THE ULTRAFILTRABLE CALCIUM OF HUMAN SERUM.
I. ULTRAFILTRATION METHODS AND NORMAL
‘VALUES*

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

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

(Submitted for publication November 26, 1956; accepted January 24, 1957)

Since the demonstration by Rona and Takahashi
in 1911 (1) that a considerable portion of the cal-
cium present in the serum is not diffusible through
a semi-permeable membrane, the various calcium-
fractions in the blood have been extensively stud-
ied. It is now recognized that calcium exists in
the serum in three distinct forms. One of these,
that calcium bound to proteins, comprises the non-
ultrafiltrable or non-diffusible portion of the serum
calcium. The other two forms, ionic calcium and
calcium complexed by such small anions as citrate,
phosphate, and bicarbonate, are ultrafiltrable and
* diffusible.

Tonic calcium is generally considered to be the
physiologically active component of the total se-
rum calcium (20). Recently, however, it has been
suggested (21) that the “biologically active” cal-
cium fraction of serum is different from, and prob-
ably larger than, the total ionic calcium as deter-
mined by the frog heart technique (22), approach-
ing the value for total ultrafiltrable calcium. In
any event, a practical method for the routine meas-
urement of actual ionic calcium has yet to be de-
vised. Consequently, a great deal of effort has
been directed toward the development of indirect
methods for its determination in man. A variety
of techniques has been described, but ultrafiltration
methods have been most numerous because of
practical and theoretical advantages over biological
assays or dialysis techniques. In principle, all
ultrafiltration procedures utilize some type of
membrane of small pore size and some means of
supplying filtration pressure.

The purpose of the present communication is to
describe a technique for the ultrafiltration of hu-

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.

man serum using a new, simple apparatus? which
eliminates most of the disadvantages of previous
methods. Using this apparatus we have investi-
gated the various factors which influence the ultra-
filtrability of calcium in human serum and have
determined the normal range in healthy human
subjects. A subsequent paper will describe our
findings in diseased states and under experimental
conditions.

METHODS

Ultrafiltration apparatus and procedure. The appara-
tus used in this work has been described very briefly in a
previous publication (23). It uses seamless cellophane
tubing to contain the serum with a sintered glass support
for the membrane and centrifugal force to supply the
filtration pressure. Its principal advantages over other
equipment are: 1) The atmosphere and the pH can be
accurately controlled within the apparatus throughout
the ultrafiltration period; 2) there is no source of metal-
lic contamination; 3) membrane breakage is virtually
eliminated; 4) the apparatus is easily constructed and
can be used in an ordinary laboratory centrifuge; 5) fil-
tration pressure can be controlled by varying centrifuge
speed.

The ultrafiltration procedure was carried out in the
following manner :

A strip of Visking Nojax Casing® (size 24/32) about
9 inches long was soaked in distilled water for 10 min-
utes. It was wiped dry by drawing through a folded
gauze sponge repeatedly until no water was visible.
One end was knotted and the tubing was doubled (Fig-
ure 1) and pushed into the ultrafiltration tube with the
knot up. The unknotted end was opened with a sharp
instrument such as a scalpel blade or small spatula and
inflated by blowing into it. For the present studies, 3 ml.
of serum were pipetted directly into the open end of the
bag. Care was taken to avoid contact between the wet

2 Made by sealing off the short end of a borosilicate
glass straight sealing tube with coarse fritted disc (Corn-
ing No. 39570, 25-mm. diameter with 20-mm. disc), and
adding a 6-mm. glass tube at an angle near the fritted disc
(Figure 1). Complete apparatus is now available from
Will Corporation, Rochester, New York.
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Fi16. 1. THE ArrPArATUS USED FOR ULTRAFILTRATION OF
SERUM

A. The apparatus containing the knotted and inflated
Visking® tubing prior to the introduction of the
serum sample.

B. The apparatus closed and ready for centrifugation
showing the serum filled ultrafiltration sac resting
on the sintered glass support.

tip of the pipet and the cellophane tubing because such
contact resulted in difficulty in removing the pipet. After
the serum was introduced, the cellophane bag was col-
lapsed, and the second end was knotted at about the same
height as the first end. The two knotted ends were fas-
tened together with a rubber band, and the bag was care-
fully pushed down into the apparatus far enough to per-
mit insertion of the rubber stopper. To avoid tearing the
bag, a blunt instrument, such as a stirring rod, was used
to push adherent portions of the bag away from the
glass. The apparatus was then flushed for 3 minutes
with a 5 per cent CO~95 per cent O, mixture bubbled
through isotonic saline and introduced through the side
arm at the lower end of the apparatus. The apparatus
was then closed by connecting the side arm to the glass
tube in the rubber stopper at the top using Tygon® tubing,
thus assuring a constant atmosphere above and below
the ultrafiltration sac throughout the ultrafiltration pro-
cedure (Figure 1). It was then placed in the largest
cups (catalog No. 373) of an International Centrifuge,
Size 2, or International Refrigerated Centrifuge, the cups
having been fitted with the simple centering ring previ-
ously described (23) so that apparatus breakage was pre-
vented while starting and stopping the centrifuge.

A temperature rise of about 8° C above the existing
room temperature will occur inside the operating centri-
fuge in about 1 to 2 hours. To keep the temperature con-
stant during ultrafiltration in the ordinary laboratory
centrifuge, the latter was fitted with a copper coil. This
was connected with Tygon® tubing to the side-arm of a
large glass U-tube. One arm of the U-tube was con-
nected to the ordinary mixing-type water spigot and the
other was fitted with a thermometer. Inlet water tem-
perature was manually controlled by simply varying the
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amount of hot and cold water allowed to flow through

the spigot into the U-tube. A thermometer was fitted

into the center tachometer hole of the centrifuge and the
temperature inside the centrifuge was kept constant by
the adjustments in the inlet water temperature.

At 23° or 37° C, at least 0.5 ml. of a crystal-clear
protein-free (24) ultrafiltrate was collected in 3 hours
when centrifuged at 2,000 rpm, while at 10° C approxi-
mately double that time was necessary. If 5 ml. or more
of serum were used, 1 ml of ultrafiltrate could be ob-
tained in approximately the same times. Variations in
centrifuge speed between 1,500 and 2,500 rpm do not af-
fect the results obtained (24).

Determination of calcium. Calcium in both serum and
ultrafiltrate was determined by a flame photometric
technique using a Weichselbaum-Varney flame photom-
eter. After protein removal (in the case of serum) the
calcium was separated as the oxalate, re-dissolved, and
read directly. A description of the method together with
a thorough study of possible variables have already been
reported (25).

Determination of pH. A Beckman model G pH meter
was used for the pH measurements. In all instances, the
pH of the serum remaining in the ultrafiltration sac was
measured after the ultrafiltration was carried out. In
several instances, pH values of both the ultrafiltrate and
the unfiltered serum residue were determined. As would
be expected where the atmosphere was maintained con-
stant over the serum and ultrafiltrate, the pH values were
the same. Generally, the value obtained was between
7.5 and 7.6 if the apparatus were allowed to return to
room temperature (at which the equilibrium with 5
per cent CO~95 per cent O, mixture was carried out)
and the pH measurement were then made.

Early in the present work it was noted that the pH
tended to drift with time as the concentrated serum left
in the ultrafiltration sac was being measured with a
conventional asbestos-fibre calomel electrode. This was
virtually eliminated, however, when a sleeve-type calomel
electrode (Beckman No. 270-71) was used.

Collection of sample. Blood was collected with an
ordinary syringe and a 20-gauge needle by venipuncture
in the antecubital fossa. No precautions were taken to
prevent loss of CO, (see discussion under Effect of
method of sample collection). The ultrafiltration pro-
cedure was carried out on the same day the samples were
collected.

RESULTS

In expressing ultrafiltration results, some au-
thors have used a corrected serum volume calcu-
lated from the estimated volume occupied by the
proteins present. We have not used the correc-
tion but have applied the following definition to ex-
press our results:

9% Ultrafiltrable Ca
_ Mg. Ca/100 ml. ultrafiltrate

~ 7 Mg. Ca/100 ml. serum

X 100
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TABLE I
Results obtained with and without precautions for loss of CO,.
Ultrafiltration temperature 23° C
pH SERUM CALCIUM
Sample Method Total Ultrafilterable %
Initial Final Ultrafilterable
R oil Te52 747 9.52 T.04 739
plain 772 751 9.52 T.04 739
E* oil 752 7.51 121 10435 85.7
plain 7.82 7.52 12.1 10448 86.8
# Patient with carcinoma of breast and hypercalcemia.

Effect of method of sample collection

It has been reported by Hopkins, Howard, and
Eisenberg (18) that when serum is equilibrated
with 5 per cent CO,-95 per cent O, to adjust pH
before ultrafiltration, the method of collection of
the blood is not particularly important. Prasad
and Flink (19), on the other hand, considered the
method of collection and equilibration of serum
highly important.

Our findings are in agreement with those of
Hopkins, Howard, and Eisenberg and are shown
in Table I. Blood allowed to clot under oil and
transferred without loss of CO, gave results identi-
cal with those obtained when no special precau-
tions were exercised, provided the apparatus was
flushed with CO,~O, mixture before the ultra-
filtration procedure was carried out.

Effect of duration of ultrafiltration on composition
of ultrafiltrate

Since ultrafiltration is a dynamic process and
concentrates the serum proteins, a criticism fre-
quently voiced is that the calcium concentration in
the ultrafiltrate may not reflect the original condi-
tions in the whole serum. This criticism may be
shown to be invalid by the application of physical
chemical principles to the finding of Marrack

8 The thermodynamic dissociation constant of the cal-

cium complex is
= 4+, [Prot=]
K = [Ca"*]Fe7 Protemnate]

where the quantities in the brackets are activities. Ac-
cording to this equation the ratio of bound to unbound
protein is a function of the calcium ion activity in the sol-

and Thacker (26) and McLean and Hastings (22)
that the relationship between calcium and serum
proteins may be expressed by the simple equation:
Ca** + Prot™ =2 CaProteinate.® Where a 1:1 re-
lationship between the calcium and protein in the
complex exists, these theoretical considerations
show that the composition of the ultrafiltrate

ution. In serum of ionic strength 0.15 M, the protein
concentration is about 0.001 M and is considered to con-
tribute a negligible amount to the total ionic strength
(27). Thus relatively large alterations in protein con-
centration must be produced before any change in ionic
strength occurs. Chen and Neuman (24) showed that
diffusible forms of calcium (calcium chloride, calcium
citrate, and calcium versenate) in 0.15 M sodium chlo-
ride move through a cellophane membrane at the same
rate as water. Similar behavior during ultrafiltration of
serum would then cause no change in the concentration of
any diffusible ions in the free water of the bulk solution,
an increase in the concentration of both forms of protein,
but only a negligible change in ionic strength. Since the
largest factor in the determination of activity coefficients
is the ionic strength, the activity coefficients of all con-
stituents in the remaining serum would remain essentially
constant during the ultrafiltration process. Thus, with
no change in activity coefficients, calcium ion concentra-
tion and the ratio of the two forms of protein do not
change.

The above discussion would apply equally to any reac-
tion involving a fixed number of one or more calcium ions
with a single protein molecule. Thus

n Catt + Prot = Ca, Prot

= [Cat++7a _LFTOt]
K =[C*p [Cax Prot]
The ultrafiltration procedure would not change the Ca**
concentration and the Prot/Ca. Prot ratio would remain
constant although the concentrations of the two forms
of protein change continuously.
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TABLE I
Successive samples during prolonged ultrafiltration. Patients with

chronic renal disease and cemia
SERUM CALCIUM
Semple Ultrafiltraticn Time in| Total Ultrafiltersble 3
temperature hours ngk gt Ultrafilterable
3 23° o4 8.86 717 80.9
23° 4= 7 8.86 7.17 80.9
23° 7=20 8.86 6490 9
R 36° 03 5.58 3.81 68,3
36° 3.7 5.58 3.81 68.3
¢ 23° 03 745 5.72 P67
23° 3-7 745 5.72 76.7
36° 03 Te45 5.04 67.7

36° 3-7 7445 5.17 694

should be that of the non-protein portion of the
original serum and should not change unless the
ionic strength of the solution being ultrafiltered
changes significantly during the process. These and determining the calcium content of the samples.

TABLE III
Variabilitylof ultrafilterable calcium with pH
SERUM CALCIUM
Saple Ultrafiltration Ultrafiltrate | Total Ultrafilterable %
temperature pH gt ngd Ultrafilterable
R 36° 7.68 9.51 6.41 67
36° 8.22 9.51 5.28 55.6
B 36°° 6435 9.40 8.05 86.8
36° 7.51 9.40 6.18 66,7
3 36° 6.35 9.27 8.60 9.5
36° 8.18 9.27 5.38 57.3
M 36° 7.68 11.57 8.34 72,2
36° 8.22 11,57 6,36 59.3
r 23° 6,52 10.15 9.28 9.4
23° 7.63 10.15 7.76 76.4
23° 8.40 10.15 5.82 57.3
s 23° 7.56 9.89 7.48 75.7
23° 8.37 9.89 5.67 57.3
Mo 1° Telds 11.57 9.30 80,3
10° 8.4 11.57 8.13 70.3

® Patient with carcinoma of the breast and hypercalcemia.

41

considerations were confirmed by collecting suc-
cessive samples of ultrafiltrate during prolonged
ultrafiltration of a single 3-ml. aliquot of serum
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TABLE IV
Comparison of acid and carbon dioxide pH adjustment.
tration temperature 23° C
Method SERUM CALCIWM
of Adjusted | Total Ultrafilterable %

Adjustment pH wgt ngd Ultrafilterable
5% C0-95% 0, 755 8.,14* 6,64 81.6
100% 002 6.48 " 7.58 93.2
Hydrochlorie acid 6.58 " 749 92.1

# “Hypocalcemia secondary to remal disease.

The ultrafiltration apparatus was re-equilibrated
with the CO,~O, mixture after each 0.6-ml. sample
was collected for analysis and the results are shown
in Table II.

From an original sample of 3 ml. the collection
of approximately 0.6 ml. of ultrafiltrate for cal-
cium analysis will result in a reduction in volume
of 20 per cent in the original serum or an increase
in the concentration of protein of 25 per cent. In
the first sample shown in the table the three suc-
cessive 0.6-ml. aliquots of ultrafiltrate decreased

the original serum volume to less than one-half of
the original volume. Thus a large fraction of the
serum may be ultrafiltered without an appreciable
change in the composition of the ultrafiltrate, and
the reduction in volume of the serum accompanying
the usual ultrafiltration would not be expected to
affect the results obtained.

Effect of pH

The literature contains conflicting information
on this subject. Almost without exception, early

TABLE V
Effect of temperature on ultrafilterability of calcium
SERUM CALCIUM
Saaple m:::gi:{:.:ton T:;;l Ultrafi;erable Ultrafi:torablo
J 3.5° 9.36 7.96 85.1
10 9.36 7.41 79.2
23 9.36 6.96 o3
36 9.36 6,51 69.6
B 3.5° 10.27 7.46 2.6
10 10.27 702, 70.5
23 10.27 6.96 67.8
36 10.27 6.2, 60.8
R 10° 9.84 7.81 79.3
23 9.8, 7.33 %6
36 9.84 644 65.5
T 10° 9.7 7646 76.6
23 9.7% 7.26 oS5
36 9.7% 6,58 67.7
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workers took no special precautions to insure con-
stancy of pH during the process of ultrafiltration.
It has been reported (2, 3, 10) that variations in
pH during ultrafiltration have no effect on the re-
sults obtained although it was admitted that, on
theoretical grounds, this was unexpected (10).
In any event, rigid control of pH would have been
difficult since the methods most frequently utilized
(Greenberg-Gunther [10] and Moritz-Updegraft
[6]) had no adequate provision for maintaining a
constant atmosphere to control pH throughout the
entire ultrafiltration process (29). Recently, how-
ever, Hopkins, Howard, and Eisenberg (18), us-
ing the closed apparatus of Lavietes (28), re-
ported a very definite effect of pH on the fraction
of serum calcium appearing in the ultrafiltrate.
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The apparatus used in the present study also
controls the atmosphere rigidly during the filtra-
tion process and we have reinvestigated the prob-
lem. Our data, recorded in Table III, confirm the
observation that the pH at which ultrafiltration is
carried out affects significantly the fraction of cal-
cium that is ultrafiltrable. Analysis of these data
shows that the per cent of ultrafiltrable calcium
changed from 1.5 to 2.5 per cent per 0.1 pH unit in
good agreement with values calculated from data
previously reported (26, 18, 30).

The lowering of pH was accomplished by equili-
brating the serum in the ultrafiltration apparatus
with 100 per cent CO,. The high pH’s were ob-
tained by ultrafiltering serum with no carbon diox-
ide equilibration. Hopkins, Howard, and Eisen-

TABLE VI

Ultrafilterable calcium values for normal human serum at various temperatures.
(All samples equilibrated with 5 per cent CO;—95 per cent

before ultrafiltration)
Ultrafiltration Total Ultrafilterable %
Sample Sex temperature Calcium® Caloim® Ultrafilterable
WaNe M 3¢° 9.86 654 6642
JoWe M 3.73 6.38 6£.6
Ho.Fo M 10.30 6427 69.9
R.T. M 9.60 6.20 64,6
T.T. M 9.26 6.38 63.3
B.B. M 10.22 7.16 70.0
E.L. M 9.53 6.80 Til.4
HeGe M 10.12 6.17 60.9
K.F. F 9.54 6.20 6449
BJJe F 9.36 6.51 69.6
R.B. F 10,27 6.2, 60.7
J.B. F 9.27 6.18 65.8
D.T. F 9445 6042 67.9
60,7 = T1.4%*
BS. M 23° 9.89 7048 7546
I.F. M 10.15 7.76 764
T.Te M 9.74 7426 The6
ReTe M 9.84 7.33 o6
Re.Bo F 10.27 6.96 67.8
BJJe F 9.36 6.96 A
K.F. F 9.83 7.26 73.8
67.8 = 76.4%*
V.S, M 10° 10.18 6.98 68.7
P.C. M 9.94 Todds T o8
JeCo M 10,00 Te54 754
PeSe M 9.70 6,91 71.3
H.Fe M 10.30 T.92 76.8
GoMe M 10.22 7.60 Yok
A.Co M 9.64 7.63 79.1
E.L. M 9.53 7.57 Tk
PeDe r 10.10 T7.51 Vo
JeCo r 10,06 Te52 VU6
R.De r 10,30 7.78 7545
JeSe r 9. Tol5 T4e8
D.B. r 10.00 7.58 75.8
MM, r 9.40 722 75.8
B.A. r 9.84 8,00 8l.4
R.B. r 10.27 Te24 T0.4
68,7 « 8l.4%e
* Values in mg%.
#% Range for group.




744

berg (18) altered pH by the addition of acid or
alkali. It has been reported (19) that serum ex-
posed to an excess of CO, showed a significant
increase in ultrafiltrable calcium even though the
pH was kept in the physiological range. This in-
crease was thought to represent an artifact owing
to the high concentration of carbonic acid. As
shown in Table IV, however, pH seems to be the
important factor in altering ultrafiltrability of cal-
cium rather than the method of attaining it. The
carbon dioxide content of the serum would be
quite different if acid were used to lower the pH
instead of carbon dioxide, but the ultrafiltrability
of the calcium is approximately the same. This
substantiates earlier findings (31) that the carbo-
nate binding of calcium is not very strong and
contributes only a small amount to the non-protein
bound calcium in serum.

Effect of temperature

The information concerning any effect of tem-
perature on the ultrafiltrability of calcium is sparse.
Among more recent workers, Hopkins, Howard,
and Eisenberg (18) have reported that there is
no change in the range from room temperature to
36° C. Consequently, all their reported data were
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obtained at room temperature as were the data
of virtually all the earlier workers (Table VIII).
Because of the convenience of using a refrigerated
centrifuge to maintain a constant temperature,
much of the early data in our work on normal
serum were obtained at a temperature of 10° C.
However, a number of normal values for ultra-
filtrable calcium obtained at physiological tempera-
ture were noted to be considerably lower than
those at 10° C. This suggested the need for in-
vestigating the effect of temperature. To reduce
the variables to a minimum, ultrafiltrations were
carried out simultaneously at several temperatures
using serum obtained from one individual. The
results are shown in Table V. A large number of
other samples were ultrafiltered at 10° C and at
36° C and all the results indicated that the per-
centage of ultrafiltrable calcium was considerably
higher at the lower temperature. The tempera-
ture coefficient is approximately 0.5 per cent per
degree centigrade.

Normal values for human serum

Our individual values for normal healthy young
men and women are recorded in Table VI, The

TABLE VI

Repeated determinations of ultrafilterable calcium in normal individuals.
Ultrafiltration temperature 36° C

Total Ultrafilterable %
Subject Date Calcium* Calcium* Ultrafilterable
T.Te (nll.) 1/12/56 9026 6.38 6809
1/1756 9.20 6.27 68,1
2/7/56 974 6.58 67.6
3/22/56 9.7 6,64 68.5
5/10/56 10.07 7.13 70.8
ReTe ("l.) 1/17/56 9.60 6.20 “.6
1/27/56 9.51 641 6744
2/1/56 9.84 6444, 65.5
3/22/56 9.96 6,51 65.3
B.J. (female) 2/9/56 9.36 6,51 69.6
3/20/56 10,02 6,35 63.3
4/5/56 9.52 6.30 6642
4/9/56 9.79 6.9% 70.3
5/4/56 10,00 6.90 69.0
5/8/56 9.73 6.85 70.3
5/31/56 9.40 6,18 66,7
7/6/56 9.86 644 65.3
* YVYalues in mg%.
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The per cent of ultrafilterable or diffusible calcium in normal human serum

TABLE VIII

as determined by previous authors

745

pH No. of Range
Author Year Method Control Temp. Detns. 4
von Meysentug et al. 1921 Compensation Dialysis Yes Room 7 67-73
(2)
Neuhausen and Pincus 1923 Ultrafiltration with No Room ? 40-50
3) positive Hg pressure
Ropa and Melli 1925 Compensation Dialysis Yes Room 4 64-69
)
Kirk and King 1926 Ultrafiltration with No 37°% 5 56-81*
(5) positive Hy0 pressure
Updegraff al, 1926 Moritz (37)(combined No Room 19 41-54
(63'£ ultrafiltration and
compensation dialysis)
Idu (7 1927 Morits-Updegraff No Room 10 42-58
Hertz (8) 1927 Ultrafiltration with No Room 4 43-61
positive N pressure
Svell (9) 1930 Moritz-Updegraff No Room ? 45-60
Greenberg and Gunther 1930 Ultrafiltration with No Room 2 L2-68%+
(10) negative pressure
McCance un)l Watchorn 1931 Greenberg-Gunther No Roox 15 L4=66
(11
\htehon(\ u):d MocCance 1932 Greenberg-Gunther No Room 6 45-59
12
Nicholas 1932 Ultrafiltration with No Room 13 60-67
(13) positive N, pressure
Herbert 1933 Greenberg-Gunther No Room ? 48-58
()
Benjamin and Hess 1933 Ultrafiltration with No Room 21w 52
(15) positive air pressure
Morison ’% al. 1938 Morits-Updegraff No Room e 43-62
(16)
Anning %1 ?. 1948 Morits-Updegraff No Room 20 51
17
Hopkins gt al, 1952 Lavietes(28) (ultra- Yes Room ? 6575
(18) filtration over Hg)
Prasad and Flink 1955 Ultrafiltration with Yeos Room ? 1.7-56’
(19) centrifugal foroe 57=T2
* Questionable total serum caloiums.
*# Assuming total serum calciums of 10 mgf.
#84 Tnclude 17 infants.
# Value depending upon method of colleotion and equilibration of serum.

mean values for the per cent of ultrafiltrable cal-
cium determined at 36° C is 65.9 per cent while at
10° C it is 75.2 per cent. At 23° C the mean is
73.9 per cent but we believe this is erroneously
high due to the small number of samples deter-
mined at this temperature. No sex difference was

observed. In Table VII are recorded determina-
tions of ultrafiltrable calcium on three normal in-
dividuals, extending over a period of several
months. It can be seen that fluctuations occurred
over the period and these were all within the nor-
mal range (Table VI). Repeated determinations
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of ultrafiltrable calcium in human subjects during
a single day, however, are remarkably constant
(32).

In Table VIII is recorded the per cent ultra-
filtrability or diffusibility of the calcium of normal
human serum calculated from the data of previous
authors. It is immediately apparent that, with the
exception of von Meysenbug, Pappenheimer,
Zuker, and Murray (2), Rona and Melli (4),
Nicholas (13) and Kirk and King (5), earlier
workers obtained results significantly lower than
our values and those of the two most recent authors
(18, 19).

From the previous discussion on the effect of
pH on the quantity of ultrafiltrable calcium it
seems most probable that failure to control the
pH during ultrafiltration was predominantly re-
sponsible for the consistently lower values obtained
by these early workers. In this connection, it is of
interest that the results of von Meysenbug, Pap-
penheimer, Zuker, and Murray (2) and of Rona
and Melli (4) were obtained by compensation
dialysis in a closed system where the pH was prob-
ably maintained constant throughout the proce-
dure. The original Rona and Takahashi investi-
gations of 1911 (1) were done by essentially the
same method. Their value for the diffusible se-
rum calcium of various domestic animals was be-
tween 65 per cent and 75 per cent! Nicholas (13)
and Kirk and King (5) took no special precau-
tions regarding pH control but the apparatus they
used was closed during the entire filtration and
positive pressure was maintained over the serum
with nitrogen or air.

DISCUSSION

Qur data indicate that, with a normal total se-
rum calcium concentration of about 10 mg. per
cent, 6 to 7 mg. per cent of this calcium is ultra-
filtrable. McLean and Hastings (22), by their
frog heart technique, concluded that about 1.3 mM
per L. (5.2 mg. per cent) of “ionic” calcium ex-
ists in normal serum. Calculations based on the

actual normal serum concentrations of citrate, .

phosphate, and bicarbonate, activity coefficients,
and the reported pK'’s of the calcium complexes of
these anions reveal that about 0.3 mM per L. (1.2
mg. per cent) of calcium exists in normal serum
in the form of these known complexes (33).
The sum of these two values, 6.4 mg. per cent, is
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remarkably similar to the mean value of our ex-
perimentally determined range for normal total
ultrafiltrable calcium and closely approaches the
value for “biologically active” calcium suggested
by the data of Yendt, Connor, and Howard (21).

Variations in the pH of the blood in human be-
ings i vivo seldom extend more than 0.2 pH units
above or below the 7.35 to 7.40 range even in
pathological states involving alterations in acid-
base balance. From our data this would mean
only a minor alteration in the actual quantity of
ultrafiltrable calcium, well within the 10 per cent
range found in normal human subjects. In acute
conditions, however, such as hyperventilation
tetany, a sudden minor shift in the quantity of
available calcium may well be highly important.
It has been reported that in hyperventilation tetany,
total serum calcium and total ultrafiltrable cal-
cium do not change significantly (34, 35). How-
ever, the actual alterations in the quantity of cal-
cium involved due to pH changes in the physiologi-
cal range are small enough so as to lie near or
within the limits of accuracy of all the experi-
mental methods for estimating total and ultrafiltra-
ble calcium.

The observed effect of temperature on the quan-
tity of ultrafiltrable calcium in human serum was
somewhat surprising. Most complexes become
more stable at lower temperature, but we found
that more calcium was ultrafiltrable as the tempera-
ture at which the procedure was carried out was
decreased.

The only bits of corroborative evidence for this
temperature effect we were able to find were in the
work of MclLean and Hastings (22), Lavietes
(28), and Marrack and Thacker (26). In 1926,
the latter authors, by dialysis of protein solutions
at room temperature and at 37° C, concluded that
values for non-diffusible calcium of serum would
be lower if the determinations were made at room
temperature. Lavietes, in 1937, described his
anaerobic ultrafiltration apparatus and referred to
the fact that the quantity of calcium filtered varied
with temperature but no data were given. McLean
and Hastings noted that the amount of “ionic
calcium” was about 0.15 mM per L. (0.6 mg. per
cent) higher at 15° C than at 25° C. Although
questioning the significance of this observation,
they did calculate by extrapolation that calcium
ion concentrations would be 0.8 mg. per cent lower
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at 38° C than those observed at room temperature
if this temperature effect were real. That is, with
an average normal serum calcium of 10 mg. per
cent the concentration would be about 8 per cent
lower. This value agrees very well with our
data on normal values at different temperatures
recorded in Table V.

The exact mechanism responsible for this tem-
perature effect is not clear. It may be that in the
binding of calcium to protein a weaker bond is
obtained at lower temperatures, but Katz and
Klotz (36) claim that the binding of calcium to
bovine serum albumin is independent of tempera-
ture from 0° C to 25° C. A change in pH is ap-
parently not involved. We have found that the
pH in an aliquot of serum measured at room tem-
perature, after 5 per cent CO,—95 per cent O,
equilibration at that temperature, did not change
significantly when the pH was remeasured after
heating to 36° C.

One other possible explanation for the phenome-
non of decreased protein-bound calcium at the
lower temperatures is suggested when one con-
siders the binding of calcium by other anions in
serum such as citrate, phosphate, and bicarbonate.
The relationship between the latter and ionic cal-
cium and calcium bound to protein can be ex-
pressed by the equation CaX = Ca** = CaProt
where X refers to these ultrafiltrable anionic com-
plexers of calcium. If the temperature coefficients
of the filtrable complexes of calcium were greater
than those of the protein complexes, the net effect
of a lowering of temperature would be to have
more of the calcium in the form of these ionic com-
plexes and a resultant increase in ultrafiltrable
calcium as found. The data of Katz and Klotz
(36), who found that the binding of calcium ions
by bovine serum albumin was independent of tem-
perature, lend support to this explanation. If
this explanation is correct, a net decrease in the
actual ionic form of calcium would occur as the
ultrafiltration temperature is lowered although
total ultrafiltrable calcium increases. That is,
more of the calcium ultrafiltered would be in an
associated form. Thus, it would appear that the
McLean and Hastings frog heart method, which
also responds to a lowering of temperature with
an apparent increase in “ionic” calcium, measures
more than just the ionic calcium in the test solu-
tion. It is clear that further work with pure pro-
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teins is necessary to elucidate the exact nature of
the temperature effect observed.

SUMMARY

1. A new simple ultrafiltration apparatus is de-
scribed and the procedure for the ultrafiltration
of human serum is outlined.

2. The importance of the method of sample col-
lection, duration of filtration, pH and temperature
was investigated. The ultrafiltration results were
affected considerably by pH and temperature.

3. For healthy human subjects, the range for
ultrafiltrable calcium at physiological pH and
temperature was found to be 60 to 70 per cent of
the total serum calcium. The results of previous
authors are reviewed and compared with the pres-
ent findings.

4. The quantitative distribution of the various
calcium fractions in human serum and the signifi-
cance of the observed effect of pH and tempera-
ture on the ultrafiltrability of calcium are discussed.
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