 66 44 2.2
C.N. 76 Vit. D intoxication 6/3 1250 897 71.7 5.1 7.1 49 2.2
J. V. 34 Boeck's sarcoidosis 2/2 11,19 7.84 70.1 3.2 87 4.0 47
2/7 11.30 8.08 71.5 3.3
3/2 11,31  8.03 71.0 2.8 86 4.0 4.6
E.H. 63 Breast carcinoma 7/9 12,50 880 70.3 70 52 1.8
E.T. 53 Breast carcinoma 2/1 16.50 10.07 65.0 6.6 72 40 3.2
. 2/13 13.28 9.05 68.1 4.1
2/17 1245 8.03 64.5 2.2 7.5 4.7 28
2/24 1140 7.67 67.2 2.5 7.0 43 27
3/8 2290 1240 54.2 5.0
F.D. 20 Secondary hyper- 6/17 10.18 6.39 62.8 11.5 51 35 1.6
parathyroidism
A.S. 43 H)zpoparatl)lyroidism 5/31 6.32 417 659 7.5 69 4.1 28
post op.
M.P. 59 Hypoparathyroidism 6/27 448 340 75.8 83 4.7 3.6
(1diopathic) 6/28 517 371 729 7.14
6/29 538 3.63 674 7.3 42 3.1
7/3 568 3.70 65.2 6.12 76 41 35
7/6 558 3.70 66.3 6.37
7/7 6.18 4.85
7/9 6.18 4.44
7/17% 646 396 61.3 2.68 60 31 29
737 458 62.2 6.3 3.0 33
7.50 6.7 3.1 3.6
764 478 62.6 64 31 33
C.W. 24 Steatorrhea 4/8 5.83 5.10 874 1.9 46 25 21
J. A 78 Malnutrition 5/23 7.73 6.48 83.8 3.2 5.8 20 38

Liver disease

* Values in mg. per cent.
t Values in Gm. per cent.

1 Blood samples obtained at 9:00 a.m., 10:30 a.m., 11:45 a.m. and 2:00 p.m.

The procedure for the ultrafiltration of human serum
was described in detail in a previous paper (1). All de-
terminations were done at 36° C. after equilibration of
the apparatus with 5 per cent carbon dioxide and 95 per
cent oxygen. Calcium was determined in both whole se-
rum and the ultrafiltrates by a flame photometric tech-
nique (4). The normal range for total serum calcium
and ultrafiltrable calcium by this method is 9.26 to 10.30
mg. per cent and 6.17 to 7.16 mg. per cent, respectively.
The “per cent of ultrafiltrable calcium” was obtained by
simply dividing the concentration of calcium in the ultra-
filtrate by that in the whole serum (no protein correction)
and multiplying by 100 per cent.

Inorganic phosphorus determinations on the serum of
patients with hypocalcemia and hypercalcemia were done
by the Fiske and Subbarow method (5) while the method
of Chen, Toribara, and Warner (6) was used for the
determination of total serum phosphorus and serum in-
organic phosphorus in the patient studied on the metabo-
lism ward and in patient M.P. (Table I) with idio-
pathic hypoparathyroidism. Total carbon dioxide con-
tent of serum and blood urea nitrogen were determined by
the Van Slyke and Neill (7) and the Van Slyke and Cul-
len (8) methods, respectively. Fractionation of the se-
rum proteins was carried out by a detergent technique

(9) and the serum citrate analyses were done by the
method of Ettinger, Goldbaum, and Smith (10).3 The
latter two methods give the following values for nor-
mal sera: total protein, 6.5 to 8.0 Gm. per cent; albu-
min, 4.5 to 5.5 Gm. per cent; total serum citrate, 3 to 5
mg. per cent.

RESULTS

I. The serum wultrafiltrable calcium in disease
States

A. Hypercalcemia

The ultrafiltrable calcium in a variety of diseases
associated with abnormalities in serum calcium are
recorded in Tables I and II along with other
pertinent data. Normal human subjects have ul-
trafiltrable calciums ranging between 61.7 and
71.4 per cent of the total serum calcium (1) so
that the concentration of ultrafiltrable calcium

8 The authors are indebted to Dr. Ralph Jacox for the
protein determinations and Betty Jane Mulryan for the
citrate analyses.
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ranges between 6.2 and 7.2 mg. per cent. It can
be seen in Table I that in the patients with hyper-
vitaminosis D, Boeck’s sarcoidosis, and metastatic
breast carcinoma with hypercalcemia, the concen-
tration of ultrafiltrable calcium was distinctly ele-
vated, while the percentage of the total serum
calcium which was ultrafiltrable was in, or only
slightly above, the normal range. These patients
tended to have mild degrees of hypoalbuminemia,
while the total serum protein concentration was
variable.

One of the patients with carcinoma of the breast
(E.T.) was studied during a cortisone induced re-
mission of hypercalcemia and after the hyper-
calcemia had rapidly recurred (3/8 sample) during
an attempt at pallative estrogen treatment. The
fall in total serum calcium during cortisone ad-
ministration was accompanied by a proportionate
decrease in both ultrafiltrable and non-ultrafiltra-
ble calcium so that the per cent of ultrafiltrable
calcium remained essentially constant and within
the normal range. However, the extreme hyper-
calcemia induced by the estrogen administration
was associated with an abnormally low percentage
of ultrafiltrable calcium. A similar decrease in
the ultrafiltrability of calcium in extreme hyper-
calcemia in man has been noted by others (3)
and has been attributed to the formation of a
“colloidal calcium-phosphate-protein complex”
(11).

Patient F.D., with secondary hyperparathyroid-
ism, had a congenital urinary tract anomaly and
long standing renal disease. Typical destructive
lesions of osteitis fibrosa cystica were seen in
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X-rays of the hands and skull. Metastatic calci-
fications of arteries and soft tissues were promi-
nent and the vertebrae showed the interesting com-
bination of simultaneous destructive and sclerotic
changes (12). His total serum calcium concen-
tration and the concentration and percentage of
ultrafiltrable calcium were normal. The signifi-
cance of these observations will be left for the
discussion after the results of the calcium infusion
and parathyroid extract administration are pre-
sented.

B. Hypocalcemia

The hypocalcemic conditions studied have been
arbitrarily divided into those without (Table I)
and with (Table II) significant renal disease.
Patient A.S. (Table I) was studied seven days
after a sub-total thyroidectomy for toxic nodular
goiter. Two days post-operatively he was found
to have a positive Trousseau’s sign and his serum
calcium was 6.0 mg. per cent. Treatment with
calcium, vitamin D and parathyroid extract was
started and at the time of study he was receiving
12 Gm. of calcium gluconate and 75,000 units of
vitamin D orally each day. Signs of latent tetany
were still present. Both his total serum calcium
and ultrafiltrable calcium were low, and they had
decreased proportionately so that the per cent of
ultrafiltrable calcium was similar to that found in
the normal individuals. Note that his serum pro-
teins were essentially normal.

Patient M.P. was studied before and during
therapy for idiopathic hypoparathyroidism. Treat-

TABLE II
Ultrafiltration results and other pertinent data in patients with chronic renal disease

Serum calcium*

Serum protein}
Serum Serum —_—
Subject Age Diagnosis Total Ultrafil. % U.F. p* BUN* COst Total Alb. Glob.
G.L. 48 Glomerulonephritis 6.66 5.58 83.6 12.0 83 21 5.8 31 27
C.S. 21 Chronic pyelonephritis 7.84 646 824 14.5 148 16 48 32 16
F.G. 75 Chronic pyelonephritis 798 6.19 774 6.2 82 16 6.2 38 24
D.F. 36 Kimmelstiel-Wilson Syn. 803 599 746 7.2 107 19 70 34 36
A. V. 51 Kimmelstiel-Wilson Syn. 8.10 6.46 79.7 3.9 48 20 51 25 26
N.O. 58 Glomerulonephritis 8.12 740 91.2 13.1 210 13 7.5 52 23
E. M. 77 Gouty nephritis 881 6.53 74.1 6.5 105 15 78 54 24
T.G. 31 Chronic pyelonephritis 9.03 6.63 73.5 63 19 7.6 45 3.1
L. W. 56 Chronic {)yelonephritis 9.69 7.70 79.4 5.4 65 19 57 31 26
R. W. 65 Glomerulonephritis 558 3.81 68.3 5.0 122 26 57 34 23
C.E. 88 Nephrosclerosis 745 3504 67.7 6.7 105 26 53 30 23

* Values in mg. per cent.
t Values in mM per L.
1 Values in Gm. per cent.
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ment with 3.75 mg. of A.T. 10 and 6 Gm. of cal-
cium gluconate per day, orally, were started on
6/28. It can be seen that the initial treatment
with calcium and A.T. 10 was associated with a
gradual rise in total serum calcium and little rise
in ultrafiltrable calcium so that the per cent of
ultrafiltrable calcium fell significantly. Vitamin D,
150,000 units per day, orally, was started on 7/1
and the A.T. 10 discontinued. This patient con-
tinued to have intermittent severe convulsive epi-
sodes until 7/4. It should be noted that on 7/17,
after more than two weeks of therapy with cal-
cium and vitamin D, the ultrafiltrable calcium had
increased only about 0.5 mg. per cent while the
total calcium had increased 2 mg. per cent. How-
ever, when parathyroid hormone was adminis-
tered during an Ellsworth-Howard test (13)
(done on 7/17), both the total calcium and ultra-
filtrable calcium increased approximately 1 mg.
per cent in a matter of five hours and the per cent
of ultrafiltrable calcium remained constant.

Patient C.W. was admitted to the hospital for
an acute exacerbation of steatorrhea. She had a
very low total serum calcium on admission but a
near normal concentration of ultrafiltrable calcium.
Almost 90 per cent of the calcium in her se-
rum was ultrafiltrable. At no time did she mani-
fest signs or symptoms of latent tetany. Of sig-
nificance is the fact that both the total protein and
albumin concentrations in her serum were mark-
edly reduced. Similarly, in patient J.A., with
very low serum proteins due to liver disease, the
per cent of ultrafiltrable calcium was 84 and the
concentration of calcium in the serum ultrafiltrate
was actually normal, although the total serum
calcium was approximately 2 mg. per cent below
normal.

In Table II we have grouped together the pa-
tients with hypocalcemia secondary to chronic
renal disease. It is immediately apparent that
the percentage of ultrafiltrable calcium in all ex-
cept the last two patients (R.W. and C.E.) was
abnormally high, regardless of the level of total
calcium. Consequently, the concentration of cal-
cium in the serum ultrafiltrates of these patients
was within or near the normal range and, in sev-
eral instances, was greater than normal. None of
them, including R.W. and C.E., exhibited signs
or symptoms of latent tetany.

Other pertinent blood chemistry determinations

in these patients are also listed in the table. The
blood urea nitrogen and serum inorganic phos-
phorus were elevated in all subjects but to varying
degrees. Notice the inconsistent correlation be-
tween the levels of serum inorganic phosphorus
and total serum protein and the degree of hypo-
calcemia. Although, in general, the serum pro-
teins tended to be low, especially the albumin
fraction, in three patients with a high percentage
of ultrafiltrable calcium, N.O.,, EM. and T.G,,
these were normal. Of possible significance is
the fact that the carbon dioxide content of the
serum was normal in R.W. and C.E., who showed
no increase in the per cent of ultrafiltrable cal-
cium, as contrasted with the other nine patients
where it was uniformly decreased. In both these
patients, alkali therapy had corrected the meta-
bolic acidosis which had been present at the time
of admission to the hospital. The implications of
these findings will be discussed below.

II. The serum wultrafiltrable calcium under ex-
perimental conditions

A. Calcium infusion and parathyroid extract ad-
wministration

Our ultrafiltration results in disease states as-
sociated with hypercalcemia (Table I) and those
of Hopkins, Connor, and Howard (3) indicate
that the additional calcium is distributed propor-
tionately between both ultrafiltrable and protein-
bound calcium. Consequently, the percentage of
the total serum calcium that is ultrafiltrable is
generally within the range found for normal sub-
jects. Since these clinical conditions represent,
for the most part, chronic alterations in calcium

and perhaps protein metabolism, it seemed of in-

terest to compare them with a hypercalcemia
acutely induced by the administration of “ionic
calcium” or parathyroid extract. Figures 1 and 2
show the results of these experiments.

Nine Gm. of calcium gluconate-heptonate in
900 ml. of 5 per cent dextrose in water (890 mg.
of calcium) was infused intravenously in a human
subject over a three hour period and blood sam-
ples obtained at the times indicated in Figure 1.
The total serum calcium was increased from 9.0
to 12.6 mg. per cent during the infusion, began to
fall immediately after the infusion was stopped,
and the next morning was still well above the pre-
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injection level. Although the quantity of ultrafil-
trable calcium also increased markedly, it should
be noted that it remained a constant percentage of
the total serum calcium. Consequently, the quan-

tity of calcium bound by the serum proteins (s.e.,
non-ultrafiltrable) must also have increased pro-
portionately although there was, if anything, a
slight fall in the total protein concentration (no
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significant change in serum albumin: globulin
[A/G] ratio occurred).

A gradual and persistent rise in serum inor-
ganic phosphorus also was noted. This increased
2.1 mg. per cent, from a pre-injection level of 3.1
mg. per cent to 5.2 mg. per cent at 3 p.m., and the
following morning it was still elevated. The
mechanism responsible for this increase in serum
inorganic phosphorus when calcium is infused
intravenously has not been explained satisfactorily
(14). In our experiment, we also determined
the total phosphorus content of the 9 am. and 3
p.m. serum samples after ashing. These showed
a 2.8 mg. per cent increase over this time, from
11.6 to 14.4 mg. per cent. Thus, the rise in serum
inorganic phosphorus characteristically seen dur-
ing calcium infusion is not simply due to a redistri-
bution among the various serum phosphorus frac-
tions but is a specific increase.

The data obtained in the study of the hypercal-
cemia of experimentally induced hyperparathy-
roidism are shown in Figure 2. Five hundred
units (5 ml.) of parathormone (Lilly) were in-
jected intramuscularly twice a day for six days.
The subject was maintained on a constant dietary
intake of calcium, phosphorus and nitrogen

throughout the experiment. During the period
of parathyroid extract administration, the total
serum calcium increased to 12.5 mg. per cent and
then promptly fell to control levels when the in-
jections were discontinued. As in the calcium
infusion experiment (Figure 1) the quantity of
ultrafiltrable calcium also increased but there was
no change in the percentage of ultrafiltrable cal-
cium, Since the total serum protein and albumin
concentration showed no significant changes, it
is apparent that the additional calcium mobilized
to serum by parathyroid extract was distributed
proportionately between the ultrafiltrable and
non-filtrable fractions of the serum calcium.

B. Phosphate infusion

The interrelationship of calcium and phosphorus
in serum has received considerable attention, es-
pecially in relation to calcification and the mecha-
nism of action of the parathyroid hormone (15).
The finding of an abnormal increase in the per-
centage of ultrafiltrable calcium in most of our
cases of renal disease with nitrogen and phos-
phorus retention (Table IT), prompted us to study
the effect of acute hyperphosphatemia per se on
the distribution of calcium in serum.
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Nine hundred ml. of a solution of mono-
sodium and disodium phosphate ¢ containing 2.17
Gm. of phosphorus was given intravenously to a
human subject over a three hour period and the
results are shown in Figure 3. Serum inorganic
phosphorus was increased to 11.95 mg. per cent
at the end of the infusion and then promptly fell.
The following morning it was somewhat lower
than the pre-injection level. This should be con-
trasted with the serum inorganic phosphorus val-
ues in the calcium infusion experiment (Figure
1). In the latter, serum inorganic phosphorus
was still well above the pre-injection level on the
morning following the calcium administration.

A fall in total serum calcium concentration oc-
curred coincident with the rise in serum inorganic
phosphorus, but this fall may be accounted for on
the basis of hemodilution. Blood hematocrits done
during the study showed a rapid decrease from a
control level of 41 to 36 per cent at the end of the
infusion and the total protein concentration fell
from 7.2 to 6.0 Gm. per cent over the same period
(no change in serum A/G ratio occurred). The
decrease in total serum calcium during the infu-
sion was accompanied by a proportionate fall in
ultrafiltrable calcium so that the per cent of the
serum calcium that was ultrafiltrable remained
constant throughout the period of marked hyper-
phosphatemia.

Our data indicate a sharp fall in ultrafiltrable
calcium in the 3 p.m. sample. Since the total
serum calcium was almost back to normal by this
time, the percentage of ultrafiltrable calcium also
shows a significant decrease (from 70 to 59 per
cent). The following morning both the total
calcium and the ultrafiltrable calcium had returned
to pre-injection levels and the per cent of ultra-
filtrable calcium was 67. Hopkins, Howard, and
Eisenberg (16) reported a similar fall in ultra-
filtrable calcium in witro when phosphorus was
added to serum in increasing amounts. These
authors related this to the formation of a colloidal
“calcium-phosphate-protein complex” (11) and
suggested that “there might be a delayed equi-
librium in the formation of a calcium-phosphate

4 The solution contained 2.14 Gm. of NaH,PO,-H,O
and 8.83 Gm. of Na,HPO, per L. of 5 per cent dextrose
in water. The sodium concentration, determined by flame
photometry, was 136 mEq. per L. and the pH was 7.36
when measured on a Beckman model G pH meter.

‘complex,” as there is in precipitation of calcium
phosphate from supersaturated solutions.” In-
terestingly, the apparent decrease in ultrafiltrable
calcium in our experiment occurred sometime af-
ter the maximum elevation in serum inorganic
phosphorus had been attained.

C. Citrate infusion

Of the ultrafiltrable anionic complexers of cal-
cium in serum, citrate has received most attention
because of its possible relationship to calcium me-
tabolism in bone and kidney. It has been re-
peatedly demonstrated that a rise or fall in serum
calcium concentration is generally associated with
parallel changes in serum citrate levels (17).
Chang and Freeman also found (18) that the
intravenous administration of sodium citrate
(given to dogs at the rate of 0.67 mg. per Kg.
body weight per minute for two hours) caused
an increase in total serum calcium concentration.
On the other hand, hypercitremia from rapid
transfusion of citrated whole blood has been as-
sociated with signs and symptoms of tetany, pre-
sumably on the basis of acute depression of ionized
calcium (19).

We investigated the effects of an intravenous
infusion of approximately 0.5 mg. of citrate ion
per Kg. body weight per minute on total and
ultrafiltrable calcium in a human subject.® Seven
hundred ml. of a 5 per cent dextrose in wa-
ter solution containing 9.10 Gm. of sodium citrate
(5.85 Gm. of citrate ion and 134 mEq. per L. of
sodium) was infused intravenously over a three
hour period and blood samples were obtained be-
fore, during and after the infusion (Figure 4).
Serum citrate was increased about fivefold to 15.5
mg. per cent. The rapidity of citrate metabolism
in vivo (21) is demonstrated by the fact that
three hours later the serum citrate concentration
had returned to the pre-injection level.

Both the total serum protein concentrations and
the blood hematocrits fell rapidly during the infu-
sion, indicating acute hemodilution. Total serum

5In a recent review of citrate intoxication (20), it
was stated that citrate injections at the rate of 1.0 mg.
per Kg. body weight per minute in man may lead
to toxic manifestations, although the rate usually at-
tained in infants who developed tetany during exchange
transfusion has been between 5 and 10 mg. of citrate per
Kg. body weight per minute.
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calcium decreased, but not as much as might be
expected on the basis of the hemodilution (cf., the
fall in total serum calcium in the phosphate infu-
sion experiment shown in Figure 3). Since
Chang and Freeman (18) used relatively small
volumes of fluid to induce hypercitremia in their
dogs, the hemodilution in our experiment could
have masked an actual increase in serum calcium
concentration. If the recently suggested hypothe-
sis (22, 23) that citrate has a primary role in the
mobilization of calcium from bone to the extracel-
lular fluid is correct, high blood citrate levels might
be expected to increase serum calcium by causing
a more rapid release of calcium from bone.

By using the dissociation constant of calcium
citrate, the quantities of citrate bound calcium in
serum may be calculated.® At the initial serum

¢ This calculation can be made by utilizing the equation:

.- _ K-T[Ca**]
[CaCit~] = T FR[Ca"]
where K equals stability constant of the calcium citrate
complex and T equals total citrate. This equation is
obtained by solving simultaneously the two equations:

_  [CaCit] _ . -
K= Car Cic] and T = [CaCit~] + [Cit™]
The values 1.25 mM per L. for [Ca**] and 1.66 X 10? for

K, of Hastings, McLean, Eichelberger, Hall, and Da Costa
(24), were used in our calculations.

citrate concentration of 3.5 mg. per cent approxi-
mately 0.5 mg. per cent of calcium is complexed
as diffusible calcium citrate. An increase in se-
rum citrate concentration to 15.5 mg. per cent
(12 o’clock noon level) will result in a minimum
of 2 mg. per cent of citrate complexed calcium.
The increase in calcium bound to citrate must be
supplied from the pool consisting of protein bound
calcium, ionic calcium, and complexed but diffusi-
ble calcium. An appreciable decrease in protein
bound calcium would result in an increase in ultra-
filtrable calcium. As can be seen in Figure 4,
only a minimal increase in the percentage of ultra-
filtrable calcium occurred even at the height of
the hypercitremia. Thus, most of the additional
calcium complexed by citrate must have come
from the diffusible forms of calcium. “Ionic”
calcium, because of its relative abundance in se-
rum (25, 26), would undoubtedly be most
affected.

DISCUSSION

Ultrafiltration results may be expressed in two
ways: 1) as the actual concentration of calcium in
mg. per cent in the ultrafiltrates of whole se-
rum, or 2) as the percentage of the total calcium
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in the serum that is ultrafiltrable. Most previous
authors, including ourselves, have emphasized
either one or the other (rarely both) in their
writings on ultrafiltrable calcium in normal and
disease states. We believe that both methods of
expressing ultrafiltration results are equally
meaningful but, as discussed below, variations
from normal values in the percentage or concen-
tration of ultrafiltrable calcium are dependent
upon different physiological mechanisms.

McLean and Hastings (27) postulated in 1935
that the distribution of calcium in serum, between
ultrafiltrable and non-ultrafiltrable forms, is gov-
erned by a purely physical chemical process: the
mass action relationship Ca*™ + Prot = CaPro-
teinate. Our findings, and those of others (3, 14),
in hypercalcemia, whether secondary to a disease
process (Table I) or experimentally induced by
the administration of calcium (Figure 1) or para-
thyroid extract (Figure 2), support this hypothe-
sis. Calcium added to serum in wivo under any
of these circumstances led not only to an increase
in ultrafiltrate calcium but to a proportionate in-
crease in protein bound calcium so that the per
cent of calcium which was ultrafiltrable was not
altered significantly. This relationship has also
been clearly demonstrated, in vitro, by adding in-
creasing amounts of calcium to serum before ul-
trafiltration (16).

It is generally accepted that the parathyroid
glands are intimately concerned with the main-
tenance of a normal serum calcium concentration.
Although the precise physiological mechanisms in-
volved are still incompletely understood, it is now
believed that the parathyroids are concerned with
the equilibrium between calcium in bone and ex-
tracellular fluid (28-31). Once in the serum,
however, the calcium released from bone under
parathyroid influence also obeys the law of mass
action in its reaction with serum proteins. Thus,
when the bone:extracellular fluid equilibrium
was disturbed by the administration of parathyroid
extract (Figure 2, and M.P., Table I) both the
ultrafiltrable calcium and the total calcium in-
creased proportionately so that the per cent of
ultrafiltrable calcium was not altered, while in hy-
poparathyroidism (A.S. and M.P., Table I of
our data, and Table III of Hopkins, Connor, and
Howard [3]), there was a proportionate decrease
in both these calcium fractions. On the other

hand, hypoproteinemia (C.N. and J.A., Table I),
with presumably normal parathyroid function,
was associated with a low total serum calcium, a
normal or near normal concentration of ultrafiltra-
ble calcium and a high percentage of ultrafiltrable
calcium. These considerations indicate that the
concentration of calcium in ultrafiltrates of serum
is determined by the bone: extracellular fluid
calcium equilibrium, while the total serum calcium,
and consequently the per cemt of ultrafiltrable
calcium, is secondarily determined by mass law
relationships in serum or plasma. It follows that
the total calcium in serum only reflects the level
necessary to maintain the concentration of ultra-
filtrable or ionized calcium determined by the
parathyroid controlled bone: extracellular fluid
equilibrium on the one hand, and serum mass law
relationship on the other.

Both our data (Table I) and that of Hop-
kins, Connor, and Howard (3) showed that the
hypercalcemia of malignant disease, Boeck’s
sarcoidosis, and vitamin D intoxication was as-
sociated with elevated concentrations of ultrafiltra-
ble calcium, while the percentage of the total se-
rum calcium that was ultrafiltrable was generally
within the range found for normal subjects when
serum proteins were essentially normal. Fur-
thermore, when the hypercalcemia in one patient
(E.T., Table I) was partially corrected with cor-
tisone, the ultrafiltrable and total calcium fell pro-
portionately and there was no change in the per-
centage of ultrafiltrable calcium. Similar findings
in cortisone or adrenocorticotropic hormone ther-
apy of hypercalcemia were reported by Hopkins
and her associates (3). We interpret these ob-
servations to mean that the calcium disturbance
in these disease states is also due to a primary al-
teration in the bone:extracellular fluid calcium
equilibrium (which can be corrected with corti-
sone) with secondary changes in the total serum
calcium. In this connection, it is of interest that
several authors have recently reported (32, 33)
cases of hypercalcemia in malignant disease with-
out evidence of tumor invasion of bone (and with
normal parathyroid glands at autopsy) although
the hypercalcemia is usually ascribed to bone
metastasis with rapid destruction of bone and re-
lease of calcium into the circulation.

From the above discussions, one may postulate
that an alteration in the concentration of ultra-
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filtrable calcium means some disturbance (albeit
non-specific) in the calcium equilibrium at the
skeletal level, while an abnormal percentage of
ultrafiltrable calcium indicates an alteration in
calcium-protein relationships in serum.

It is well known that hypocalcemia is often as-
sociated with chronic renal disease but that tetany
is infrequently seen. The former has been at-
tributed to hypoproteinemia and hyperphospha-
temia, and the latter to acidosis, all of which fre-
quently accompany these disease states. We could
not correlate the degree of hypocalcemia in our
patients with renal disease with the level of se-
rum inorganic phosphorus and, although serum
proteins tended to be low in the patients studied,
this did not necessarily agree with the total cal-
cium level. Qur data, however, demonstrated
(Table IT) that in all but two of the patients stud-
ied, the percentage of the total serum calcium that
was ultrafiltrable was abnormally high. Conse-
quently, the quantity of ultrafiltrable calcium was
essentially normal or even greater than normal
(thus accounting for the clinical observations
that tetany occurs infrequently in renal disease)
while the amount of calcium bound to protein was
decreased irrespective of the level of total calcium.
The decrease in protein bound calcium was re-
sponsible for the hypocalcemia in most of these
cases when the latter was present.

A decrease in protein bound calcium may oc-
cur because of: 1) a fall in concentration of se-
rum protein, 2) a specific alteration in the bind-
ing ability of the proteins, or 3) a decrease in the
ionized calcium level. In our patients, the high
percentage of ultrafiltrable calcium did not cor-
relate well with the level of total proteins or al-
bumin in the serum. One or both of the other
factors must also have been involved in decreasing
protein bound calcium, but from the data at hand,
we could not define the exact mechanisms.

It has been repeatedly demonstrated that pH
will affect the binding ability of serum proteins
(34, 35). However, as pointed out in our previ-
ous publication (1), the pH change accompany-
ing the metabolic acidosis of renal disease should
have only a minor effect on the ultrafiltrability of
calcium in serum. Yet it seems significant that
the two patients with low concentrations and nor-
mal percentages of ultrafiltrable calciums (R.W.
and C.E.) were those whose- “metabolic acidosis”

had been treated and corrected, at least as judged
by the serum carbon dioxide content. Some other
change in chronic renal disease aside from the
serum pH per se, but associated with the clinical
state called “metabolic acidosis,” could conceivably
alter the ability of the serum proteins to bind cal-
cium and contribute to the maintenance of a
normal concentration of ultrafiltrable calcium.
The possibility that patients with renal disease
and azotemia and hyperphosphatemia actually have
low ionized calciums because of abnormal amounts
of citrate in the blood was not substantiated (36).
Total organic acids, however, were not measured,
and we do not know the quantity of “unmeasured
anions” (37) in our patients. It is possible that
other abnormal calcium complexers are present
which depress the ionic calcium and, therefore,
protein bound calcium specifically. A detailed
investigation of calcium-protein interrelationships
in normal and disease states is in progress and
will be reported in a separate communication.

SUMMARY

1. The ultrafiltrability of serum calcium in hu-
man subjects was determined: a) in disease states
associated with hypercalcemia and hypocalcemia,
and b) before, during and after the parenteral ad-
ministration of calcium, citrate, phosphate and
parathyroid extract.

2. An increase in serum calcium, whether due
to a disease process or secondary to calcium or
parathyroid extract administration, caused a pro-
portionate increase in both ultrafiltrable and pro-
tein bound calcium so that no significant change
occurred in the percentage of ultrafiltrable calcium.

3. Hypocalcemia was accompanied by normal
or, more frequently, a high percentage of ultra-
filtrable calcium. The latter was generally as-
sociated with hypoproteinemia, and the former
with normal plasma proteins. This relationship,
however, did not always hold in the hypocalcemia
of renal disease.

4. In renal disease, a high percentage of ultra-
filtrable calcium was almost invariable, regardless
of the level of serum proteins so that the actual
quantity of ultrafiltrable calcium approached nor-
mal. A specific alteration in the amount of cal-
cium bound to serum proteins appeared to be
present.
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5. Hyperphosphatemia and hypercitremia had

specific, but transient, effects on ultrafiltrable
calcium.

6. By the application of physical chemical

principles, abnormalities in the concentration of
ultrafiltrable calcium in serum have been ascribed

to

disturbances in the bone: extracellular fluid

calcium equilibrium, while abnormalities in the
percentage of ultrafiltrable calcium (ratio of ul-
trafiltrable to total serum calcium) have been
related to alterations in calcium-protein interrela-
tionships in serum. In renal disease with disturb-
ances in calcium metabolism, no simple mecha-
nism correlated with the ultrafiltrable calcium
values obtained.

10.

11.

. Fiske, C. H., and Subbarow,
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