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Hypocalcemia is a common problem in critically ill surgical pa-
tients. We prospectively evaluated whether measurement of the
total serum calcium (Ca) concentration or calculation of the serum
ionized Ca level (by the McLean-Hastings nomogram) accurately
reflects the measured serum ionized Ca level. Although 71% and
58% of 156 predominately surgical intensive care unit (ICU)
patients were hypocalcemic by the total serum Ca or calculated
ionized Ca level, respectively, only 12% were hypocalcemic by
directly measured serum ionized Ca measurement. The total
serum Ca and calculated ionized Ca concentrations were sensitive
(95% and 89%, respectively) but lacked specificity (32% and
46%, respectively) in predicting ionized hypocalcemia. Analyses
of Ca binding to albumin in the serum of surgical ICU patients
and normal subjects suggested that there is a circulating factor
in critically ill patients that increases the binding of Ca to al-
bumin. These observations may explain why the McLean-Hast-
ings nomogram underestimates the protein-induced changes in
serum Ca in critically ill surgical subjects. We conclude that:
(1) total serum Ca and calculated ionized Ca concentrations are
poor indicators of the true serum ionized Ca status in critically
ill surgical patients, and we recommend direct measurement of
serum ionized Ca levels in these patients; and (2) variability in
the affinity of Ca for binding proteins in critical illness may ex-
plain the poor correlation between serum total and ionized Ca
measurements.

T HE TOTAL SERUM CALCIUM (Ca) is divisible into three
fractions: a protein bound fraction, a diffusible but

nonionized chelated fraction, and an ionized fraction. Al-
though most hospital laboratories measure only the total
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serum Ca concentration, it is the ionized fraction that is
physiologically active and homeostatically regulated. Al-
terations in the circulating ionized Ca concentration may
effect cardiac, respiratory, and neuromuscular function
and should therefore be closely monitored in critically ill
patients.' In a previously reported retrospective analysis
of 2 10 intensive care unit (ICU) patients, we found 64%
to have below normal total serum Ca levels.2 Since ab-
normalities in serum protein and arterial pH (each of
which alters ionized Ca) are common in critically ill pa-
tients,2 and because calculated ionized Ca levels may not
adequately reflect the true serum ionized Ca value,3'4 we
prospectively evaluated the ability of the total serum Ca
concentration (with and without correction for serum al-
bumin, protein, and arterial pH) to predict the measured
serum ionized Ca level in 156 critically ill patients. Our
findings in these initial studies prompted us to perform
two further analyses to explain our results. All three ex-
periments appear in this report.
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Methods

Experiment A

One hundred and fifty-six predominantly surgical (ap-
proximately 80% surgical, 20% medical) ICU patients were
prospectively studied in a protocol approved by our hos-
pital's Clinical Investigation and Protection of Human
Subjects Committees. The patients' clinical histories, di-
agnoses, and prescribed medications were recorded. On
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TABLE 1. Serum Calcium (Ca), Protein, and ArterialpH Values

from 156 Critically III Patients

A AND

Patients Range of
Mean ± SEM (Range) Normal Values

Total serum
Ca (mg/dl) 8.06 ± 0.07 (6.1-12.2) 8.5 -10.5

Calculated ionized
Ca (mg/dl) 3.99 ± 0.04 (3.0-5.6) 4.1-5.1

Albumin (g/dl) 3.10 ± 0.5 (1.84.7) 3.5-5.0
Total protein (g/dl) 5.60 ± 0.08 (3.8-8.1) 6.0-8.4
Arterial pH 7.42 ± 0.004 (7.25-7.53) 7.35-7.45
Measured ionized
Ca (mg/dl) 4.51 ± 0.04 (2.5-6.8) 4.1-5.1

admission to the ICU (and in the fasting state), blood
samples were collected for measurement of serum Ca,
albumin, total protein, phosphorus, creatinine, magne-
sium (Mg), urea nitrogen, ionized Ca, and arterial pH.
Total serum Ca, albumin, protein, phosphorus, urea ni-
trogen, and creatinine levels were measured by a. Tech-
nicon SMA II autoanalyzer (Technicon Corp., Tarrytown,
NY). Serum Mg levels (normal range: 1.4-2.6 mg/dl) were
measured by atomic absorption spectrometry, and the ar-

terial pH was determined using a Coming 175 blood gas

analyzer (Corning, Medfield, MA). The serum ionized Ca
concentration (normal range: 4.1-5.1 mg/dl) was deter-
mined in duplicate by using an ion selective electrode
(Nova 2, Nova Biomedical, Newton, MA). Blood samples
for measurement of ionized Ca were collected anaerobi-
cally in red top vacutainer tubes, allowed to clot, and then
the serum was separated anaerobically from cells by cen-

trifugation at body temperature. In addition to measuring
ionized Ca, we also calculated ionized Ca by use of the
McLean-Hastings nomogram.5 Patients were classified as

being hypocalcemic if the total serum Ca was <8.5 mg/
dl, calculated ionized Ca was <4.1 mg/dl, or the measured
ionized Ca level was <4.1 mg/dl. They were classified as

hypercalcemic ifthe total serum Ca was > 10.5 mg/dl, the
calculated ionized Ca was >5.1 mg/dl, or the measured
ionized Ca was >5.1 mg/dl.

Heart rate was recorded on all patients. When patients
had in-dwelling arterial and Swan-Ganz catheters, mean
arterial blood pressure (MAP) and cardiac output (by
thermodilution) were also recorded at the time of blood
collection.
The serum ionized Ca, total serum Ca, and per cent

serum ionized Ca were determined in 145 fasting out-
patients and compared to those ofthe critically ill patients.

Experiment B

Total serum Ca and albumin levels were serially mon-
itored in 13 initially hypoalbuminemic, critically ill sur-

gical patients who were given parenteral nutrition during
their stay in the ICU. A regression line for a plot ofcalcium
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versus albumin concentrations was drawn for each patient
by the method of least squares.

Experiment C
Serum was obtained from six critically ill postoperative

patients (3 with ionized hypocalcemia and 3 with ionized
eucalcemia) and six age- and sex-matched normal sub-
jects. The changes in the measured serum ionized Ca level
and the per cent ionized Ca following the addition ofCa-
free albumin (12.5 mg, 25 mg, 125 mg) to 1.5 ml of the
six patient and six control sera were measured.
The equilibrium constant (Kc.) in L/mole for Ca bind-

ing to protein in serum from the six critically ill and six
well patients was calculated according to the method of
Pedersen6:

CaPr
_a (Cai) X (mTPr - CaPr)

where CaPr is protein-bound Ca in mol/L, Cai is ionized
Ca in mol/L, m is the conversion factor (0.12 mmol Ca/
g protein) for conversion of total protein (TPr) concen-
tration in g/L to moles of Ca-binding sites/L, calculated
from Scatchard analysis. CaPr was estimated as the dif-
ference between total serum Ca and ionized Ca. Since
both groups ofpatients had similar serum concentrations
of bicarbonate and phosphate, were not receiving blood
transfusions (e.g., citrate), had no renal or hepatic disease,
and were not hypothermic, this approximation of CaPr
was felt to be valid.

Statistical Methods

Data are presented as the mean ± SEM and were an-
alyzed by scatter diagrams, Chi square analysis, and Pear-
son's product correlation coefficients. Per cent sensitivity,
specificity, false-negatives, false-positives, predictive value
of a negative test, and predictive value of a positive test7
for total serum and calculated ionized Ca concentrations
were calculated by using the measured serum ionized Ca
level as the true measure ofCa status (TP = true-positives,
TN = true-negatives, FP = false positives, FN = false-
negatives):

% sensitivity = per cent of patients with hypo- or hyper-
calcemia detected by tests = (TP/(TP + FN)) X 100

% false negatives = per cent of patients with hypo- or
hypercalcemia not detected by tests = (FN/(TP + FN))
X 100

% specificity = per cent of patients not hypo- or hyper-
calcemic who were correctly labeled by the tests = (TN/
(TN + FP)) X 100

% false-positives = per cent of patients not hypo- or hy-
percalcemic who were incorrectly labeled by the tests
= (FP/(TN + FP)) X 100
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FIG. 1. Total serum calcium vs. measured serum ionized calcium levels.
The boxed area marks the normal levels for both measurements. Note
that although there is a linear correlation between the two variables (r
= 0.63, p < 0.05), many total serum calcium values that are below
normal are within the normal ionized calcium range.
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FIG. 2. Calculated serum ionized calcium (McLean-Hastings nomogram)
vs. measured serum ionized calcium levels. The boxed area marks the
normal levels for both measurements. Note that although there is a linear
correlation between the two variables (r = 0.45, p < 0.05), many calculated
ionized calcium values that are below normal are within the normal
measured ionized calcium range.

Predictive value ofa negative test (%) = Probability that
hypo- or hypercalcemia is not present when the test is
negative = (TN/(TN + FN)) X 100

Predictive value ofa positive test (%) = Probability that
hypo- or hypercalcemia is present when the test is positive
= (TN/(TP + FP)) X 100

Results

Experiment A

The mean total serum Ca, calculated ionized Ca, al-
bumin, and total protein values in the critically ill patients
were less than the lower limit of normal (Table 1). By
contrast, the patients' mean measured serum ionized Ca
level and arterial pH were within the normal range. Both
total serum Ca (Fig. 1) and calculated ionized Ca levels
(Fig. 2) correlated (p < 0.05 for both; r = 0.63 and 0.45,
respectively) with the measured serum ionized Ca values.
Despite these correlations, many abnormally low total Ca
and calculated ionized Ca values were within the normal
range of measured serum ionized Ca (Figs. 1 and 2).
The total serum Ca and calculated ionized Ca concen-

trations failed adequately to detect true, measured ionized
hypocalcemia and hypercalcemia (Tables 2 and 3). Total
serum Ca had a 95% sensitivity but only a 32% specificity
for detecting measured ionized hypocalcemia (Table 3).
The total serum Ca had a 100% specificity for detecting
hypercalcemia but lacked sensitivity (38%). Calculated
ionized Ca had poor sensitivity (89%) and specificity
(46%) for detecting ionized hypocalcemia; its sensitivity

for detecting hypercalcemia was extremely low (15%) but
its specificity was high (100%). Thus, both methods (total
serum Ca and calculated ionized Ca) were strongly
suggestive of hypercalcemia when elevated (predictive
values of positive tests = 100%) but poor for predicting
hypocalcemia when decreased (predictive value ofpositive
test = 16% and 6%, respectively) (Table 3). Similar results
for the usefulness of calculated ionized Ca were obtained
when ionized Ca concentrations were calculated by the
method of Moore,8 which adjusts the serum Ca for
changes in arterial pH and serum protein levels.

Patients were divided into three groups based on their
measured serum ionized Ca levels (Table 4). Patients in
the three groups were of similar age. The male:female
ratio was higher in the eucalcemic patients than in either
the hypercalcemic or hypocalcemic patients. Patients with
sepsis and malignancy were more likely to be hypocal-
cemic, while patients with hepatic encephalopathy were
more likely to be either hyper- or hypocalcemic than eu-

TABLE 2. Numbers ofPatients with High, Low, or Normal
Serum Calcium (Ca) Values

Low (%) Normal (%) High (%)

Total serum Ca
(mg/dl) 111/156 (71%)* 40/156 (26%)* 5/156 (3%)

Measured ionized
Ca (mg/dl) 19/156 (12%) 124/156 (80%) 13/156 (8%)

Calculated ionized
Ca (mg/dl) 91/156 (58%)* 63/156 (41%)* 2/156 (1%)*

* p < 0.05 compared to measured ionized Ca.
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TABLE 3. Sensitivities and Specificities for Total Serum Calcium (Cat)
and Calculated Ionized Calcium (CaJ) in the Detection of True

Measured Ionized Hypocalcemia and Hypercalcemia

Hypocalcemia*

Cat Ca,

Hypercalcemia*

Cat Ca.

% Sensitivity 95% 89% 38% 15%
% False-negatives 5% 11% 62% 85%
% Specificity 32% 46% 100%0 100%
% False-positives 68% 54% 0% 0%
Predictive value of

negative test (%) 98% 97% 95% 93%
Predictive value of

positive test (%) 16% 6% 100% 100%

* Refers to true, measured ionized hypocalcemia and hypercalcemia.

calcemic (Table 4). (The N for these subgroups is small,
therefore the statistical significance may be misleading).
Ofthe seven hypocalcemic patients with malignancy, five
were hypomagnesemic, and two had sepsis.
The hypocalcemic patients had significantly (p < 0.05)

lower serum Mg levels and higher serum urea nitrogen
and creatinine levels than the eucalcemic patients (Table
5). Fifty-three per cent (10 of 19) of the hypocalcemic
patients had an abnormal serum Mg level. Despite these
observations, we found no correlation between the serum
Mg level and the total serum Ca, ionized Ca, or per cent

TABLE 4. Clinical Diagnoses in Hypocalcemic, Eucalcemic,
and Hypercalcemic Patients

Hypocalcemic Eucalcemic Hypercalcemic
(N= 19) (N= 124) (N= 13)

Ionized Ca
(mg/dl) <4.1 4.1-5.1 >5.1

Mean age (years) 53 ± 4 56 ± 2 53 ± 4
Females 9 (47%)* 30 (23%) 4 (31%)
Males 10 (53%)* 96 (77%) 7 (54%)
Cardiac surgeryt 2 (11%) 24 (19%) 3 (23%)
Abdominal

surgeryt 2 (11%) 11 (9%) 1 (8%)
Malignancy 7 (37%)* 8 (6%) 2 (15%)
Head and neck

surgeryt 1 (5%) 6 (5%) 2 (15%)
Sepsis 5 (26%)* 4 (3%) 1 (8%)
ARDS 1 (5%) 5 (4%) 2 (15%)
Neurosurgeryt 0 (00)* 7 (6%) 0 (0%)*
GI bleed 4 (21%) 7 (6%) 0 (°%)*
Hepatic

encephalopathy 2 (11%)* 0 (0%) 3 (23%)*
Othert 2 (11%) 60 (48%) 2 (15%)
Died 3 (16%) 6 (6%) 1 (8%)

* p < 0.05 compared to eucalcemic group. Note that the N in some
of these subgroups is small; therefore, the reader is cautioned that the
statistical significance may have limited importance.

t These patients were in the ICU for 72 hours or less after their op-
eration. All required postoperative mechanical ventilatory support.

t Many ofthe patients in this group had postoperative complications
such as respiratory failure (>72 hours postoperative), hypotension, or
bowel obstruction.
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TABLE 5. Biochemical Parameters

Hypocalcemic Eucalcemic Hypercalcemic
(N= 19) (N= 124) (N= 13)

Ionized Ca (mg/dl) <4.1 4.1-5.1 5.1

Serum Mg >2.6 mg/dl 3 (16%) 0 (0%) 1 (8%)
<1.4 mg/dl 7 (37%)* 18 (14%) 1 (8%)
<1.0 mg/dl 4 (21%)* 0 (0%) 0 (0%)

Serum P04 >4.5 mg/dl 3(16%) 6(5%) 0(0%)
<2.0 mg/dl 1 (5%) 12 (10%) 1 (8%)

BUNt >25 mg/dl 7 (37%)* 5 (4%) 3 (23%)*

Creatinine >2.0 mg/dl 2 (11%)* 4(3%) 1 (8%)

* p < 0.05 compared to eucalcemic group
t BUN = blood urea nitrogen.

ionized Ca values in the total group of critically ill patients.
The serum phosphorus level tended (0.05 < p < 0.1) to
be higher in the hypocalcemic group, although statistical
significance was not achieved.
Mg abnormalities, sepsis, and malignancy were the

most common states associated with hypocalcemia,
whereas hepatic encephalopathy, malignancy, and hy-
perparathyroidism most commonly accompanied hyper-
calcemia (Table 6). Aminoglycosides and cimetidine were
used more often in hypocalcemic than eucalcemic pa-
tients, while intravenous Ca, terbutaline, and narcotics
were used more frequently in hypercalcemic patients.
There was no relationship between hypocalcemia and
blood transfusion for the groups as a whole; however, ion-
ized hypocalcemia (3.9 mg/dl) did develop in one patient
(with normal renal and hepatic function) who received
rapid (1.5 ml/kg/min) blood transfusion therapy for gas-
trointestinal hemorrhage. We found no relationship be-

TABLE 6. Conditions Associated with Abnormal Calcium Status

Hypocalcemia (N = 19)t Hypercalcemia (N = 13)t

Magnesium abnormality Hepatic encephalopathy (N = 3)
(N = 10) Malignancy (N = 2)

Sepsis (N = 5) Hyperparathyroidism (N = 2)
Malignancy (N = 7)* Drugs
Hyperphosphatemia (N = 3) Calcium (N = 5)
Renal failure (N = 2) Narcotics (N = 7)
Hepatic Encephalopathy Terbutaline (N = 4)

(N = 2)
Rapid Blood Transfusion

(N= 1)
Drugs

Aminoglycosides (N = 9)
Cimetidine (N = 10)

* Hypomagnesemia occurred in five of the seven patients and sepsis
in the remaining two patients.

t Of the 19 hypocalcemic patients, 15 were surgical and four were
medical patients.

t Of the 13 hypercalcemic patients, eight were surgical and five were
medical patients.
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TABLE 7. Hemodynamic Variables

Hypocalcemic Eucalcemic Hypercalcemic

Ionized Ca (mg/dl)
Heart rate (beats/min)
Mean arterial pressure (mmHg)
Cardiac output (L/min)

<4.1
103 ±4
82 ± 4 (N = l4)
7.1 ±0.9(N= 7)

4.1-5.1
96 ±2
88 ± 2 (N = 78)
6.0 ± 0.3 (N = 35)

>5.1
102 ±5
86 ± 3 (N = 13)
7.6 ± 0.8 (N = 3)

tween either the length ofICU stay (or mortality) and the
measured serum ionized Ca concentration.

Heart rate, MAP, and cardiac output were similar in
all groups of patients (Table 7, Figs. 3A and 3B). Serum
Ca concentrations returned to normal levels with insti-
tution of Ca replacement therapy in all patients.

Measured serum ionized Ca levels were similar in the
156 critically ill patients and 145 well outpatients (4.51
± 0.04 vs. 4.54 ± 0.1 mg/dl); however, the per cent ionized
Ca was significantly (p < 0.001) higher in the critically ill
compared to the well patients (56.3 ± 0.04 vs. 47.4
± 0.13%, respectively). The per cent ionized Ca varied
from 42 to 67% in the 156 critically ill patients and was
inversely correlated (r = -0.6, p < 0.05) with the total
serum Ca concentration (Fig. 4).

Experiment B

Thirteen patients with low serum albumin concentra-
tions were monitored over 2-3 week periods in the ICU
while receiving parenteral nutrition, which raised their
serum albumin levels. Total serum Ca was serially mea-
sured as the serum albumin levels increased. The rise in
Ca for a given rise in albumin varied greatly among pa-
tients (Fig. 5).

Experiment C

We analyzed the serum from six critically ill patients
and six normal individuals for the presence offactors that
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alter Ca binding to serum proteins by studying the in vitro
effect of the addition of various amounts of Ca-free al-
bumin on the serum ionized Ca and per cent ionized Ca
levels. Increasing amounts ofalbumin caused a progressive
decrease in ionized Ca and per cent ionized Ca (Fig. 6),
attributable to albumin binding of free Ca. Sera from pa-
tients with critical illness caused a much greater decrease
in ionized Ca and per cent ionized Ca, suggesting the
presence ofa factor in the serum that increased Ca binding
to albumin. All six critically ill patients had a greater de-
crease in ionized Ca and per cent ionized Ca when com-
pared to the normal individuals. The Kc. for protein
binding of Ca was calculated in six critically ill and six
healthy subjects and was found to be significantly (p
< 0.01) elevated in the critically ill patients (191 ± 12.2
vs. 139 ± 6.8 L/mol) compared to the normal controls.

Discussion

Abnormally low total serum Ca and calculated ionized
Ca levels are common in critically ill patients.2 As in our
retrospective study,2 we have now prospectively found
that greater than 50% of critically ill patients have low
total serum Ca and calculated ionized Ca values by either
the McLean-Hastings nomogram or by the method of
Moore.8 In agreement with our findings, Fenton et al.9
recently described a discordance between serum total and
measured ionized Ca levels in patients with thermal burns.
Szyfebein and coworkers'0 also studied Ca homeostasis
in 25 patients following thermal injury and found poor
correlations between the serum total Ca or calculated
(McLean-Hastings nomogram) ionized Ca levels and di-
rectly measured serum ionized Ca values. Other
studies8"'-'4 have demonstrated equally poor correlations
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FIG. 3B. Measured serum ionized calcium vs. cardiac output. The ob-
served scattergram reflects a lack of correlation.
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FIG. 3A. Measured serum ionized calcium vs. mean arterial blood pressure
(MAP). The observed scattergram reflects a lack of correlation.
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FIG. 6. Decrease in the per cent ionized calcium in serum ofsix critically
ill (SICK) and six well (NORMAL) patients, following addition of cal-
cium-free albumin. The curves are significantly (p < 0.01) different from
each other at the three points plotted.

between the serum total Ca levels and measured serum
ionized Ca concentrations. Even when the total serum

Ca is corrected for circulating protein levels and arterial
pH, the correlations remained poor. "2'14
Our study shows that critically ill patients with low

serum total Ca and calculated ionized Ca levels infre-
quently have (measured) ionized hypocalcemia (32%
specificity). On the other hand, the presence of a normal
total serum and/or calculated ionized Ca level is good
evidence against ionized hypocalcemia (predictive value
of a negative test = 98%). Serum total Ca and calculated
ionized Ca values failed to detect most ionized hypercal-
cemic patients (sensitivity 38% and 15%, respectively);
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FIG. 5. Total serum calcium vs. serum albumin levels in 13 critically ill
patients followed over 2-3 weeks. The slope of the lines varies widely
among the patients.

however, when elevations in these parameters were pres-
ent, all the patients in our study had hypercalcemia.
The measured ionized Ca concentration is affected by

the arterial pH,8"5"6 which alters Ca binding to protein
carboxyl groups. Acute acidosis decreases protein binding
(increases ionized Ca), while acute alkalosis increases
protein binding (decreases ionized Ca).'7 With few excep-
tions, patients in this study had normal pH values (Table
1), and, thus, arterial pH is unlikely to have played an

important role in the insensitivity and lack of specificity
between total and calculated ionized Ca and directly
measured ionized Ca concentrations.

Changes in serum albumin and protein concentrations
occur with alterations in posture (orthostasis) and venous
stasis and are associated with changes in the total serum
Ca concentrations.8"5 The timing and technique of ve-
nipuncture are important in the interpretation of a total
serum Ca level. Depending on the nature of a meal, post-
prandial increases or decreases in serum Ca may occur.
Prolonged use of a tourniquet during blood drawing can
cause venostasis, hemoconcentration, and elevation ofthe
total serum Ca level.' Heparin may reduce the serum ion-
ized Ca concentration.'5"8 To avoid these problems, we
measured serum Ca when patients were supine and fasted
and blood was drawn from in-dwelling arterial or venous
catheters (no tourniquets were used) following adequate
flushing with blood; we removed 5 ml ofblood, then sam-
pled the next 10 ml.

Changes in concentration of various anions can affect
the serum ionized Ca level'; however, we found no evi-
dence of such an effect from elevated serum levels of in-
organic phosphate or bicarbonate in this study. Chelation
with citrate anion may cause hypocalcemia.'9 23 Citrate-
induced decreases in serum ionized Ca correlate with cir-
culating citrate levels and the amount of blood trans-
fused.2'-23 Normally, citrate-induced hypocalcemia is
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transient, returning to normal within 10 minutes oftrans-
fusion termination.'9-2' In situations where citrate clear-
ance is decreased (e.g., in renal or hepatic disease, hy-
pothermia) or citrated blood infusion is rapid (> 1.5 ml/
kg/min), prolonged hypocalcemia may occur.23 With one
exception (see results), we found no significant serum Ca
differences between patients receiving, and those not re-
ceiving, blood transfusions.

Since serum albumin binds 90% of the protein-bound
Ca, one normally corrects the total serum Ca level for the
serum albumin concentration. However, increased affinity
of binding proteins for Ca during illness may cause the
corrected total serum Ca to be underestimated. Increased
affinity is suggested by the increased Ca binding to al-
bumin (Fig. 6) and the higher Kr in the critically ill pa-
tients compared with normal controls. The sera of the
critically ill patients appear to contain a factor that in-
creases Ca binding to albumin. Factors that alter thyroid
hormone binding to proteins are known to occur in non-
thyroidal illness.24 A decrease in Kc. was found by Ped-
ersen in patients with benign hypergammaglobulinemia
and paraproteinemia. An analysis of the increase in total
serum Ca for a given increase in serum albumin concen-
tration, in 13 critically ill patients, demonstrated a large
variation, suggesting different protein affinities for Ca in
these patients. Since Ca and Mg bind to the same site on
the albumin molecule,25 we compared the serum Mg and
ionized Ca concentrations and found no relationship be-
tween the two variables. Thus, variability in the affinity
of Ca for binding proteins during critical illness appears
to explain the poor correlation between the serum total
and ionized Ca measurements.

Sepsis, malignancy, and hepatic encephalopathy were
more frequently associated with hypocalcemia than eu-
calcemia in our ICU population. The hypocalcemia of
sepsis is thought to result from parathyroid gland
suppression,26 while hypocalcemia in hepatic encepha-
lopathy most likely results from failure to hydroxylate
vitamin D in the liver.' We cannot explain why hyper-
calcemia was seen in our patients with hepatic encepha-
lopathy (Table 4).
Hypomagnesemia may cause hypocalcemia by sup-

pressing secretion of, and/or impairing the end organ re-
sponse to, PTH.27-29 Excess Mg may also suppress para-
thyroid gland secretion.' In this study, abnormal Mg levels
were significantly (p < 0.05) more common in hypocal-
cemic patients, with 53% having an abnormal value.
Aminoglycosides may produce hypocalcemia as a result
of renal losses of Mg."0,3 In a prospective analysis" of 55
patients receiving aminoglycoside antibiotics, we found
that 38% developed hypomagnesemia and 24% became
hypocalcemic (a condition responsive to Mg therapy). Ci-
metidine may lower serum PTH levels.32 Aminoglycosides
and cimetidine were used more frequently in our hypo-
calcemic patients.
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Renal failure was more common in the hypocalcemic

than eucalcemic and hypercalcemic patients, explaining
the higher serum urea nitrogen, creatinine, and phospho-
rus levels in the hypocalcemic patients. The primary fac-
tors responsible for hypocalcemia in renal failure are
phosphorus retention and impaired 1,25-dihydroxy-vi-
tamin D synthesis.

Intravenous CaCl2, terbutaline, and narcotics were used
more frequently in the hypercalcemic group. CaCl2 was
used in these patients as an inotropic agent. Beta-adren-
ergic receptor stimulation increases PTH release33 and
may partially explain the association of hypercalcemia
with terbutaline in these patients. The role that opiates
play in PTH or vitamin D metabolism is unclear.
Ca is required for the generation of the cardiac action

potential and for excitation-contraction coupling in mus-
cle. Low ionized Ca levels impair cardiovascular function.
McLean and Hastings24 noted that an isolated heart prep-
aration stopped beating when the ionized Ca concentra-
tion of the bathing medium decreased below 2 mg/dl.
Bunker et al.35 reported the occurrence of hypotension,
tachycardia, and depressed cardiac output in transfused
patients when calculated serum ionized Ca values were 2
mg/dl or less. Das and coworkers36 noted hypotension
and cardiac arrhythmias in four infants when ionized Ca
concentrations were <2 mg/dl (0.92-1.84 mg/dl). Killen
et al.37 found that ionized Ca levels below 3.4 mg/dl pre-
disposed to death in experimental animals. Cardiovascular
manifestations of hypocalcemia include congestive heart
failure, hypotension, arrhythmias, and insensitivity to
digitalis.' Two reports have substantiated the beneficial
effects of correcting low ionized Ca levels in failing
hearts.38'39 These hearts develop beta adrenergic receptor
down-regulation as a result of chronic sympathetic stim-
ulation,38'39 and myocardial contraction becomes heavily
dependent on the maintenance of normal serum ionized
Ca levels.

Hypocalcemia, in our study, was not associated with
increased mortality or an increased length of ICU stay.
Further study is required to determine if mild hypocal-
cemia is detrimental to critically ill surgical patients and
which patients, if any, may benefit from replacement
therapy. Porter and coworkersg evaluated the hemody-
namic effect of a Ca infusion (1 g CaCl2 over 20 min) in
10 critically ill hypocalcemic patients and found only a
transient increase, followed by a reduction, in cardiac
output. However, the patients were only mildly hypocal-
cemic (mean ionized Ca: 1.93 ± 0.08 mEq/l or 3.9 mg/
dl) and had elevated cardiac outputs (mean: 9.4 ± 3.3 L/
min) and MAPs (calculated from their data as 108 mmHg
before calcium therapy). Henrich et al."' evaluated cardiac
contractility by two-dimensional echocardiography in
eight patients on long-term hemodialysis and found that
increases in ionized Ca were associated with significant
increases in contractility. Further studies are also needed
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to define criteria for the use of Ca as an inotropic agent
in critically ill patients.
We conclude from this investigation that hypocalcemia,

as determined by the total serum Ca and calculated ion-
ized Ca values, is common in the critically ill patient.
Since many critically ill surgical patients have alterations
in both serum protein and arterial pH values2 and since
calculated ionized Ca is a poor reflection ofthe true mea-
sured ionized Ca, we recommend directly measuring
serum ionized Ca concentrations. Variability in the affin-
ity ofCa for serum binding proteins in critical illness may
explain the poor correlation between serum total and ion-
ized Ca measurements.
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