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The physiological properties of calcium are
functions of free ionic calcium.! Total plasma
calcium may fail to reflect the free calcium ion
concentration, particularly in subjects with acido-
sis or alkalosis, or with abnormal concentrations
of protein or phosphate. The determination of
free ionic calcium is therefore important, not only
in interpretation of plasma calcium values, but also
in understanding mechanisms of hypercalcemia
and hypocalcemia, and the relationship of plasma
calcium to plasma phosphate.

The frog heart method of McLean and Hastings
(4) for determining ionized calcium has provided
much useful information but remains a difficult
and somewhat unpredictable technique. Further-
more, it gives no clue as to the effective phosphate
concentration and, therefore, to the mineralizing
propensity of the blood. Yendt, Connor and
Howard (5) showed that the tendency of plasma
to calcify rachitic cartilage could be employed as
a measure of mineralizing propensity. This index
did not show a constant relationship to the product
of ultrafiltrable calcium by ultrafiltrable phos-
phate in patients, especially in renal failure, in
which calcification failed to occur at products that
were more than adequate in non-uremic plasma.
This observation implied that the ionization of
calcium or phosphorus, or both, is reduced in
renal failure or, alternatively, that some other
constituents are inhibiting calcification.

In 1955, Raaflaub (6) introduced a chemical
method for determining ionized calcium in pro-

* Supported by U.S. Public Health Service Grants
A-2306 and OG-11. Some of this material has been pre-
sented previously in abstract form (1-3).

1 The role of ion-pair complexes, in which calcium is
believed to be ionized but not free, is reviewed in the
Discussion.

tein-free fluids with murexide. Results obtained
with this method, referred to below, have gen-
erally confirmed the conclusions derived from ex-
periments with the frog heart technique, both in
study of normal plasma and in pathological con-
ditions. Again, the absence of a method for
determining effective phosphate concentration has
limited the usefulness of these measurements in
problems concerning mineralization.

We have recently reported a method for esti-
mating both free Ca?* and free HPO,?" concentra-
tions, using a modification of Raaflaub’s technique,
a new method for free Mg* (7), and a set of
equations to derive HPO,* after allowing for
complexed phosphate. The analysis of normal
plasma by this procedure was the subject of a
previous report (8). The purpose of the present
study was to determine whether this procedure
affords useful information in hypercalcemic states,
in renal failure, and in subjects with both con-
ditions.

PATIENTS AND METHODS

Patients. Most of the subjects were patients in the
Johns Hopkins Hospital; a few were patients in the
University of Maryland Hospital, the Baltimore City
Hospital, or the Union Memorial Hospital. They have
been classified in four groups and arranged in order of
increasing serum urea nitrogen concentrations (Tables
I and II). Chemical values given in these tables were
performed in the clinical laboratories, on blood samples
different from those on which the other measurements
reported here were made.

1. Primary hyperparathyroidism. In 13 patients, one
or more parathyroid adenomas were removed and con-
firmed histologically; 12 of these patients were treated
surgically. The other patient (Wel) died before opera-
tion could be performed, and the suspected adenoma was
found at autopsy. In Subject 14 operation has not been
performed because of advanced age and debility. This
subject (Ric) is nevertheless included because he presents
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the full picture of hyperparathyroidism, including poly-
uria, nephrolithiasis, bone changes, hypercalcemia, and
hypophosphatemia. In the entire group, 7 subjects (50
per cent) had nephrolithiasis; 5 (36 per cent) had radio-
logic bone changes, 3 showing only generalized demineral-
ization. Since these three patients were elderly, it is by
no means certain that this change was due to hyper-
parathyroidism rather than to osteoporosis. However,
alkaline phosphatase was elevated to 11 units per cent in
one of these (Cro). Elevated phosphatase without dem-
onstrated bone lesions was seen in two others. Azotemia
of mild degree was seen in four. In three subjects, addi-
tional samples were obtained after parathyroidectomy.

2. Vitamin D intoxication. Two patients with hypo-
parathyroidism, who developed hypercalcemia and asso-
ciated azotemia during therapy with vitamin D, are
included. In both, samples were obtained before hyper-
calcemia developed. One of these patients also had a
single renal stone, apparently related to an episode of
pyelonephritis.
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3. Hypercalcemia of malignancy. Twelve patients with
hypercalcemia secondary to neoplastic disease were stud-
ied. All but two had recognized bone lesions; X-rays and
autopsy revealed no bone lesions in these two patients
(Mar and Smi). All but four patients were azotemic.
Seven were alkalotic (including five with azotemia), as
indicated by pH values in excess of 7.5 in venous plasma.
Three had phosphatase levels above 8 Bodansky U. Au-
topsies were performed in six of these patients; no
parathyroid hyperplasia was found except in Subject Mar,
who had one slightly enlarged and three other normal
glands.

4. Renal disease. Twenty-eight patients with primary
renal disease were studied. Three without azotemia are
included for comparison. One showed no chemical ab-
normalities, one had hypermagnesemia only, and the
third had hyperphosphatemia only. The other 25 patients
had varying degrees of azotemia and acidosis. Only one
had nephrolithiasis. Bone X-rays were obtained in a
few subjects and were negative; almost all had chest

TABLE I
Clinical data, hypercalcemic subjects

Bone Renal Alk.
Name Age Sex Diagnoses lesions stones SUN* CO: p'tase
mg% mmzles / U %t
1. Primary hyperparathyroidism

Ick 74 F Parath. adenomat No No 8 29 8.2
Cha 35 F Parath. adenomat No No 9 24 6.8
Ric 72 M Hyperparath.§ YesY Yes 10 29 5.4
Bar 35 F Parath. adenoma} No Yes 10 4.7
Bak 53 F Parath. adenoma No Yes 10 23 9.0
Cro 61 F Parath. adenoma Yesq No 11 26 11.0

Stu 54 M Parath. adenoma No ‘es 11
Aba 64 M Parath. adenoma No Yes 13 24 6.0
Wil 55 F Parath. adenoma} No Yes 17 7.5
Rit 25 M Parath. adenoma Yes Yes 17 18 60.0
Wel 72 M Parath. adenoma No No 21 25 6.8
Joh 73 F Parath. adenoma Yesq No 30 25 5.3
Sla 46 M Parath, adenoma Yes No 31 21 11.1
Bot 49 F Parath. adenomal No No 33 22. 10.6

II. Vitamin D intoxication
Wal 52 E Hypoparath.§, treated with vit. D No Yes 31 27 2.5
Har 55 F Hypoparath.§, treated with vit. D No No 33 30 2.1
11I. Hypercalcemia of malignancyl||

Bur 85 M Carc. of lung, metast. Yes No 11 30 2.2
Mar 79 M Anapl. neoplasm, Phepatoma No No 12 26 4.5
Gra 32 F Lymphoblastic leukemia Yes No 12 28 20.8
Gol 59 F Multiple myeloma Yes No 15 22 8.6
Col 53 F Carc. of breast, metast. Yes No 22 29 8.7
Oco 34 F Carc. of bladder, metast. Yes Yes 25 30 3.2
Wil 69 F Multiple myeloma Yes No 29 35 5.0
Smi 57 M Carc. of lung, metast. No No 35 26 3.9
Bel 60 M Carc. of lung, metast. Yes No 44 29 2.9
Bul 60 M Multiple myeloma Yes No 53 24 2.1
Rub 39 M Multiple myeloma Yes No 68 19 3.0
Maa 51 F Anapl. neoplasm, ?hepatoma Yes No 93 22 7.0

* Serum urea nitrogen.

t Bodansky units.

1 Pathological diagnosis.

§ Clinical diagnosis.

|| Pathological diagnoses (except Mar).
[ Osteoporosis only.
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TABLE II
Clinical data, subjects with renal disease

Parathyroid Renal Alk.

Name Age Sex Diagnoses hyperplasia stones SUN CO: p’tase
mg% mmzles / U%*

Joh 29 F Chronic pyelonephritist ? No 11
Fis 45 M Nephrosclerosist ? No 16 28 5.4
New 39 M Acute glomerulonephritis} ? No 18 27
Sta 15 M Chronic glomerulonephritis} ? No 23 29 6.8
Jon 40 F Chronic pyeloneph., nephroscler. No No 33 28
Fis 42 F Nephrosclerosis,} diabetest No No 58 20 5.6
Edw 77 F Nephrosclerosist ? No 76 13 4.8
Hew 40 M Nephrosclerosist No No 83 20 7.8
Tho 49 M Nephrosclerosist ? Yes 89 33 9.2
Gre 67 M Nephrosclerosis} No No 90 17
Dis 46 F Subacute glomerulonephritist No 104 11
Har 59 M Chronic pyeloneph., nephroscler.} No No 113 11 5.8
Tyl 68 F Chronic pyelonephritist ? No 121 13
Bro 56 F Nephrosclerosist ? No 122 22
War 31 F Nephrosclerosist ? No 124 20
Aut 35 F Chronic pyeloneph., nephroscler.} ? No 129 17 6.7
Wil 59 F Nephrosclerosis, thymoma} No No 152
Sta 45 M Chronic pyeloneph., hepatitis} ? No 158 17 119
Jac 48 F Nephrosclerosist No No 160 12 5.1
Wol 45 F Chronic glomeruloneph.} No No 168 14 4.2
Hic 49 M Nephrosclerosis} Yes No 172 18
Seg 55 M Nephrosclerosis} ? No 194
Goo = 48 M Nephrosclerosisi No No 208 13
Fri 40 F Nephrosclerosist No No 210 18
She 58 M Chronic pyelonephritis} ? No 214 8
Flo 49 M Nephrosclerosisf . Yes No 218 11 1.9
Lip 56 M Chronic pyelonephritis} No No 252 13
Bie 53 M Nephrosclerosist Yes No 300 17 3.4

* Bodansky units.
t Clinical diagnosis.
1 Pathological diagnosis.

films or kidney films, or both, which showed no bone
lesions. Alkaline phosphatase levels were obtained in
half of the subjects and were above 8 Bodansky U in
only two. The parathyroid glands were examined at
autopsy in 13 patients and at operation in one (Bie).
Hyperplasia was found in the operated subject and in
two others. The diagnosis “nephrosclerosis” in the table
refers to arteriosclerosis or arteriolosclerotic nephropathy
associated with hypertension, or both. One patient (Wil)
was found at autopsy to have a malignant thymoma.
This had extended only locally, and no bone lesions were
detected. Subject Bie underwent hemodialysis and para-
thyroidectomy and is discussed further in Results.
Methods. In each subject, 35 to 50 ml of venous blood
was obtained anaerobically with minimal stasis in a
heparinized syringe. In almost every instance the sub-
jects were either fasting or in the postabsorptive state.
Annino and Relman (9) have shown that an ordinary
breakfast has no effect on any of the constituents meas-
ured in this study except phosphate, which falls about 30
per cent 45 minutes after eating but has returned to the
fasting value within 2 hours. Plasma was separated
promptly, and pH was determined at room temperature.
pH values were corrected for temperature by adding
001 U per °C. Plasma was stored under oil in the
frozen state until analyzed. In hypercalcemic plasma,
100 per cent CO, was bubbled through the samples for
a few minutes before storage. Prior to ultrafiltration,

the pH was permitted to rise to the original value by
exposure to air. At the start of ultrafiltration the pH
was therefore identical with the pH of venous plasma.
The ultrafiltration chambers were filled with 5 per cent
CO.,. In samples with low pCQO, values this might tend
to lower pH during ultrafiltration. However, only mod-
erately reduced pCO, values were encountered (see be-
low). Ultrafiltration was carried out at 35° to 39° C.2

2 One of the reviewers of this paper raised the question
as to whether complexed calcium (particularly CaHCO;*)
might be altered by adding Tris buffer to ultrafiltrates.
There are two conceivable ways in which this might
occur. 1) Tris might complex calcium or some of the
calcium ligands in solution. We have shown (7) that
measured [Ca*] in standard solutions is the same in Tris
buffer and diethylbarbiturate buffer, after allowance for
complexing by the latter. We have also shown that
Tris does not complex citrate (J. phys. Chem. 1961, 65,
159). It has apparently not been shown that Tris forms
any complexes other than with transition metals. 2)
Bicarbonate or other anions might complex less calcium
than in native plasma, owing to lowered concentrations.
However, the bicarbonate concentration is not reduced
significantly more than that of other anions, the per-
centage decrease being 20 for all. Since allowance for
this dilution factor is made in calculating the results, the
underestimation of complexed calcium cannot exceed 20
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TABLE III
Observed data, hypercalcemic subjects
Plasma Ultrafiltrate
Venous Total
Name Sample pH protein Ca Mg P* Ca Ca?* Mg Mgt p* Citrate
2% mmoles /L mmoles /L
I. Primary hyperparathyroidism
Ick 1 7.43 5.56 3.04 1.13 0.54 1.80 1.50 0.64 0.33 0.54 0.191
Cha 1 7.35 8.15 294 0.74 1.09 1.72 1.20 0.60 1.05 0.138
2 7.35 6.85 2.82 0.75 0.93 1.60 1.34 0.57 0.57 0.95 0.151
3 7.42 7.41 3.08 1.20 0.87 1.68 0.73 0.48 0.90 0.101
Ric 1 7.44 6.94 2.89 0.85 0.68 1.68 1.55 0.73 0.55 0.69 0.089
Bar 1 7.49 5.56 3.00 0.84 0.77 197 139 0.66 0.55 0.81 0.142
2t 7.52 6.21 2.28 096 1.26 1.28 0.74 0.62 0.57 1.28 0.095
3t 7.29 6.01 1.94 092 1.07 1.30 1.10 0.54 1.01 0.099
Bak 1 7.39 7.55 3.20 1.36 0.62 1.80 1.60 0.62 0.50 0.59 0.175
2t 7.31 6.34 2.08 1.08 0.98 1.24 1.14 0.64 0.62 0.99 0.113
Cro 1 7.31 5.24 3.02 0.74 0.68 196 1.81 0.58 0.39 0.65 0.151
Stu 1 7.41 6.48 3.24 1.12 0.69 1.48 1.12 0.67 0.60 0.120
Aba 1 7.50 5.39 244 1.07 0.66 1.25 1.00 0.57 0.53 0.72 0.095
2 7.46 5.34 2.80 0.84 0.68 140 1.20 0.62 0.56 0.67 0.089
Wil 1 7.53 6.59 3.22 1.06 0.93 1.78 1.48 0.72 0.60 0.94 0.128
Rit 1 7.40 6.31 440 0.68 0.88 2.64 237 0.51 033 0.79 0.427
Wel 1 7.45 6.44 3.12 1.01 0.76 1.62 1.24 0.73 0.53 0.59 0.223
Joh 1 7.35 6.36 3.20 1.38 0.75 1.84 1.37 096 0.72 0.75 0.136
2t 7.33 6.07 240 0.76 1.02 140 1.23 0.62 0.43 1.04 0.099
Sla 1 4.62 0.88 2.61 251 0.72 0.56 0.186
Bot 1 7.39 5.36 296 0.64 0.47 1.56 1.60 0.41 0.32 0.44 0.167
II. Vitamin D intoxication
Wal 1t 7.37 5.85 2.20 084 1.09 1.00 0.76 0.69 0.60 1.08 0.065
2 7.30 6.39 3.05 0.79 1.00 1.50 1.39 0.44 0.35 0.75 0.091
Har 11 7.41 6.44 148 1.12 1.63 0.90 0.81 0.72 0.60 1.87 0.103
2 7.36 5.90 3.24 1.16 1.29 1.56 1.42 0.78 0.51 140 0.275
II1. Hypercalcemia of malignancy
Bur 1 7.53 6.28 3.20 0.88 0.81 1.56 1.23 062 0.48 0.81 0.111
Mar 1 7.40 5.57 3.60 0.96 0.61 2.30 2.01 0.79 0.73 0.69 0.127
Gra 1 7.51 5.54 340 0.76 0.67 1.74 1.52 0.49 0.32 0.57 0.224
2 7.39 4.74 3.36 048 0.98 2.07 1.70 0.34 0.22 0.72 0.295
3 7.49 6.13 441 0.65 1.23 239 1.89 0.50 0.22 1.21 0.125
Gol 1 7.51 6.21 3.20 1.16 0.99 1.87 1.58 0.88 0.67 0.56 0.124
Col 1 7.44 7.08 3.48 0.76 1.20 1.60 1.31 0.60 043 1.24 0.205
2 7.43 6.16 3.26 0.76 0.71 191 1.74 049 0.39 0.74 0.142
Oco 1 7.53 6.25 3.24 0.69 0.63 2.05 181 0.49 0.34 0.63 0.131
Wil 1 7.60 7.85 3.36 1.52 0.98 1.68 1.50 1.10 0.86 0.76 0.161
2§ 7.25 7.39 3.00 162 1.12 1.82 1.51 1.09 0.74 1.11 0.130
Smi 1 7.50 7.70 3.68 1.04 0.98 195 1.56 0.66 0.56 1.00 0.204
Bel 1 7.51 6.14 3.60 0.84 0.81 1.94 1.52 0.54 042 0.86 0.088
Bul 1 7.44 9.47 3.22 094 0.99 1.53 1.22 0.48 0.54 0.84 0.121
2 747 10.32 2.78 092 1.35 1.69 1.10 0.63 049 1.20 0.156
Rub 1 7.51 7.13 2.78 1.08 2.40 1.36 1.32 0.76 0.52 2.46 0.171
Maa 1 7.43 7.01 392 1.16 243 1.74 146 0.85 0.57 2.28 0.092
Normal range: :
Highest 7.52 7.59 2.64 1.08 1.52 1.54 146 0.72 0.62 147 0.149
Lowest 7.35 5.85 2.38 0.80 0.84 1.20 1.04 0.56 0.43 0.82 0.073

* Inorganic phosphate.
t After parathyroidectomy.
1 Before vitamin D intoxication.

§ After NH,Cl.

The analytical methods were as previously described
(7, 8). In subjects with hyponatremia, the standard

per cent, and for anions that are predominantly free in
plasma, such as bicarbonate, the extent of underestimation
would approach zero. The question of whether bicar-
bonate does in fact complex any calcium is reviewed in
reference 8.

solutions for the Ca* and Mg** methods were diluted to
the same ionic strength as that of the patient’s plasma.
Ionic strength was roughly estimated as being equal to
the sodium concentration. The dependence of these meth-
ods on ionic strength is slight in the physiological range
(7). In a few of the earliest analyses, which were in
subjects with renal failure, heavy metals were not re-
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TABLE IV
Observed data, subjects with renal disease

Plasma Ultrafiltrate
Venous Total
Name Sample pH protein Ca Mg pP* Ca Ca?* Mg Mgt P* Citrate
2% mmoles /L mmoles /L

Joh 1 7.46 6.61 2.52 0.70 1.07 142 1.17 053 0.54 0.99 0.116
Fis 1 7.53 6.65 230 1.20 1.02 1.30 1.18 0.68 0.98 0.095
New 1 7.46 5.54 2.32 1.07 1.61 1.38 1.26 0.64 0.61 147 0.112
Sta 1 7.45 5.93 2.35 092 1.67 1.26 1.27 0.57 0.57 1.60 0.145
Jon 1 7.50 7.22 231 123 1.70 1.29 1.21 0.75 1.59 0.147
Fis 1 7.36 5.70 2.17 1.16 2.05 1.22 1.10 0.68 0.56 1.92 0.158
Edw 1 7.34 5.96 2.09 1.60 1.75 1.19 1.08 1.11 0.78 1.71 0.190

2 7.36 5.72 1.73 3.14 1.03 0.63 0.83 0.50 3.05 0.102
Hew 1 741 8.08 2.26 098 1.49 1.33 1.22 0.53 041 1.26 0.076
Tho 1 7.60 7.39 2.56 139 1.41 1.38 1.09 1.04 0.65 1.41 0.183
Gre 1 7.28 6.47 2.32 0.81 1.12 1.59 1.23 0.47 0.34 1.03 0.123
Dis 1 7.06 5.53 2.14 098 3.44 143 1.18 091 0.76 3.08 0.127
Har 1 7.18 6.24 1.87 0.65 1.97 1.30 1.03 0.30 0.24 1.80 0.094
Tyl 1 7.16 5.62 1.60 0.80 2.54 092 0.71 0.64 0.27 2.67 0.108
Bro 1 7.36 6.59 190 1.11 1.80 1.02 0.84 093 0.81 1.58 0.183
War 1 7.38 6.93 2.30 1.08 3.02 1.38 0.83 0.59 0.34 3.05 0.134
Aut 1 7.36 5.11 2.16 1.62 2.83 146 1.04 140 1.20 2.89 0.107
Wil 1 7.29 6.99 242 1.83 1.71 1.60 1.24 1.04 1.57 0.173

2 7.28 6.22 211 137 141 1.14 096 1.31 096 1.26 0.100
Sta 1 7.46 6.81 2.34 0.89 1.80 1.49 096 0.62 1.64 0.197
Jac 1 7.26 5.78 191 090 3.18 094 1.08 0.73 040 3.03 0.080

2 7.31 5.68 2.24 1.25 1.81 1.51 144 0.77 0.78 1.79 0.091
Wol 1 7.42 1.03 0.80 2.18 1.00 2.20 0.096
Hic 1 7.41 7.36 2.14 153 5.32 1.10 099 1.14 0.58 5.14 0.076
Seg 1 7.28 6.44 1.63 1.20 5.07 1.37 0.64 0.76 0.66 5.23 0.134
Goo 1 7.14 5.70 2.27 2.79 1.38 1.22 1.09 0.87 2.57 0.106
Fri 1 7.24 5.56 1.56 1.58 17.06 0.83 0.31 1.17 6.96 0.096

2 7.40 0.88 042 1.10 0.52 7.89 0.090
She 1 7.16 6.20 1.62 3.48 1.07 0.74 0.48 0.18 3.36 0.071
Flo 1 7.27 493 2.32 0.84 3.33 1.66 1.32 0.68 0.51 3.49 0.042
Lip 1 7.27 6.90 1.82 1.18 4.03 1.05 0.58 0.97 0.66 4.49 0.071
Bie 1 7.30 4.76 2.52 1.00 4.65 1.32 0.78 0.88 0.53 4.95 0.063

2 7.35 5.19 2.48 1.00 2.19 1.28 1.02 0.66 045 2.16 0.067

3t 7.35 5.33 1.76 0.92 2.88 0.84 0.64 0.72 051 3.23 0.084

4t 7.13 6.16 1.44 096 3.99 092 0.63 0.67 0.53 4.35 0.116

5t 7.09 6.01 148 1.04 4.31 0.77 0.50 0.72 0.50 4.77 0.138

6f 7.30 5.05 1.36 1.04 0.74 0.50 0.82 0.54 3.23 0.073

Normal range:

Highest 7.52 7.59 2.64 1.08 1.52 1.54 146 0.72 0.62 1.47 0.149
Lowest 7.35 5.85 238 0. 0.84 1.20 04 0.56 0.43 0.82 0.073

* Inorganic phosphate.
t After parathyroidectomy.

moved before determination of Ca®* and Mg*. This
causes a greater error in the Mg®* than in the Ca®* method
(7) and may account for the fact that free ionic mag-
nesium appeared to exceed ultrafiltrable magnesium in a
few samples (Sta and Jac).

RESULTS

Observed data in the patients are given in
Tables III and IV. The range of values in 24
normal subjects, including 20 previously presented
(8), is also shown. Statistical comparison was
not made because the data were not normally
distributed. The data have been analyzed in
terms of the separate effects of 1) azotemia, 2)

acidosis, 3) hyperparathyroidism, and 4) hyper-
calcemia of other types, upon several parameters:
1) the percentage ionization of plasma calcium;
2) the ion product [Ca?] X [HPO,*]; 3) the
ability of the plasma proteins to bind calcium,
measured as Kcqprot ; and 4) the fraction of plasma
calcium present as diffusible complexes.

Percentage ionization of plasma calcium

1. Role of acidosis and of renal failure. It is
often stated that the hypocalcemia of uremia does
not usually produce tetany because of the asso-
ciated acidosis. The protective effect of acidosis
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is attributed to one or both of the following mech-
anisms: first, an alteration in the percentage ion-
ization of calcium due to diminished protein bind-
ing ; and second, a specific effect of the hydrogen
ion itself on neuromuscular irritability. As indi-
cated in Figure 1, the percentage ionization of
calcium was no higher in uremic subjects with
severe acidosis (venous pH < 7.30) than in those
with mild acidosis, normal pH, or mild alkalosis.
In fact, it was frequently subnormal (in one-third
of the acidotic samples). As indicated below, this
was due to increased amounts of diffusible calcium
complexes rather than to increased protein-bound
calcium. Only one subject (Jac) showed a high
percentage ionization of plasma calcium; total cal-
cium was close to normal in this sample, so that
tetany would not have been anticipated. Despite
subnormal calcium ion concentrations in more
than half of the azotemic subjects, tetany was
not seen; positive Chvostek signs, however, were
elicited in several patients. Tremulousness, con-
vulsions, and coma were not predictably related to
calcium or magnesium ion concentrations. Car-
popedal spasm was not seen, even at calcium ion
concentrations one-fourth of normal (Fri) or after
parathyroidectomy (Bie).

In the nonacidotic uremics, the percentage ion-
ization of calcium was usually normal. Further-
more, in the three groups of hypercalcemic sub-
jects, the azotemic samples exhibited neither
higher nor lower percentage ionization values.
Mild to moderate renal failure thus has no effect

1459

A
o o
E E
N N
N
AV
z 2
S 5
w n
® e Parathyroid hyperplasia or adenoma
8 o No parathyroid hyperplasia
o o Parathyroids not examined
1.00
80 1
60 b
Ca2?* > -
Ca ']
401 1
o [ ]
20F 4
00 -
o o2 23 L5
g2 3 55 _§ &%
s %5 25 o2 Z¢
5 ©8 ©3 983 <£8 z£
€ Pf g£ 2 s3 ES
= &3 23 £ o == aa

Fic. 1. THE RATIO OF FREE IONIC CALCIUM TO TOTAL
PLASMA CALCIUM IN SIX GROUPS OF PATIENTS.

on the ionization of plasma calcium. A decrease
in ionization may occur in severe uremia.

2. Role of hypercalcemia. The percentage of
plasma calcium bound to protein is not altered by
moderate elevations of plasma calcium (10). One
would not anticipate, therefore, that the percent-

TABLE V
Effect of parathyroidectomy on four indices of the state of plasma calcium

Ratio
Subject Sample [Ca] [Ca®*]/[Ca] K caProt [Ca®*]J[HPO«*~] Complexed Ca
mmoles /L M M X10~¢ % of total
Primary hyperparathyroidism
Bar Preop. 3.00 0.46 0.0110 0.59 19
Postop. 2.28 0.32 0.0084 0.50 24
Postop. 1.94 0.53 0.0109 0.57 10
Bak Preop. 3.20 0.50 0.0100 0.49 6
Postop. 2.08 0.55 0.0102 0.58 S
Joh Preop. 3.20 0.43 0.0087 0.52 15
Postop. 2.40 0.51 0.0090 0.65 7
Secondary hyperparathyroidism
Bie Preop. 2.48 0.41 0.0055 1.13 10
Postop. 1.76 0.36 0.0051 1.06 11
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Fic. 2. THE PRODUCT OF FREE CALCIUM ION CONCEN-
TRATION BY FREE DIBASIC PHOSPHATE ION CONCENTRATION
IN THE SAME SUBJECTS. The scale is logarithmic, in
order to emphasize the low values seen in some subjects.

age ionization of plasma calcium would change
unless some other specific effects occurred. As
Figure 1 shows, no alteration in percentage ioniza-
tion was noted in these 34 hypercalcemic samples.

3. Role of hyperparathyroidism. In neither
primary nor secondary hyperparathyroidism was
there a significant change in percentage ionization.
Parathyroidectomy in four subjects failed to alter
this value (Table V). The significance of these
findings in comparison with other studies is con-
sidered in the Discussion.

The ion product [Ca*] [HPO,*]

In Figure 2 are shown the calculated values for
this product in the various groups of subjects,
designated in the same manner as in Figure 1.
It should be emphasized that the value [HPO,?"]
is calculated, rather than measured directly (8).
A logarithmic scale has been used in order to
emphasize the low values seen in some subjects.

1. Role of acidosis. Since the relative propor-
tion of the ions HPO,* and H,PO, is dictated
by pH, the percentage of total plasma phosphate
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present as HPO,*- was smaller in the severely
acidotic subjects.  Nevertheless, the product
[Ca*] [HPO,*| was somewhat larger, on the
average. These acidotic subjects usually had
more severe uremia (see Table II). Since renal
failure tends to raise this product, as indicated
below, the higher products found probably reflect
an effect of renal failure rather than of acidosis.

2. Role of renal failure. In many of the az-
otemic subjects (including those without para-
thyroid hyperplasia) this product was consider-
ably increased, often many-fold, as a result of a
rise in [HPO,*>]. There was some correlation
between the product and the degree of azotemia,
as shown in Figure 3. Similarly, higher products
were seen in those hypercalcemic subjects who
were also azotemic.

3. Role of hypercalcemia. In the hypercalcemia
of malignancy, the product [Ca*] [HPO,*] was
not elevated in the absence of azotemia except in
one subject. No discernible effect of hypercal-
cemia per se on this product is seen in these
samples, despite elevated ionic calcium concentra-
tions in most of them. This is because HPO,*
concentrations tended to fall in reciprocal fashion
until renal failure supervened. In the two sub-
jects with hypoparathyroidism, the development
of vitamin D intoxication was associated with only
a slight rise in this product despite the appear-
ance of azotemia; in other words, [HPO,*] {fell
(Table VI).

30
L]
251
g
o .
= 20
= Ld
m o
~ o
S I5F . .
a .
e
>
Ea 10F o ® . . o o ®
S o ° . Normal
= . e o ® range
05k
1 1 1 1 1 ]
100 200 300

Serum Urea N, mg%

F1c. 3. THE RELATIONSHIP BETWEEN THE ION PRODUCT
[Ca*] [HPO,*"] AND UREA RETENTION IN SUBJECTS WITH
PRIMARY RENAL DISEASE. The scale is linear.
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TABLE VI
The effect of vitamin D intoxication on four measures of the state

Ratio
Subject Sample [Cal [Ca2*t]/[Ca] K caProt [Ca2*]J[HPO«~] Complexed Ca
mmoles /L M M X10-¢ % of total
Wal On low dosage 2.20 0.35 0.0050 0.43 11
Toxic 3.05 0.46 0.0060 0.53 4
Har Untreated 1.48 0.44 0.0113 0.79 6
Toxic 3.24 0.44 0.0051 1.02 4
4. Role of hyperparathyroidism. In patients ments of [Ca?], [HPO,*], and their product are

with parathyroid tumors the product [Ca*]
[HPO,*] tended to be reduced and was below
normal in 36 per cent. This finding is in contrast
to the other hypercalcemic subjects and indicates
that, in hyperparathyroidism, [HPO,*] may fall
more than [Ca*] rises. In secondary hyper-
plasia, however, the opposite occurred. The
highest values for the product were seen in these
three cases, as is shown in Figure 2.

This finding was further investigated by re-
peated samples in Subject Bie. This individual
showed progressive renal failure of 2 months’
duration, apparently owing to hypertension and
hyperphosphatemia without hypocalcemia (see
Tables II and IV). In the hope of improving
renal function, a parathyroidectomy was per-
formed. Three extremely large hyperplastic
glands and part of a fourth were removed. Before
surgery and again 1 week afterward, hemodialysis
was performed. The results of repeated measure-

Dialysis Dialysis
Mx 107 [Parathyroidectomy
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FiG. 4. SERIAL OBSERVATIONS IN A PATIENT WITH
ARTERIOLAR NEPHROSCLEROSIS AND SECONDARY HYPER-
PARATHYROIDISM WHO WAS SUBJECTED TO HEMODIALYSIS
AND SUBTOTAL PARATHYROIDECTOMY.

shown in Figure 4. Despite normocalcemia, some
depression of [Ca*] was evident in the first
sample, owing to increased complexed calcium.
[HPO,>"] was markedly elevated, and therefore
the product was also elevated. Hemodialysis
raised [Ca®*] to normal, in association with a fall
in complexed calcium, but lowered [HPO,*"] con-
siderably more, so that the product fell almost
to normal. After parathyroidectomy, plasma cal-
cium, which had been stable for several weeks,
fell progressively. The ion product, however, re-
mained constant because of a reciprocal rise in
[HPO,*]. Total phosphate rose much more
rapidly in this interval than in the preceding
weeks. A second hemodialysis again lowered the
ion product. Parathyroidectomy in three patients
with parathyroid adenomas had no effect on this
product, as shown in Table V.

These results suggest that parathyroid hormone
has little or no effect on this product except by
way of its phosphaturic action, which tends to
decrease it. In the absence of this mechanism,
the product is held at a relatively constant value,
ie., [HPO,*] varies reciprocally with [Ca*] in
any given subject. The product about which these
reciprocal adjustments occur may be greatly in-
creased by uremia. In secondary hyperparathy-
roidism the degree and duration of nitrogen reten-
tion may be marked, so that the product may be
unusually high. All three of the patients with
parathyroid hyperplasia had severe uremia. Pre-
sumably, if hyperplasia developed in a patient with
mild uremia, little or no elevation of the product
might be seen. This is borne out by the findings
in the mildly azotemic subjects with parathyroid
tumors, in whom the products were normal or

decreased (Figure 2).
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TABLE VII

Apparent dissociation constant of calcium proteinate,
K caprot, in various conditions

No. of Standard
samples Mean deviation
M M
Normal 24 0.0086 =+ 0.0016
Renal disease
Venous pH < 7.30 15 0.0101 =+ 0.0040
Venous pH > 7.30 15 0.0096 -+ 0.0017
Hypercalcemia of malignancy 17 0.0086 =+ 0.0029
Primary hyperparathyroidism 16 0.0084 -+ 0.0021
Secondary hyperparathyroidism 3 0.0089

Calcium-binding ability of plasma protein

In order to obtain a measure of the affinity of
the plasma proteins for calcium, one procedure is
to isolate the individual proteins and perform
equilibrium dialysis with calcium solutions (11).
A simpler technique estimates the effective dis-
sociation constant of calcium proteinate in plasma,
using ultrafiltration data and considering all of the
plasma proteins together (12). In such calcula-
tions the role of complexed calcium is uncertain.
Although chelating anions such as citrate form
complexes with calcium which are apparently not
bound to protein (13, 14), simple multivalent
anions like phosphate and sulfate form ion-pair
complexes with calcium which are bound to pro-
tein as much as are free calcium ions (14). A
considerable proportion of the complexed calcium
of plasma is unidentified (8), particularly in ure-
mia, so that it is uncertain how much of the cal-
cium bound to protein is also bound to anions.
In calculating the dissociation constant, Kcaprot,
it is therefore not clear whether one should employ
the free calcium ion concentration or all of the
ultrafiltrable calcium. On the unproven assump-
tion that most of the anions that complex calcium
do not alter its protein binding, we have employed
the ultrafiltrable calcium. The conclusions are
not altered by employing the calcium ion con-
centration.

K caprot 18 calculated as follows:

_ [CaJur X ([Prot] — [CaProt])
B [CaProt]

[CaProt] = [CaJe — [Calur

where [Ca]p and [Ca]ur represent plasma and
ultrafiltrate concentrations in moles per liter, and

Kcaprot
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[Prot] represents protein equivalents in moles per
liter calculated as 1.22 times total protein con-
centration in grams per 100 ml (15).

The results are summarized in Table VII.

In the 24 normal subjects, Kcaprot calculated in
this manner is 0.0086 M = 0.0016 M (SD).

1. Role of acidosis. In 15 samples from uremic
subjects with venous pH < 7.30, Kcaprot Was
0.0101 M = 0.0040 M. Although this mean is
somewhat higher than the normal mean, the dii-
ference is not statistically significant. However,
the magnitude of the difference corresponds
closely to that found in rabbit serum by Peterson,
Feigen and Crismon (15). In Subject Wil, with
hypercalcemia of malignancy, administration of
NH,ClI sufficient to lower plasma pH from 7.60
to 7.25 was associated with a rise in Kgaprot from
0.0079 M to 0.0121 M.

2. Role of remnal failure. In nonacidotic sub-
jects with renal disease, Kcaprot wWas 0.0096 M
=+ 0.0017 M, which is not significantly different
from the normal subjects. There was a sugges-
tive correlation between Kgaprot and the serum
urea nitrogen, the highest values of Kgaprot being
seen in the most severe uremics. Of five subjects
with serum urea nitrogen values above 100 mg per
100 ml, three had Kcyprot values (0.0130 M,
0.0113 M, and 0.0115 M) above the normal range.
Hence renal failure itself may diminish the ability
of plasma proteins to bind calcium, either by alter-
ing the relative proportions of individual proteins
or by a qualitative change in the proteins them-
selves. .

3. Role of hypercalcemia. In the 17 samples
from patients with hypercalcemia of malignancy,
Kcaprot was 0.0086 M == 0.0029 M, or almost the
same as in normal subjects. Kgaprot in the two
subjects with vitamin D intoxication was low,
0.0051 M and 0.0060 M, respectively. An earlier
sample in one of these two subjects with hypo-
parathyroidism, obtained before any therapy,
yielded a value of 0.0113 M.

4. Role of hyperparathyroidism. Kggprot in
plasma from patients with primary hyperpara-
thyroidism was 0.0084 M =+ 0.0021 M, which is
again almost the same as in normal subjects. In
the three patients with secondary hyperparathy-
roidism, Kcaprot averaged 0.0089 M. Parathy-
roidectomy had no effect on the product in three
patients with tumors; in Bie, the preoperatjve and
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postoperative samples yielded essentially the same
Kcaprot (Table V). These observations indicate
that parathyroid hormone does not appreciably
alter the ability of plasma proteins to bind calcium.

Complexed calcium

The difference between ultrafiltrable calcium
and free ionic calcium represents diffusible cal-
cium complexes. Calcium citrate and secondary
calcium phosphate account for some of this frac-
tion (8), but the remainder is unidentified. The
measurement of this fraction entails a rather large
error, since it is obtained as the difference between
two values which are usually quite close together.

The results are summarized in Table VIII. In
the 24 normal subjects, the calculated amount of
complexed calcium varied from —0.01 to 0.43
mmole per L. (average, 0.18), or 7 per cent of
the total plasma calcium. Only one value was
greater than 0.33 mmole per L, or 13 per cent
of the total.

1. Role of acidosis. At low pH values, hydro-

gen ions displace metal ions from ligand anions,

and the extent of complexing of calcium might
therefore decrease in acidosis. Fanconi and Rose
(16) have presented evidence that hyperventila-
tion alkalosis increases complexed calcium; these
authors pointed out that, under these circum-
stances, accumulation of organic anions in plasma
may account for the effects observed. In acidotic
subjects with renal failure, complexed calcium was
often increased, but not out of proportion to the
effect of uremia itself, discussed below.

2. Role of renal failure. Morison, McLean and
Jackson (17), using the frog heart method, re-
ported high values for complexed calcium in two
subjects with the nephrotic syndrome. The pres-
ence or absence of azotemia in these two subjects
was not stated. They concluded that nephrotic
plasma may contain a factor toxic to the frog
heart, invalidating these results. Fanconi and
Rose (16), using Raaflaub’s method (6), found
an increase in complexed calcium in eight of ten
patients with renal failure, including three with
primary hyperparathyroidism, but not in the
nephrotic syndrome uncomplicated by uremia.
The upper limit of complexed calcium in their
normal subjects was 0.15 mmole per L. The
highest value seen in renal failure was 0.48 mmole
per L in a subject with a parathyroid adenoma.
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TABLE VIII

Complexed calcium in various conditions, in millimoles per
liter and as percentage of total plasma calcium

No. of
samples Mean and range
mmoles /L % of total
Normal 24 0.18 7
—0.01-0.43 —1-18
Renal disease
Venous pH < 7.30 15 0.32 17
0.00-0.73 0-45
Venous pH > 7.30 15 0.23 10
0.00-0.55 0-24
Hypercalcemia of malignancy 16 0.28 9
0.17-0.59 1-20
Primary hyperparathyroidism 15 0.27 9
—0.04-0.58 —1-24
Secondary hyperparathyroidism 3 0.33 14
0.11-0.54 5-21

In the present series, complexed calcium ex-
pressed as a fraction of total plasma calcium was
above 13 per cent in more than half of patients
with serum urea nitrogen values over 100 mg per
100 ml, the highest fraction being 45 per cent
(Fri). This latter value was confirmed by a
second sample in the same subject, which con-
tained only slightly less complexed calcium. In
the other subjects with renal disease, complexed
calcium was within normal limits. Higher values
were seen in those hypercalcemic subjects who
were also azotemic. Hemodialysis resulted in a
reduction of complexed calcium from 21 per cent
of the total calcium to 10 per cent in Bie.

3. Role of hypercalcemia. The subjects with
hypercalcemia of malignancy, considered as a
group, show significantly more complexed calcium
than do normal subjects. However, most of them
were mildly to moderately azotemic, so that this
observation is probably attributable to renal fail-
ure rather than to any specific effect of malignant
disease or hypercalcemia per se. Only two of
them exhibited complexed calcium values above
the normal range when expressed as per cent of
total plasma calcium. In the hypoparathyroid
subjects the rise of plasma calcium from a hypo-
parathyroid level to a toxic level, occasioned by
vitamin D, was not associated with an increase in
complexed calcium despite the appearance of mild
azotemia (Table VI).

4. Role of hyperparathyroidism. Plasma citrate
is commonly increased in hyperparathyroidism
(18-21), and therefore an increase in complexed
calcium might be expected. In the subjects with
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primary hyperparathyroidism, citrate levels above
the upper limit of the normal subjects (0.15
mmole per L) were seen in half. Nevertheless,
complexed calcium was not increased, either in
concentration or as a fraction of the total, except
in Subject Bar. The contribution of the calcium
citrate complex to the complexed calcium in these
subjects is considered below. Two of the three
patients with secondary hyperparathyroidism
showed high complexed calcium (without hyper-
citremia) but not more than would be consistent
with their severe uremia. Parathyroidectomy
produced significant decreases in the percentage
of plasma calcium complexed in two of four sub-
jects (Table V). In Subject Bar, a transient rise
occurred in a sample obtained a few days post-
operatively; a sample several weeks later con-
tained less than the preoperative specimen of com-
plexed calcium.

Vitamin D intoxication did not increase the per-
centage of plasma calcium complexed (Table VI).
In a large series of cases, Anning, Dawson, Dolby
and Ingram (22) found an increase in complexed
calcium in most.

Other observations

The data in Tables IIT and IV are also relevant
to the effect of these various conditions on the
state of phosphate, citrate, and magnesium in
plasma.

1. Phosphate. The distribution of phosphate
between H,PO,~ and HPO,* ions is dictated by
pH. Protein binding of phosphate, expressed as
percentage of total plasma phosphate, was not
altered by renal disease, as demonstrated in a pre-
vious paper (23). Hypercalcemia has been found
by other workers to decrease the ultrafiltrability
of plasma phosphate (24, 25). In 5 of 17 samples
from patients with hypercalcemia of malignancy,
and in 2 of 15 samples from patients with para-
thyroid tumors, the percentage of plasma phos-
phate found to be nonultrafiltrable was above the
upper limit of normal (25 per cent). No increase
was seen in the two subjects with vitamin D in-
toxication. The amount of the complex CaHPO,
parallels the product [Ca*] [HPO,*] discussed
above, since the quotient of these two quantities
is a constant. The amount of the complex
NaHPO," parallels the total phosphate concentra-
tion. The complex MgHPO,  exhibited large

MACKENZIE WALSER

variations, particularly in the uremic subjects, in
whom it was often much increased.

2. Citrate. The incidence of hypercitremia in
the hyperparathyroid samples has been mentioned.
In the two patients with hypoparathyroidism (Ta-
ble III), citrate rose with the development of
vitamin D intoxication. In the patients with
hypercalcemia of malignancy, half of the samples
contained elevated amounts of citrate, in accord
with previous evidence (26). In each of these
three groups of patients, increased values for free
citrate ion concentration were frequently seen;
however, total citrate was above normal without
a rise in the calculated value for free citrate in a
few instances. The calculated amount of the com-
plex CaCit~ was always considerably smaller than
was the total amount of complexed calcium. Thus,
hypercitremia appears to be a nonspecific response
to hypercalcemia, and is usually not explicable
simply as an increase in the concentration of the
calcium citrate complex.

In renal disease (Table IV), one-sixth of the
samples exhibited modest elevations of citrate con-
centration, and one-sixth contained less citrate
than normal. Hypercitremia was not seen in
the three patients with secondary hyperpara-
thyroidism.

3. Magnesium. Total and free ionic magne-
sium concentrations were variable in renal failure.
Elevated total magnesium was more frequent (50
per cent) than was elevated ionic magnesium (34
per cent). Although low total magnesium was
seen in only 12 per cent, low ionic magnesium was
seen in 20 per cent (Table IV). As these results
suggest, complexed magnesium was frequently in-
creased (55 per cent). Neither MgHPO, nor
MgCit~ accounted for this increase in most cases.
Percentage protein binding of magnesium was
usually normal, but was reduced in 23 per cent.
No separate effect of acidosis could be discerned.

In the hypercalcemia of malignancy (Table IIT),
total magnesium was usually reduced unless renal
failure supervened. Protein binding of magne-
sium was normal in all. Complexed magnesium
was increased in four patients, of whom three
were azotemic. Vitamin D intoxication had no
clear effect on magnesium.

In primary hyperparathyroidism (Table III),
total and ionic magnesium were variable, being
increased in some and decreased in others. Com-
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plexed magnesium was usually normal, as was
percentage protein binding. Parathyroidectomy
had no definite effect on these measures. No con-
sistent effect of parathyroid activity on magnesium
metabolism has been revealed by other studies
(27-32).

DISCUSSION

These observations are pertinent to the state of
plasma calcium in patients who exhibit disturb-
ances in protein, phosphate, or hydrogen ion con-
centration or diminished renal function. They
also lead to certain inferences concerning the dis-
turbances of calcium metabolism seen in these
conditions. i

Calcium ion concentration

1. In hyperparathyroidism. When percentage
protein binding of calcium is normal, calcium ion
concentration must be directly proportional to
plasma calcium, unless complexed calcium is ab-
normally high. In primary hyperparathyroidism,
percentage protein binding is normal, and com-
plexed calcium is also normal. Consequently, per-
centage ionization of plasma calcium is normal;
however, it does not follow that the absolute value
of calcium ion concentration is always above nor-
mal limits.

Lloyd and Rose (33) reported that elevated
calcium ion concentration is almost invariable in
primary hyperparathyroidism even when total
plasma calcium is normal. In our series, total
calcium is above normal in 16 of 17 samples but
[Ca**] is above normal in only 7. This discrep-
ancy is more apparent than real. The control
series of Lloyd and Rose is small and uniform,
the percentage ionization of plasma calcium in 7
subjects varying from 65 to 69 per cent. In their
16 subjects with hyperparathyroidism, percentage
ionization is 73 = 5 per cent (SD), four subjects
having values of 70 per cent or less. Total plasma
calcium in the normal subjects was 9.2 to 10.0 mg
per 100 ml, but exceeded 10.0 mg in all of the
patients with hyperparathyroidism. Thus, total
plasma calcium distinguishes hyperparathyroid
from normal subjects better than does [Ca%*] in
their study, as well as in ours. In ours, the var-
iability of [Ca?*] is greater than that of total
calcium ; in theirs, variability of the control series
is low. Apart from these differences in variabil-
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ity, the two studies, as well as three other recent
reports (34-36), are substantially in agreement
in showing little or no difference in percentage
ionization of plasma calcium in primary hyper-
parathyroidism as compared with normal.

2. In other forms of hypercalcemia. Patients
with hypercalcemia secondary to malignancy and
those with vitamin D intoxication also exhibited
a normal percentage ionization of plasma calcium
(Figure 1), in confirmation of earlier studies (22,
35). [Ca*] was above normal in only 12 of these
19 samples, although total calcium was elevated in
all. Again, this is a reflection of the greater
variability in [Ca®] than is total calcium in the
normal series. All of these subjects had symp-
toms of hypercalcemia, in contrast to the patients
with hyperparathyroidism, many of whom did not.

3. In renal faslure. The usual relationship be-
tween [Ca*] and total calcium can evidently
change in renal failure in two ways: first, a dimin-
ished ability of the plasma proteins to bind calcium
may occur, independent of any minor effect of
acidosis ; second, complexed calcium may rise con-
siderably in severe uremia. The net effect of
these two opposing alterations on the percentage
ionization of plasma calcium is unpredictable, and
abnormally high as well as abnormally low values
are seen (Figure 1). The determination of
[Ca?*] may be of some value, therefore, in the
management of severe renal failure, in which the
total plasma calcium ceases to be a good index of
the effective calcium concentration.

[Ca] [P] ion products

Neuman and Neuman (37) assert that the
product [Ca?*] [HPO,?] varies with parathyroid
activity, being increased in hyperparathyroidism.?
Rasmussen (38) has suggested that it is un-
altered. The results of the present experiments
show that the product [Ca?*] [HPO,*] is de-
creased or unchanged in primary hyperparathy-
roidism. A single value in untreated hypopara-

3 These authors have also emphasized the importance
of employing ion activities rather than ion concentrations.
Although this is an important distinction when ionic
strength is a variable, nothing is gained by applying this
correction to plasma, in which ionic strength is nearly
constant. Furthermore, the use of activities, which are
dimensionless quantities, can lead to misleading conclu-
sions when they are compared with concentrations.
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Fic. 5. THE RESULTS OF FOUR PUBLISHED REPORTS OF
THE EFFECT OF PLASMA PH ON PROTEIN BINDING OF
CALCIUM, PLOTTED ON THE SAME GRAPH. Line 1, from
Hopkins, Howard and Eisenberg (56), was obtained on
normal human serum at 250° C by anaerobic ultrafiltra-
tion. Line 2, from Toribara, Terepka and Dewey (61),
represents human serum subjected to aerobic ultrafiltra-
tion at 37° C. Line 3, from Peterson, Feigen and Cris-
mon (15), represents normal rabbit serum subjected to
anaerobic ultrafiltration at 20° to 25° C. Line 4, from
Loken and co-workers (54), was obtained by ultracentrif-
ugation of normal human serum at 37° C.

thyroidism was also normal. Although this
product varies twofold between different normal
individuals, it appears to be more constant in a
single subject, as indicated by the values before
and after parathyroidectomy and by repeated de-
terminations in some subjects.

The possibility cannot be entirely. excluded that
parathyroid hormone acting on bone, in the ab-
sence of a phosphaturic response, can increase the
product. The two subjects with osteitis fibrosa
(Rit and Sla) had the highest [Ca?*] values and
also the highest (although normal) products.

There is clearly a relationship between [Ca?*]
[HPO,*] and impairment of renal function. The
most reasonable hypothesis from the data is that
inhibitors of calcification accumulate in the plasma
during the development of uremia and lead to the
stabilization of this product at a higher value.
This is consistent with the studies of Yendt and
co-workers (5), mentioned above. Since hemo-
dialysis lowered the product, one may infer that
the inhibitors of calcification are dialyzable, as
other work has shown (39). Until the determi-
nation of the ion product can be correlated with
a measure of the mineralizing propensity of plasma,
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this interpretation remains conjectural. Never-
theless, the dependence of this product on renal
function and its independence of parathyroid ac-
tivity produces some support for the early sug-
gestion (40) that plasma calcium falls in renal
failure because phosphate rises. If phosphate ac-
cumulates more rapidly than inhibitors of calcifi-
cation, then a fall in [Ca®*] owing to mineral depo-
sition might occur.

Is the product of total plasma calcium times
total plasma phosphate a reliable index of [Ca?*]
[HPO,*]? In molar units, the latter product is
0.2 to 0.3 times the former product in normal sub-
jects: In the patients, this relationship was usually
maintained, but a few samples in each group
showed even lower values for [Ca*] [HPO,*]
relative to the other product. In general, however,
the correlation between these two products was
high.

The product [Ca?*]3[PO,-]? was also calcu-
lated in these samples. The variability in the re-
sults was very large. This increase in variability
is not due to the estimation of [PO,*-], which is
simply a function of [HPO,*] and pH. The
variability in the product of [Ca*][PO,-] is
therefore no greater than that of [Ca?*] [HPO,*"].
However, the product [Ca?*]3[PO,*]? is much
more variable. These observations do not sup-
port the view (41) that this latter product is a
better index of mineralizing propensity than is the
product [Ca*] [HPO,*]. However, the actual
effective product remains unknown.

Protein binding of calcium

1. Role of plasma pH. Although great emphasis
has been laid on the effect of plasma pH on pro-
tein binding of calcium, it is doubtful whether the
magnitude of this effect warrants such emphasis.
In Figure 5 are summarized the results of four
studies of this effect, recalculated and plotted so
as to afford comparison. A change in pH of 0.3
unit, which would represent severe acidosis or al-
kalosis, is associated with a change in ultrafiltrable
calcium which amounts to approximately 6 per
cent of the total plasma calcium.

From the technical point of view, control of pH
to within 0.1 unit or less during ultrafiltration is
therefore unnecessary. Exposure of plasma to air
will of course introduce much larger changes in
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pH and should be avoided. However, the use of a
gas mixture having the same composition as the
subject’s alveolar air, as recommended by Rose
(42), seems unnecessary. The calculated venous
pCO, in our severely acidotic subjects (venous
pH < 7.30) averages 30 mm Hg, and the lowest
value is 22 mm Hg. Although precise pCO, val-
ues are not available because the CO, content and
pH were not determined on the same sample, these
results establish that marked reductions of pCO,
did not occur, at least in the venous blood. Eleva-
tion of plasma pCO, from 30 to 40 mm Hg, (i.e.,
equilibration with 5 per cent CO, at 37° C) can
be calculated to lower plasma pH approximately
0.1 unit, which does not affect protein binding sig-
nificantly, as the figure shows. Furthermore, it
is doubtful whether the plasma in the cellophane
sac reaches gaseous equilibrium with the atmos-
phere in the ultrafiltration apparatus we employed.
And finally, any effect of metabolic acidosis on
protein binding would be increased rather than
decreased by using a higher pCO,. The use of
venous rather than arterial plasma for determina-
tion of protein binding of calcium is justified by
the same considerations. Since stasis was avoided,
there is no reason to suppose that unusually large
arteriovenous differences of pH or pCO, occurred.

The physiological significance of alterations in
protein binding of calcium induced by pH is also
questionable. Fanconi and Rose (16) found that
hyperventilation to extremely low pCO, values
(8 to 20 mm Hg) was associated with reductions
in plasma [Ca?*"] averaging 20 per cent, some of
which were due to rises in complexed calcium.
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Much smaller reductions in pCO, suffice to cause
tetany (43), but larger reductions in plasma cal-
cium without pH change are required to produce
tetany as, for example, in hypoparathyroidism.
In acidosis, as the results reported here indicate,
plasma pH is not a major determinant of percent-
age protein binding or percentage ionization of
plasma calcium. It has been shown that the hy-
drogen (or hydroxyl) ion is directly concerned
with neuromuscular irritability (44), even though
it does not affect the inotropic response of the
heart to calcium ions (4). Thus, the role of plasma
pH in producing tetany or protecting against
tetany is evidently a direct one, and only a minor
role can be attributed to any effect mediated by
altered protein binding of calcium.

2. Role of parathyroid hormone. McLean,
Barnes and Hastings (45) showed that neither
parathyroid extract administration nor parathy-
roidectomy had an effect on Kcaprot in cats. In
Table IX, the results of studies of protein binding
of calcium in patients with primary hyperpara-
thyroidism are summarized, including studies
employing ultrafiltration and ultracentrifugation.
In only one report (33) has a significant differ-
ence between normal and primary hyperparathy-
roid subjects been shown. In this report the nor-
mal series included only seven subjects, and the
variability in the normal series was small. Nev-
ertheless, there was some overlap between patients
and controls. As a result of the mass-law rela-
tionship, a slight decrease in percentage protein
binding of calcium results from hypercalcemia
itself. The slight difference in the mean values for

TABLE IX

Percentage protein binding of calcium in patients with primary hyperparathyroidism, according to various authors *

Hyperparathyroid Controls
Reference No. Range Mean No. Range Mean
% % %

Snell 1930 (46) 1 52 ? 40-55 ?
Herbert 1933 (47) 2 43, 45 44 None

Morison et al. 1938 (17) 2 41, 60 50 12 38-57 48
Hellstrom 1953 (48) 3 33-38 34 None

Hopkins et al. 1953 (25) 9 24-39 32 10 25-35 32
Thomas et al. 1958 (49) 2 30, 31 30 10 25-35 32
Lloyd and Rose 1958 (33) 16 16-30 24 7 28-32 30
Breen and Freeman 1961 (50) 3 3845 40 14 44-50 46
Fowler et al. 1961 (35) S 29-40 35 20 ? 39
Walser 1962 (this report) 14 34-54 44 24 36-56 47

* Percentage protein binding calculated as 100 X [1 — (UFca/Pca)], without corrections for water content or Don-

nan factor.
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percentage protein binding in the present series
(44 per cent in hyperparathyroidism versus 47 per
cent in controls) disappears (actually is reversed)
when Kcaprot is calculated (0.0084 M in hyper-
parathyroidism versus 0.0086 M in controls). In
one subject with untreated hypoparathyroidism,
Kcaprot Was in the high normal range (0.0113 M),
indicating a low normal affinity of plasma pro-
tein for calcium in the subject. Terepka, Toribara
and Dewey (10) found normal percentage protein
binding of calcium in hypoparathyroidism. If all
available data are considered, it appears that para-
thyroid hormone has no effect on the ability of
plasma protein to bind calcium. This is also the
conclusion most recently stated by Breen and
Freeman (51), although they apparently feel
that their earlier report (50), cited in Table IX,
confirmed the conclusions of Lloyd and Rose (33).
Furthermore, three recent reports, which do not
appear in Table IX because complete data for this
comparison are not given, agree in indicating nor-
mal percentage protein binding or ionization of
plasma calcium, or both, in patients with hyper-
parathyroidism (34, 36, 52).

Although a specific abnormality of the electro-
phoretic distribution of protein in hyperparathy-
roidism was indicated by Gordan (52), no charac-
teristic change was found by McGeown (53).

Collotdal calcium phosphate

Approximately 15 per cent of plasma phosphate
is not ultrafiltrable in normal subjects (23).
Since addition of excess EDTA to plasma before
ultrafiltration does not alter these results (23),
neither calcium nor magnesium plays a role in
restricting the passage of phosphate through the
cellophane membrane. It is reasonable to conclude
that the nonultrafiltrable phosphate is protein-
bound (subject to some uncertainty in choice of
the correct Donnan factor). Similar conclusions
have been reached by Loken, Havel, Gordan and
Whittington (54) from ultracentrifugal analysis
of plasma.

When plasma phosphate is elevated, the per-
centage not ultrafiltrable is unaltered (10, 23),
unless very high values are produced experi-
mentally (14, 55, 56), at which point the ultra-
filtrability of calcium also falls. Presumably, the
precipitation of secondary calcium phosphate is
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responsible.  Several studies of hypercalcemic
plasma have indicated that the ultrafiltrability of
phosphate may also fall sharply under these con-
ditions (24, 25, 49, 56).

In one-fifth of the hypercalcemic samples exam-
ined in this study, the ultrafiltrability of phosphate
was less than normal. When five of these sam-
ples were subjected to ultrafiltration after the ad-
dition of 4 mmoles per L of the trisodium salt of
EDTA, the ultrafiltrability of phosphate became
normal. This observation supports the view that
precipitation of calcium phosphate is involved. It
remains to be determined, however, whether pre-
cipitation occurs i vivo or is produced by the
withdrawal and cooling of blood.

Although the methods employed in this study
can provide useful information, they are distinctly
limited as diagnostic tools in these conditions.
They fail to distinguish hyperparathyroidism from
vitamin D intoxication or from the hypercalcemia
of malignancy, except in those instances of hyper-
parathyroidism in which [Ca*][HPO,* ] is be-
low normal. They also fail to distinguish primary
hyperparathyroidism with renal failure from sec-
ondary hyperplasia. They show no correlation
with the presence or absence of bone disease or
nephrolithiasis.

It has been established that the physiologically
effective fraction of plasma calcium is the free
ionic calcium. Calcium in the form of chelate com-
plexes, such as with citrate or EDTA, is known
to be ineffective in promoting the clotting of blood,
the contraction of frog cardiac muscle (57), or
the deposition of bone salt. Furthermore, cal-
cium which is electrostatically associated with
multivalent ions to form ion-pair complexes is also
ineffective (58-60, 62).

Yendt and co-workers (5) found that calcifica-
tion of rachitic cartilage failed to occur in some
plasma samples at ultrafiltrable calcium times
phosphate products which were adequate to pro-
duce calcification in artificial solutions. This ob-
servation may be cited as additional evidence that
inhibitors of calcification are present in normal
plasma (39). If this be so, bioassay methods in-
volving mineralization of collagen or -cartilage
cannot yield values for “biologically active” cal-
cium. Instead, they give an empirical index of
mineralizing propensity, which is the net result of
three (or more) factors: 1) the effective calcium
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concentration, 2) the effective phosphate concen-
tration, and 3) the amount of inhibitors present.
If 1) and 2) are known, these methods provide
an estimate of 3).

The only direct method for determining the
physiologically effective calcium concentration is
the frog heart technique. When applied to nor-
mal plasma ultrafiltrate, this method indicates that
approximately 90 per cent of the ultrafiltrable cal-
cium is physiologically effective (17, 22). The
free ionic calcium concentration, as measured by
the murexide method, is also about 90 per cent of
the ultrafiltrable calcium in normal plasma (8, 16,
34, 35, 42). It is reasonable to conclude that the
effective calcium concentration is identical with the
free ionic calcium.

SUMMARY

Plasma from patients with primary and sec-
ondary hyperparathyroidism, hypercalcemia of
malignancy, vitamin D intoxication, and primary

renal failure, with and without acidosis, has been .

analyzed for total, free, and complexed calcium,
magnesium, phosphate, and citrate. An attempt
has been made to determine the separate effects of
parathyroid hormone, hypercalcemia itself, renal
failure, and acidosis on four indices of the state of
plasma calcium.

1. The ability of plasma protein to bind calcium,
measured as Kcaprot. Was unaltered in primary or
secondary hyperparathyroidism or in the hyper-
calcemia of malignancy. Acidosis had only a minor
effect. Renal failure itself had no effect except in
some severe uremics, in whom calcium binding
was decreased. Increased protein binding of phos-
phate, seen in one-fifth of the hypercalcemic sam-
ples, was eliminated by adding excess EDTA.

2. Complexed calcium was increased only in se-
vere uremia. Neither phosphate nor citrate ac-
counted for the increase.

3. The ion product [Ca?*] [HPO,*] was nor-
mal or low in primary hyperparathyroidism and
was unaffected by parathyroidectomy in primary
or secondary hyperparathyroidism. It was in-
creased in severe renal failure but was unaffected
by hypercalcemia itself. These results support the
traditional concept of reciprocal adjustments in
Ca and P concentrations to keep this product con-
stant, with the modification that inhibitors of cal-
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cification accumulating in uremia may greatly
increase the level about which these adjustments
occur.

4. In accordance with these findings, the per-
centage ionization of plasma calcium was normal
in both primary and secondary hyperparathyroid-
ism and also in other types of hypercalcemia.
Some decrease was seen in severe uremia due to
increased complexed calcium. Acidosis had only
a minor effect, and the absence of tetany in acidotic
uremics with hypocalcemia cannot be attributed to
an increase in ionization of plasma calcium.
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