JASN Express. Published on April 9, 2008 as doi: 10.1681/ASN.2007040449

CLINICAL RESEARCH

Wwww.jasn.org

Pitfalls of Measuring Total Blood Calcium in Patients
with CKD

Cédric Gauci,* Olivier Moranne,*™ Bruno Fouqueray,’ Renaud de la Faille,**

Gérard Maruani,* Jean-Philippe Haymann,§ Christian Jacquot,*' Jean-Jacques Boffa,$
Martin Flamant,$ Jéréme Rossert,*™l Pablo Urena," Bénédicte Stengel,™™
Jean-Claude Souberbielle,’" Marc Froissart,*tl and Pascal Houillier,*'!

on behalf of the NephroTest Study Group

*Department of Physiology and Nephrology, Hépital Européen George Pompidou, Assistance Publique-Hépitaux
de Paris; TFaculté de Médecine, Université Paris Descartes; §Depar‘tment of Physiology and Nephrology, Hopital
Tenon, Assistance Publique-Hopitaux de Paris; Faculté de Médecine, Université Pierre et Marie Curie; and INSERM
U702; INSERM U872; and ”Department of Physiology, Hopital Necker, Assistance Publique-Hépitaux de Paris, Paris;
TINSERM U780; and **Université Paris-Sud, IFR 69, Villejuif; and '"Clinique de I'Orangerie, Aubervilliers, France

ABSTRACT

Disorders of mineral and bone metabolism are prevalent in patients with chronic kidney disease (CKD).
The recent National Kidney Foundation Kidney Disease Outcomes Quality Initiative (K/DOQI) guidelines
recommend that blood calcium (Ca) be regularly measured in patients with stages 3 to 5 CKD. The
Kidney Disease: Improving Global Outcomes (KDIGO) position states that the measurement of ionized
Ca (iCa) is preferred and that if total Ca (tCa) concentration is used instead, then it should be adjusted
in the setting of hypoalbuminemia. In 691 consecutive patients with stages 3 to 5 CKD, we compared the
ability of noncorrected and albumin-corrected tCa concentration to identify low, normal, or high iCa
concentration. The agreement between noncorrected or albumin-corrected tCa and iCa was only fair.
The risk for underestimating ionized calcium was independently increased by a low total CO, concen-
tration when either noncorrected or albumin-corrected Ca was used and by a low albumin concentration
only when noncorrected tCa was used. The risk for overestimating iCa was increased by a low albumin
concentration only when albumin-corrected Ca was used. In conclusion, albumin-corrected tCa does not
predict iCa better than noncorrected tCa. Moreover, both noncorrected and albumin-corrected tCa
concentrations poorly predict hypo- or hypercalcemia in patients with CKD.
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Disorders of mineral and bone metabolism are
prevalent in patients with chronic kidney disease
(CKD) and are an important cause of morbidity, in
part via extraskeletal calcifications that have been
found to be associated with increased cardiovascu-
lar mortality.!? Evaluation of disorders of bone and
mineral metabolism is mandatory in patients with
CKD.? The National Kidney Foundation Kidney
Disease Outcomes Quality Initiative (K/DOQI)
clinical practice guidelines advise maintaining se-
rum levels of total calcium (tCa), corrected for al-
bumin level, within the “normal” range for the lab-
oratory. Although the regulated variable is ionized
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Ca (iCa), they do not recommend measurement of
iCa concentration because the reproducibility of
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iCa measurement was found to be worse than that of tCa and
because, in current clinical practice, the technique is more time
consuming, more expensive, and less easily available than that
of tCa measurement.? Finally, the guidelines recommend that
tCa level be corrected for albumin and provide two distinct
equations to perform the correction.

More recently, Kidney Disease: Improving Global Out-
comes (KDIGO) published a position statement on the defini-
tion, evaluation, and classification of bone and mineral disor-
ders.* It is acknowledged that measurement of iCa is the
preferred method for evaluating serum Ca and that, if total
serum Ca concentration is used instead, it should be corrected
for albumin when plasma albumin concentration is low. The
position statement also acknowledges that it is necessary to
assess the respective performances of albumin-corrected and
noncorrected tCa concentrations in predicting the actual con-
centration of iCa. In this study, we compared the respective
performances of noncorrected and albumin-corrected tCa in
predicting low, normal, or high serum concentrations of iCa.

RESULTS

Demographic Data and Blood Ca Distribution

A total of 691 patients with stages 3 to 5 CKD were included in
the study (Table 1). Using serum iCa as the reference, 554
patients had normal values, 109 had hypocalcemia, and 28 had
hypercalcemia. Fourteen of those 28 patients with hypercalce-
mia were treated with oral Ca salts and/or active analog of

vitamin D, and the diagnosis was excessive dosage. Three were
treated with thiazide diuretics and one with lithium. The re-
maining 11, untreated, had a parathyroid hormone concentra-
tion that was either high or inappropriately normal; they were
considered as having tertiary or primary hyperparathyroidism.

Plasma albumin concentration ranged from 13.3 to 59.0
g/L. A total of 108 patients (15.6% of whole population) had a
plasma albumin concentration <35 g/L (Table 2). The per-
centage of patients with low plasma albumin concentration
significantly increased from stage 3 to stage 5 CKD (P = 0.004).
Twenty-eight patients had a plasma albumin concentration
<30 g/L; 21 of those 28 had a nephrotic syndrome, and seven
had malnutrition. Nine patients had a plasma albumin con-
centration >50 g/L. In six, the most likely explanation was
diuretic-induced extracellular volume contraction; in the re-
maining three, we did not find any reason for the moderately
high value (52 to 53 g/L) of plasma albumin concentration.

A total of 109 patients (15.7% of whole population) had a
low total CO, (tCO,) concentration, <22 mmol/L (Table 2).
The prevalence of low tCO, concentration increased with the
stage of CKD (P < 0.001).

Relationships between iCa, Noncorrected tCa, and
Albumin-Corrected tCa Concentrations

The relations between noncorrected Ca, albumin-corrected
Ca, and iCa concentrations, all expressed as z scores (see the
Concise Methods section), are depicted in Figure 1. Regardless
of correction for albumin concentration, individual points
were widely scattered around the regression line, and the slope

Table 1. Demographic and biological characteristics of the study population

Characteristic Value Normal Range
Female/male 210/481
Age (yr; mean = SD [range]) 60 + 15 (17 to 88)

GFR (ml/min per 1.73 m?, mean = SD [range])

31.2 = 13.0 (5.1 to 59.8)

iCa concentration (mmol/L; mean * SD [range]) 1.21 = 0.07 (0.91 to 1.56) 1.15t0 1.32
Noncorrected tCa concentration (mmol/L; mean * SD [range]) 2.22 +0.14 (1.71 to 2.73) 2.10to0 2.53
Albumin-corrected calcium concentration 1 (mmol/L; mean = SD [range]) 2.23 +0.13(1.75t0 2.73) 2.10to 2.53
Albumin-corrected calcium concentration 2 (mmol/L; mean = SD [range]) 2.25 +0.13(1.75t0 2.73) 2.10 to 2.53
Albumin concentration (g/L; mean = SD [range]) 39.6 = 5.4 (13.3 t0 59.0) 35to 50
Albumin concentration <35 g/L (frequency [%]) 108 (16)
Total CO, concentration (mmol/L; mean * SD [range]) 25.1 + 3.3(15.2 to0 33.6) 22 to0 30
Total CO, concentration <22 mmol/L (frequency [%]) 109 (16)
Plasma phosphate concentration (mmol/L; mean = SD [range]) 1.14 = 0.24 (0.56 to 2.70) 0.82 to 1.40
Table 2. Plasma albumin and total CO, concentrations and distributions in the stages of CKD
CKD Stage
Parameter
3 4 5 P

Whole population (n) 356 254 81 -

albumin (g/L) 40.2 = 5.1 39.0+55 39.0+57 0.007

total CO, (mmol/L) 263 +29 24.3 = 3.0 22.8 34 <0.001
Plasma albumin <35 g/L (n) 40 50 18

% of respective CKD stage 1.2 19.7 22.2 0.004
Total CO, < 22 mmol/L (n) 25 49 35

% of respective CKD stage 7.0 19.3 43.2 <0.001
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Figure 1. (A through C) Relationship between iCa concentration
and noncorrected tCa (A); albumin-corrected tCa, formula 1 (B);
and albumin-corrected tCa, formula 2 (C). All values are ex-
pressed as z scores (see the Concise Methods section).

of the regression line was <0.5; the range of iCa values around
the mean was more than twice as high as the range of either
noncorrected or albumin-corrected Ca values. Standard re-
gression analyses of these relationships showed only modest
correlation between iCa and either noncorrected or albumin-
corrected tCa concentrations.
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Agreement among iCa, Noncorrected Ca, and
Albumin-Corrected Ca Concentrations

The distribution of low, normal, and high calcium concentra-
tions varied according to the estimator used; the number of
patients with hypo- or hypercalcemia was lower when either
noncorrected or albumin-corrected tCa concentrations were
used instead of iCa (Table 3). As a whole, approximately 20%
of the patients were not properly classified when either non-
corrected or albumin-corrected tCa was used. The proportion
of misclassification was particularly high in the patients with
either low or high iCa concentration and did not differ whether
noncorrected or albumin-corrected calcium was used. The low
performance of tCa in predicting an abnormal iCa concentra-
tion was further confirmed by the values of the k coefficient,
showing only a fair agreement between tCa and iCa (Table 3).

As a consequence, the ability (sensitivity) to detect true hy-
pocalcemia in our patients with CKD was 40.4, 35.8, and 29.4%
using noncorrected, albumin-corrected tCa, formula 1 and al-
bumin-corrected tCa formula 2, respectively. The diagnostic
sensitivity for true hypercalcemia was homogeneously low
(21.4%) when the three distinct estimators were applied. By
contrast, the specificity of the various estimators exceeded 90%
in each case.

To identify potential predictors of misclassification, we
compared, as groups, patients with an agreement between
noncorrected tCa and iCa values and patients without such
agreement (when noncorrected Ca either over- or underesti-
mated iCa; Supplemental Table 1). Taking patients with agree-
ment between tCa and iCa as reference group, mean GFR val-
ues, tCO,, and albumin concentrations were significantly
lower in patients in whom tCa underestimated iCa. By con-
trast, mean age was higher and mean albumin concentration
was lower in patients in whom tCa overestimated iCa. No such
difference was observed for plasma phosphate concentration.

Identification of Factors Associated with the Low
Predictive Performance of tCa

Table 4 displays the factors identified as predicting misclassifi-
cation (and odds ratio) when noncorrected tCa was used in-
stead of iCa. We studied the variables that significantly differed
between patients with and without agreement. In multivariate
analysis, the risk for underestimation was significantly in-
creased only by lower albumin and tCO, concentrations,
whereas none of the variables studied predicted the risk for
overestimation. Because there was no difference in plasma
phosphate concentration between patients with and without
agreement, the logistic regression analysis did not include
plasma phosphate as a factor.

We separately tested venous pH, instead of tCO, concen-
tration, in the logistic regression model. A lower pH value was
also an independent predictor of underestimation (data not
shown); however, tCO, concentration seemed to predict un-
derestimation better than venous pH did: The maximum of
likelihood corrected for the number of parameters included in
the model was significantly better when tCO, was incorpo-
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Table 3. Agreement between iCa concentration

and the other estimators of blood calcium concentration®

iCa Noncorrected tCa Albumin-Corrected Ca, Formula 1 Albumin-Corrected Ca, Formula 2
Overall (n = 691)
agreement 545 547 549
underestimation 76 69 58
overestimation 70 75 84

k coefficient (95% Cl) 0.29 (0.20 to 0.38)

Low (n = 109)
agreement 44
sensitivity/specificity (%) 40.4/90.7
High (n = 28)
agreement 6
sensitivity/specificity (%) 21.4/99.2
Normal (n = 554)
agreement 495
overestimation 5
underestimation 54

0.28 (0.19 to 0.37) 0.25 (0.16 to 0.34)

39 32
35.8/91.2 29.4/93.8
6 6
21.4/99.2 21.4/98.8
502 511
5 7
47 36

2Cl, confidence interval.

Table 4. Predictors and risk of under- or overestimation of iCa by noncorrected tCa: Univariate and multivariate logistic

regression analysis

Underestimation

Overestimation

Parameter Univariate Analysis

(OR [95% CI))

Multivariate Analysis
(OR [95% CI])

Univariate Analysis
(OR [95% ClI])

Multivariate Analysis
(OR [95% CI])

Age (by 10 yr) 0.86 (0.74 to 1.00)*
Albumin (g/L) 0.93 (0.90 to 0.97)2
tCO, (mmol/L) 0.79 (0.73 to 0.86)*
GFR (ml/min per 1.73 m?) 0.98 (0.95 to 1.00)®

0.93 (0.72 to 1.20) )
0.94 (0.90 to 0.98)° 0.92(0.88 to0 0.97)°
0.72 (0.62 to 0.82)° )
1.02 (0.98 to 1.05) )

1.26 (1.05 to 1.51)? 1.23(0.54 t0 2.78)
0.94 (0.66 to 1.02)
1.37 (0.91 to 2.06)

( )

0.95(0.88 to 1.03

(
1.02 (0.94 to 1.10
0.98 (0.91 to 1.05

2P < 0.05.

rated in the model than when venous pH was (205 versus 218;
P <0.05).

We also performed the analysis after excluding patients
with plasma albumin concentration <30 or >50 g/L (Supple-
mental Table 2). In those patients, plasma albumin concentra-
tion was not any more a risk factor for underestimation. This
might indicate that patients with albumin concentration >30
g/L do not need correction for albumin.

To provide a more quantitative analysis and evaluate
whether the results of the logistic regression could be the con-
sequence of the arbitrary cutoffs for normal used in the logistic
regression, we performed multivariate linear regression analy-
sis to identify the determinants of noncorrected tCa, expressed
as z score (Supplemental Table 3). The purpose was to identify
which variables determined, besides iCa expressed as z score,
how extreme tCa was compared with the normal range. The
analysis included the same factors as in Table 4. When tCa
underestimated iCa (z score tCa — z score iCa <0), iCa, albu-
min and tCO, concentrations, and age were positively corre-
lated with tCa: A lower tCa was independently predicted by
lower iCa, plasma albumin or tCO, concentrations, and
younger age. When tCa overestimated iCa (difference in z
scores >0), no variable but iCa correlated with tCa. The results
of the linear regression analysis were thus consistent with those
of the logistic regression analysis.

Tables 5 and 6 display the results of univariate and multi-
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variate logistic regression analysis predicting under- or overes-
timation when albumin-corrected tCa, formula 1 or 2, respec-
tively, was used instead of iCa. In multivariate analysis, the risk
for underestimation was increased only by lower tCO, concen-
tration. The risk for overestimation was increased by lower
albumin concentration. In multivariate linear regression anal-
yses (Supplemental Tables 4 [dependent variable: z score albu-
min-corrected tCa, formula 1] and 5 [dependent variable: z
score albumin-corrected tCa, formula 2]), iCa, age, and tCO,
concentration but not albumin significantly correlated with
albumin-corrected tCa, formula 1 or 2, when albumin-cor-
rected tCa underestimated iCa. When albumin-corrected tCa
overestimated iCa, iCa positively correlated with albumin-cor-
rected tCa, formulas 1 and 2, and albumin negatively corre-
lated only with albumin-corrected tCa, formula 2.

DISCUSSION

The main observations in this study are that albumin-cor-
rected tCa does not perform better than noncorrected tCa in
predicting iCa abnormalities and that tCa displays a poor sen-
sitivity for the diagnosis of either hypo- or hypercalcemia. This
is mainly explained by the failure to take into account tCO,
concentration and overcorrection by the formulas correcting
for albumin concentration.

J Am Soc Nephrol ee : —, 2008
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Table 5. Predictors and risk of under or overestimation of iCa by albumin-corrected tCa, formula 1: Univariate and

multivariate logistic regression analysis®

Underestimation

Overestimation

Parameter Univariate Analysis

(OR [95% ClI])

Multivariate Analysis
(OR [95% ClI])

Univariate Analysis
(OR [95% ClI])

Multivariate Analysis
(OR [95% ClI])

Age (by 10 yr)

Albumin (g/L)

tCO, (mmol/L)

GFR (ml/min per 1.73 m?)

0.87 (0.74 to 1.01)
0.98 (0.93 to 1.02)
0.79 (0.73 to 0.86)°
0.98 (0.96 to 1.00)°

0.89 (0.69 to 1.15) )
1.04 (0.95 to 1.13) 0.91(0.87 to 0.95)°
0.72 (0.62 to 0.83)° )
1.02 (0.99 to 1.05)

1.20(1.00 to 1.42 1.10 (0.56 to 2.16)
0.75 (0.63 to 0.90)°
1.34 (0.95 to 1.91)

0.94 (0.88 to 1.10)

0.99 (0.92 to 1.08
0.97 (0.91 to 1.03)

#tCa value was corrected by formula 1 only in patients with plasma albumin concentration <35 g/L; in patients with plasma albumin concentration =35 g/L, the

measured, noncorrected value was used in the analysis.
bp < 0.05.

Table 6. Predictors and risk of under- or overestimation of iCa by albumin-corrected tCa, formula 2: Univariate and

multivariate logistic regression analysis®

Underestimation

Overestimation

Parameter Univariate Analysis Multivariate Analysis Univariate Analysis Multivariate Analysis
(OR [95% CI]) (OR [95% CI]) (OR [95% ClI]) (OR [95% ClI])
Age (by 10 yr) 0.91(0.77 to 1.08) 0.91(0.70 to 1.18) 1.23 (1.04 to 1.45) 1.05 (0.56 to 1.98)
Albumin (g/L) 1.04 (0.98 to 1.10) 1.07 (0.89 to 1.18) 0.88 (0.85 to 0.92)° 0.73 (0.61 t0 0.88)°
tCO, (mmol/L) 0.81(0.75 to 0.89)° 0.74 (0.64 to 0.85)° 1.00 (0.94 to 1.08) 1.42(1.01 to 2.00)

GFR (ml/min per 1.73 m?) 0.98 (0.96 to 1.00)°

1.01 (0.98 to 1.05)

0.96 (0.91 to 1.02) 0.93 (0.87 to 1.00)

tCa value was corrected by formula 2 only in patients with plasma albumin concentration <35 g/L; in patients with plasma albumin concentration =35 g/L, the

measured, noncorrected value was used in the analysis.
PP < 0.05.

The K/DOQI clinical practice guidelines recommend mea-
surement of tCa because of poor reproducibility of iCa mea-
surement, easier performance in clinical practice, and lower
cost. In fact, reliable measurement of iCa is more demanding
than that of tCa and requires appropriate sampling and han-
dling. Blood should be sampled anaerobically, and the mea-
surement should be performed as soon as possible to avoid loss
of CO, from the sample with subsequent changes in pH. When
samples are handled in this way, the pH of the sample is in fact
very close to the actual extracellular pH of the patient, and the
day-to-day reproducibility of iCa measurement is quite good
with a variation coefficient <29%, very similar to that of tCa.>-*
K/DOQI guidelines also recommend correction for albumin
when plasma albumin concentration is low and provide two
formulas for the correction.

In this study, the diagnostic performances of noncorrected
and albumin-corrected tCa in predicting low, normal, or high
values of iCa are rather low. Particularly, the performances in
recognizing abnormalities of iCa concentration (hypo- or hy-
percalcemia) are dramatically weak: Approximately one third
of patients with hypocalcemia only and one fifth of patients
with hypercalcemia only had a correct diagnosis on the basis of
the measurement of tCa.

By both logistic and linear regression analyses, we found
that low albumin and tCO, concentrations were indepen-
dent risk factors of underestimation of blood Ca concentra-
tion when noncorrected tCa was measured. GFR, a signifi-
cant risk factor for underestimation in univariate logistic
analysis, was no more significant in multivariate analysis;

J Am Soc Nephrol ee : —, 2008

the likely reason is that the prevalence of low tCO, concen-
tration increases with decreasing GFR, accounting for the
association between GFR and the risk for underestimation.
Low plasma pH is also an independent factor predicting
underestimation; however, in our model, tCO, concentra-
tion was a better predictor than plasma pH, suggesting that
pH measurement is less reliable than tCO, measurement.
Younger age was also a factor of underestimation, in linear
regression analysis only, but we unfortunately have no ex-
planation to provide.

That low albumin and low tCO, concentrations are inde-
pendent risk factors for underestimation was expected be-
cause, in steady state, both factors decreased the amount of
albumin-bound Ca without affecting the iCa concentration.
Interestingly, when we analyzed the performance of noncor-
rected tCa, restricted to patients with albumin concentration
between 30 and 50 g/L, plasma albumin concentration no
longer predicted underestimation. Accordingly, when the per-
formances of albumin-corrected tCa were evaluated, the sole
independent risk factor of underestimation (besides age in lin-
ear regression analysis) was lower tCO, concentration: Formu-
las 1 and 2 efficiently correct tCa concentration for low albu-
min concentration, but they did not improve prediction of iCa
concentration because they did not take into account tCO,. In
fact, the percentage of patients in whom noncorrected Ca or
albumin-corrected Ca, formula 1 or 2, underestimated iCa was
similar (Table 3). More generally speaking, these results sug-
gest that a formula that does not correct tCa for both low al-
bumin and low tCO, concentrations fails to predict accurately

Estimating Blood Ca in CKD 5
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the iCa concentration, at least when used in patients with
stages 3 to 5 CKD.

Interestingly, low albumin concentration also was a risk fac-
tor of overestimation when formula 1 (in logistic regression
only) or 2 (in both logistic and linear regressions) was used as
estimators of blood Ca concentration. This indicates that both
formulas may overcorrect Ca concentration.

Two recently published studies assessed the performance of
albumin-corrected tCa in the diagnosis of blood Ca distur-
bances in dialysis patients.'®!! The authors of the first report,
based on 50 patients, concluded that none of the published
formulas improved the performance beyond that of noncor-
rected tCa.'° The authors of the second report, based on 34
patients, found, as in this study, that the use of albumin-cor-
rected Ca led to an underestimation of the prevalence of hy-
pocalcemia and an overestimation of the prevalence of hyper-
calcemia.!’ Accordingly, the authors concluded that the use of
albumin-corrected Ca may lead to inappropriate clinical deci-
sions.

To our knowledge, ours is the first report on the perfor-
mance of noncorrected and albumin-corrected tCa in a large
cohort of patients with stages 3 to 5 CKD, excluding dialysis
patients. As in the latter, we observed that correction for albu-
min did not improve the diagnostic performance of tCa.
Likely, the main reason is that the correction formulas were
developed in unselected patients, not specifically devoted to
patients with CKD. That low tCO, concentration was as prev-
alent in our population as low albumin concentration clearly is
key to the observation that albumin-based formulas do not
improve the prediction of abnormal iCa concentration. The
consequence is that 60 to 70% of patients with CKD and hy-
pocalcemia and almost 80% of patients with CKD and hyper-
calcemia would not receive an appropriate treatment in the
absence of iCa measurement.

In conclusion, neither noncorrected nor albumin-cor-
rected tCa seems to predict correctly low or high iCa concen-
trations in patients with stages 3 to 5 CKD. The main reason is
that none of these estimators provides a correction for the
prevalent metabolic acidosis, which increases the risk for un-
derestimation, and that albumin-based correction formulas
overcorrect tCa concentration, increasing the risk for overes-
timation; therefore, we propose not using albumin-corrected
tCa in patients with CKD. An accurate assessment of blood Ca
concentration requires the measurement of iCa at actual pH in
patients with low tCO, and/or plasma albumin concentra-
tions.

CONCISE METHODS

Patients

From January 2000 to July 2006, 691 consecutive patients who had
stages 3 to 5 CKD and were not yet on dialysis were studied at their
enrollment in the NEPHROTEST Cohort. Kidney transplant recipi-
ents were excluded. The NEPHROTEST cohort is a prospective co-
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hortincluding all adult patients who had CKD and underwent a yearly
extensive check-up in two departments of physiology and nephrology
in the Paris area. The NEPHROTEST cohort study was approved and
sponsored by the French Ministry of Research and INSERM. All pa-
tients provided written informed consent for long-term handling of
frozen blood-derived samples and for research use of prespecified
clinical and biologic data. The study was conducted in accordance
with good clinical practice guidelines.

Venous blood was collected in the morning after overnight fasting
through an indwelling catheter inserted in a large vein of the forearm.
Whenever possible, a tourniquet was not applied. When necessary, it
was released at least 1 min before blood collection. Blood for Ca mea-
surement was collected in a nonheparinized, dry tube. All other sam-
ples were collected in heparinized tubes. Samples were handled on ice
until centrifugation within 30 min after sampling. Serum was anaer-
obically sampled from the tube for immediate measurement of iCa
concentration. Plasma tCa and albumin concentrations were mea-
sured on the same day. The remaining plasma was aliquotted and kept
frozen at —20°C until measurement.

For verification that collection in nonheparinized, dry tubes did
not affect the pH of the sample, blood was also collected from 61
unselected consecutive patients, at the same time, on a self-filling
blood sampler containing 60 IU of balanced heparin, transported on
ice to the laboratory, and immediately assayed on the same gas ana-
lyzer. The mean difference in pH measured in the two samples was
0.01 £ 0.02 pH units, and the mean difference in Paco, was 1.3 = 3.1
mmHg. After blood sampling, renal clearance of (51)Cr-EDTA was
determined as described previously.!2-13

Analytical Methods

iCa concentration, pH and Pco, were measured on an ABL 555 ana-
lyzer (Radiometer, Copenhagen, Denmark). The considered value of
iCa concentration was that measured at the actual pH of the patient,
not the calculated value, corrected for pH 7.4. Plasma tCa was mea-
sured by atomic absorption spectrometry (Model 3110; Perkin-
Elmer, Norwalk, CT) and plasma albumin and phosphate by
colorimetric methods (bromocresol green for albumin and phospho-
molybdate complex for phosphate). Plasma tCO, concentration was
measured by a specific electrode. Coefficients of variation (between-
assay) were 0.9 = 0.2% for tCa and 1.1 * 0.4% for iCa.

Calculations
Albumin-corrected Ca was calculated according to the two formulas
provided in the K/DOQI guidelines?:

Albumin-corrected tCa, formula 1 = tCa + 0.0176 X (34 — Alb)4
Albumin-corrected tCa, formula 2 = tCa + 0.02 X (40 — Alb)

where tCa is the plasma concentration of tCa, expressed in
mmol/L, and Alb is the plasma concentration of albumin, ex-
pressed in g/L. Correction was performed only when plasma
albumin concentration was <35 g/L.!>

Statistical Analysis
Normally distributed variables were expressed as means = SD and
compared with one-way ANOVA; intergroup comparisons were per-
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formed by unpaired ¢ test and Bonferroni correction for the level of
significance. Categorical variables are presented as distribution (i.e.,
frequencies and percentages) and compared with x> test. Measured
GFR was used as a continuous variable.

Each patient was classified into one of three categories (hypocal-
cemia, hypercalcemia, or normal Ca concentration) on the basis of
iCa measurement. When the patient could be classified in the same
category on the basis of tCa (either albumin corrected or noncor-
rected), both values were considered in agreement; otherwise, tCa
either overestimated (high tCa and normal iCa concentrations, or
normal tCa and low iCa concentrations) or underestimated (low tCa
and normal iCa concentrations, or normal tCa and high iCa concen-
trations). The global performance of tCa to predict low, normal, or
high iCa concentration was assessed using k test.!6 The sensitivity and
specificity of each estimator to diagnose true hypo- or hypercalcemia
was also calculated. Univariate and multivariate logistic regression
analyses were performed to investigate the predictors of underestima-
tion and overestimation.

For comparison of iCa and tCa (either albumin corrected or non-
corrected), values were normalized by conversion to a z score allowing
direct comparison of values that have different normal ranges. Z score
calculations were performed as follows!%: The lower and upper values
of the normal range (1.15 and 1.32 mmol/L for iCa; 2.10 and 2.53
mmol/L for tCa) were treated as a 95% confidence interval and used
to calculate mean and SD. Each measured value was then converted to
a z score using the formula z score = (measured Ca — mean Ca)/SD.

The lack of agreement between tCa and iCa was separately quan-
tified by the calculation of the difference between tCa and iCa, both
expressed as z scores. A negative difference meant underestimation
and a positive difference overestimation. Multivariate linear regres-
sion analyses were performed to identify the determinants of tCa (ei-
ther noncorrected or albumin corrected) expressed as z score.

P < 0.05 was considered statistically significant. Statistical analyses
were performed using SAS software, version 9.1 (SAS institute, Cary,
NC).
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