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Abstract

Purpose Free calcium is the gold standard for diagnosis of calcium disorders, although calcium assessment is routinely
performed by albumin-adjusted calcium. Our objective was to develop a novel-specific correction equation for free calcium
employing serum total calcium and other analytes.

Methods Retrospective single-center cohort study. A new equation for free calcium assessment was formulated from data
of hospitalized patients (n =3481, measurements =7157) and tested in a validation cohort (n=3218, measurements =6911).
All measurements were performed simultaneously from the same blood draw.

Results Total CO, and phosphate, in addition to albumin, were the principal factors associated to calcium misdiagnosis.
A novel laboratory-specific prediction equation was developed: free calcium (mmol/L)=0.541+ (total calcium [mmol/L]
*0.441) — (serum albumin [g/L] *0.0067) — (serum phosphate [mmol/L] *0.0425) — (CO, [mmol/L] *0.003). This new equa-
tion substantially improved adjusted R? to 0.67 (95% CI 0.78-0.82, p <0.001; Kendall’s c-tau: 0.28, p <0.001). Bland—Altman
plots of estimated free calcium and free calcium showed a mean difference of — 0.0006 mmol/L (LOA +0.126 to — 0.124).
In validation cohort, the AUC-ROC curves for hypercalcemia and hypocalcemia diagnosis deploying the new equation were
0.88 (95% CI 0.86-0.89, p <0.001) and 0.98 (95% CI 0.97-99, p <0.001), respectively, which were superior to historical
formulas for calcium. In univariate models, eGFR was associated with Ca-status misdiagnosis, yet this association disap-
peared when analysis was adjusted to phosphate and CO,.

Conclusions The novel equation proposed for prediction of free calcium could be useful when free calcium is not available.
The conventional formulas misclassify many patients, in particular when phosphate or bicarbonate disturbances are present.
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Introduction

Direct measurement of free, hydrated divalent calcium
cation in serum or plasma (commonly refer as ionized cal-
cium) is considered the gold standard for diagnosis of cal-
cium disorders [1]. Nevertheless, calcium-status assessment
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cost-effectiveness [2].

Calcium circulates freely in blood (~50%), bound to
plasma proteins (~40%, predominantly albumin) or com-
plexed with anions such as phosphate, bicarbonate, citrate,
and lactate (~ 10%) [3]. Hyperphosphatemia, acidosis, and
other metabolic disarrangements modify calcium binding
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and increase the risk of calcium-status misdiagnosis when
assessment is performed by albumin-adjusted calcium. The
discrepancy between total/albumin-adjusted and free cal-
cium has arisen events of “hidden hypercalcemia” (high free
calcium with normal or low total calcium/albumin-adjusted
calcium) and “hidden hypocalcemia” (low free calcium with
normal or high total calcium/albumin-adjusted calcium). In
hemodialysis patients, hidden hypercalcemia is associated
with a higher mortality risk [4].

The primary aim of the present study was to develop a
novel laboratory-specific correction equation for free cal-
cium prediction according to estimate-regression coefficients
of linear models taking into account other relevant explana-
tory variables such as acid-base status, phosphatemia,
and kidney function calculated from data of hospitalized
patients. The secondary aim was to determine laboratory
factors related to discordant calcium-status diagnosis.

Materials and methods

This is a retrospective study from a single tertiary-care
center in Mexico City. Two cohorts were selected to develop
the new equation: an initial derivation cohort (January 1st,
2018-December 31st, 2018) and a validation cohort (Janu-
ary Ist, 2019—December 15th, 2019). Derivation and valida-
tion cohorts included 3481 and 3218 hospitalized patients
aged > 18 years to whom simultaneous measurements of
free calcium and total serum calcium were performed from
the same blood draw. These initially selected subjects were
further screened for serum concentrations of albumin, phos-
phate, bicarbonate, creatinine, blood-urea nitrogen, pH (arte-
rial or venous), lactate, total CO,, and magnesium, obtained
in the simultaneous blood drawing. To ensure reliability,
we excluded outlier free calcium measurements (n=8) that
were < 0.1 or>99.9 percentile of observed free calcium
(<0.2 or>9.98 mmol/L [<0.8 or>40.04 mg/dL]) in both
cohorts. All outliers’ values excluded were clearly invalid
measurements according to repeated calcium values on the
same subject and other clinical characteristics. Calcium
measurements from subjects with incomplete data (n=125)
and those processed after 2 h of puncture (n=34) were also
excluded.

All blood samples were drawn using uniform techniques,
determined simultaneously on the same serum sample, and
analyzed in a central laboratory typically within 10-15 min
after obtaining the sample, according to our institutional
protocol. Serum-free calcium was measured by the poten-
tiometric method with ion-selective electrodes by ABL90
instruments, Radiometer Medical, standardized at pH 7.40
(Copenhagen, Denmark).

The reference range for free calcium was
1.07-1.3 mmol/L (4.3-5.2 mg/dL), limits: 0.2-9.98 mmol/L
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(0.8-40.04 mg/dL). The within-run and between-run coef-
ficient variation (CV) were 1.9% and 1.9%, respectively,
at a free calcium level of 0.75 mmol/L (3 mg/dL). The
within-run and between-run CV were 1.4% and 1.6% at a
free calcium level of 1.75 mmol/L (7 mg/dL). Hypercalce-
mia by free calcium levels was defined as > 1.30 mmol/L
(>5.3 mg/dL) [5]. Mild hypocalcemia was defined as
1-1.06 mmol/L (4.0-4.29 mg/dL), moderate hypocalcemia
as 0.8-0.99 mmol/L (3.2-3.9 mg/dL), and severe hypocal-
cemia as a free calcium < 0.8 mmol/L (< 3.2 mg/dL) [6].

Total calcium was assayed using Arsenazo III rea-
gent colorimetric method on fully automated modu-
lar instrument (reference range 2.15-2.57 mmol/L
(8.6—10.3 mg/dL), Beckman Coulter, USA). The within-
run and between-run CV was 2% and 2.5%, respectively,
at a concentration 2.57 mmol/L (10 mg/dL). Hypocal-
cemia by total calcium and albumin-adjusted calcium
were classified as mild 2.0-2.14 mmol/L (8.0-8.59 mg/
dL), moderate 1.87-1.99 mmol/L (7.5-7.99 mg/dL), and
severe < 1.87 mmol/L (7.5 mg/dL) [7]. Estimated glomeru-
lar filtration rate (eGFR) was performed by CKD-EPI for-
mula [8]. The study was approved by the institutional review
board (reference number 3204). Patients’ written informed
consent was exempted because of the retrospective nature
of study.

Means and standard deviations or medians and inter-
quartile range are described for continuous variables, and
frequency and percentages are reported for discrete vari-
ables. According to the STROBE guidelines, significance
tests were avoided in descriptive tables. The normality of
data was checked using Kolmogorov—Smirnov test. Loga-
rithmic transformation was performed to variables with
non-parametric distribution. Hidden hypocalcemia and
hidden hypercalcemia were defined as a normal value of
albumin-adjusted calcium/total calcium with a free cal-
cium value < 1.07 or>1.30 mmol/L (<4.3 or>5.2 mg/
dL), respectively. Factors related to calcium-status misdi-
agnosis were established using logistic regression analysis.
Concordances of calcium-status diagnosis were evaluated
using kappa coefficient and C-Kendall’s Tau [9]. Agreement
between free calcium and estimated free calcium with the
new formula was compared using Bland—Altman limits of
agreement (LOA).

Univariate analysis by linear regression was performed
taking free calcium converted on z-scores as the dependent
variable. Independent variables were tested and those with
a p value <0.15 were selected to perform a further multiple-
linear regression analysis (stepwise approach). Intraclass
concordance coefficient values were calculated as a measure
of reliability. We evaluated six models to develop a novel
correction equation and assessed the predictive ability of the
new formulas compared to other formulas in both cohorts by
adjusted R? with 95% CI based on all bootstrap samples. All
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models included parameters commonly measured in serum
chemistry studies. Akaike’s information criterion (AIC) was
calculated for each model and used as model fitness com-
parator for each model. The model with reduced number of
predictors was obtained. Total CO, values were employed
in calculations instead of venous bicarbonate, to avoid blood
gas determinations given that free calcium is commonly
reported in blood gas analysis in which case the formula
would not be necessary. Receiver-Operating Characteristic
(ROC) curve analyses were performed to compare the area
under curve (AUC) for diagnosis of calcium status (hypo-
or hypercalcemia) between published formulas employed
to correct calcium, including our new models. All models
were succinctly electronically organized, and a free mobile
application was deployed into iOS and Android platforms
(Apple, Cupertino, CA, USA and the Google Play Store,
Mountain View, CA, USA). Statistical analysis and graph-
ics were performed with SPSS 21.0 software (SPSS Inc.,
Chicago, IL, USA) and Graphpad prism 5 (San Diego, CA,
USA), respectively. The results were considered statistically
significant when p <0.05.

Results

In total, we analyzed 7157 and 6911 blood measurements
from 3481 and 3218 subjects in the derivation and the vali-
dation cohort, respectively. In Table 1, demographic and
clinical data, including age, sex, and hospitalization diag-
nosis, from medical records are presented. No clinically
meaningful differences were observed between cohorts.
In the derivation cohort, hypercalcemia and hypocalcemia
according to venous free calcium were present in 3.8% (279)
and 22% (1606) measurements, respectively. In the valida-
tion cohort, 5.5% (381) and 20% (1435) measurements were
classified as hypercalcemia and hypocalcemia, respectively.

Total calcium and albumin-adjusted calcium misclassify
calcium status frequently in both cohorts. In derivation cohort,
141 (141/279, 50%) and 60 (60/279, 21%) measurements were
incorrectly diagnosed as non-hypercalcemic using total cal-
cium and albumin-adjusted calcium, respectively. Likewise,
255 (255/1606, 16%) and 946 (946/1606, 59%) were incor-
rectly categorized as non-hypocalcemic using total calcium
and albumin-adjusted calcium, respectively (Supplementary
Tab. 1). The agreement of calcium status between free cal-
cium and total calcium or albumin-adjusted calcium was fair
(x=0.26 and k¥ =0.36, respectively, both p <0.001). Kendall’s
c-tau correlations were 0.19 and 0.23 for total calcium and
albumin-adjusted calcium, respectively. The Spearman corre-
lations between free calcium vs. total calcium and free calcium
vs. albumin-adjusted calcium were 0.66 and 0.67, respectively
(p<0.001); the adjusted R? between free calcium vs. total cal-
cium and free calcium vs. albumin-adjusted calcium were 0.48

(slope=0.29, 95% CI 0.28-0.30) and 0.58 (slope=0.44, 95%
CI10.43-0.46), respectively (Fig. 1A and B).

In derivation cohort, hidden hypercalcemia diagnosis
occurred in 141 (2%) and 60 (0.8%) according to total cal-
cium and albumin-adjusted calcium. The principal risk fac-
tor associated with hidden hypercalcemia diagnosis was CO,
value using total calcium or albumin-adjusted calcium for
diagnosis (Supplementary Tab. 2). A CO, value < 18 mmol/L
had an OR of 4.0 (95% CI 2.5-6.3, p<0.001) for hidden
hypercalcemia diagnosis when albumin-adjusted calcium
was employed. A CO, value < 15 mmol/L increases the OR
t0 5.1 (95% CI1 3.0-8.5, p <0.001). Besides CO,, magnesium
was the other factor independently related to hidden hyper-
calcemia diagnosis. A serum magnesium >0.91 mmol/L
(>2.2 mg/dL) had an OR of 2.1 (95% CI 1.4-3.4, p<0.001).
A low serum phosphate (<0.81 mmol/L [<2.5 mg/dL]) was
associated with a slight risk increase of hidden hypercalce-
mia diagnosis (OR 1.64, 95% CI 1.11-2.41, p: 0.013) only
when total calcium was employed for calcium diagnosis.
Hidden hypocalcemia was present in 255 (3.6%) and 946
(13.2%) measurements according to total calcium or albu-
min-adjusted calcium, respectively. When albumin-adjusted
calcium was utilized for diagnosis, high phosphate levels
and high CO, were associated with hidden hypocalcemia
(Supplementary Tab. 3). A serum phosphate concentra-
tion> 1.42 mmol/L (> 4.4 mg/dL) had an OR of 1.75 (95%
CI 1.51-2.04, p<0.001), and a phosphate > 1.78 mmol/L
(>5.5 mg/dL) increased the OR to 2.10 (95% CI 1.75-2.52).

In the derivation cohort, subjects (n=1532, 44%) with
eGFR < 60 mL/min/1.73m? in the context of CKD and/or
AKI were older and had a higher concentration of total cal-
cium, phosphate, CO,, and pH, among others (Supplemen-
tary Tab. 4). These subjects had more measurements with
misdiagnosis of calcium status compared with those with
eGFR > 60 mL/min/1.73m? (1819 (45%) vs. 1221 (18%)
respectively, p=0.001). A low eGFR was associated to hid-
den hypocalcemia (eGFR < 60 mL/min/1.73m? had an OR
1.46,95% CI 1.27-1.68; eGFR < 30 mL/min/1.73m? had an
OR 1.60, 95% CI 1.37-1.86; both with p <0.001). Neverthe-
less, this low eGFR association did not have an independ-
ent association with calcium misdiagnosis given that these
associations were modified according to phosphate levels
and CO, value in multivariate analysis (see below). In 358
(23%) subjects with eGFR < 60 mL/min/1.73m? and nor-
mal values of albumin, phosphate, and CO,_only 45 (0.7%)
measurements had an incorrect diagnosis of calcium status.

Development of new formula
We performed a multivariate linear regression analysis with

Akaike’s information criterion to model formulas (Table 2).
The univariate analysis found nine variables to predict free
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Table 1 Characteristics of

o R Derivation cohort Validation
derivation and validation (n=3481 subjects, 7157 cohort
cohorts samples) (n=3218

subjects, 6911

samples)
Age, years 55+19 53+18
Female, n 1566 (45) 1673 (52)
BMI, kg/m? 28.3+5.8 27.2+6.5
Diabetes, n (%) 1183 (34) 1029 (32)
Hypertension, n (%) 1044 (30) 837 (26)
Chronic liver disease, n (%) 870 (25) 869 (27)
Chronic lung disease, n (%) 31 (0.9) 16 (0.5)
Immunosuppression, n (%) 731 (21) 740 (23)
Sepsis, n (%) 1218 (35) 1094 (34)
Charlson index 3(1-5) 4 (1-5)
Reason for hospitalization
Operative 1566 (45) 1480 (46)
No operative 1914 (55) 1737 (54)

Free calcium, mmol/L*
Total calcium, mmol/L
Albumin, g/L
Albumin<35 g/L, n
Venous pH

Venous HCO;, mmol/L
Venous pCO,, mmHg
Lactate, mmol/L

1.12 (1.07-1.17)
2.07 (1.92-2.30)
30 (24-38)

1566 (45)

7.4 (7.35-7.44)
22.5(19.3-25.3)
37.8 (32.4-42.7)
0.19 (0.14-0.29)

1.15 (1.10-1.20)
2.00 (1.85-2.12)
26 (22-30)

1577 (49)

7.4 (7.34-7.42)
22.4(19.9-25.7)
39.8 (31.0-44.9)
0.16 (0.13-0.31)

Serum creatinine, pmol/L 88 (62-159) 80 (62-133)
eGFR, mL/min/1.73m? 70 (33-102) 78 (36-98)
Subjects with eGFR < 60 mL/min/1.73m?, n 1532 (44) 1609 (50)
Subjects with eGFR < 30 mL/min/1.73m?, n 801 (23) 644 (20)
Subjects with eGFR < 15 mL/min/1.73m?, n 418 (12) 450 (14)

Total CO,, mmol/L 22 (19-25) 22 (19-25)
BUN, mmol/L 8.9 (5.4-16) 10 (5-16)
Serum phosphate, mmol/L 1.13 (0.9-1.42) 1.1 (0.84-1.52)
Subjects with serum phosphate <0.71 or> 1.42 mmol/L, 1114 (32) 1415 (41)

n

Magnesium, mmol/L

0.86 (0.78-0.95) 0.86 (0.78-1.03)

BMI body mass index, CKD chronic kidney disease, BUN blood-urea nitrogen, eGFR estimated glomerular

filtration rate

*Mean venous free calcium in derivation cohort was 1.12+0.12 mmol/L in men and 1.12+0.10 mmol/L
in women. Continuous variables are expressed as mean+ SD or as median (25th—75th percentile), and cat-
egorical variables are expressed as n (%)

calcium: transformed age (log age: F=9.26, f=0.125,
p=0.002), sex (male F=13.01, #=0.001, p<0.001), trans-
formed pH (log pH: F=— 15.45, f=— 6.48, p:0.002),
transformed venous pCO, (log pCO,: F = 17.54, =0.30,
p <0.001), transformed albumin (log albumin F=196.75,
$=0.71, p<0.001), transformed serum creatinine (log creati-
nine F=83.16, f=— 0.17, p<0.001), transformed CO, (log
CO,: F=0.56, f=0.48, p<0.001), transformed phosphate
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(log phosphate: F=144.72, f=— 0.462, p>0.001), and
transformed magnesium (log magnesium: F=6.28, $=0.202,
p:0.012). We identified only three independent variables to
predict free calcium in addition to total calcium: serum albu-
min, phosphate, and CO,.

Based on these models, we developed the following equa-
tion converted into International System of Units with a sub-
stantially improved adjusted R* (0.65):
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A Total calcium vs. free calcium
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Free calcium, mmol/L

Free calcium=2.066+0.2978*(Total Ca)
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B Albumin-adjusted calcium vs. free calcium
25

g
o

o

o

Free calcium, mmol/L

b
o

Free calcium=0.420+0.4476*(Alb-adj Ca)
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c Estimated free calcium (new formula) vs.
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Fig. 1 Scatterplot of free venous calcium compared to total calcium
(A), albumin-adjusted calcium (B), and estimated free calcium (C)

Free calcium (mmol/L) =0.541 + (total calcium [mmol/L] + 0.441)
—(serum albumin [g/L] * 0.0067)
—(serum phosphate [mmol/L]| * 0.0425)
—(CO,[mmol/L| * 0.003)

Equation for free calcium converted to conventional units

Free calcium (mg/dL) =2.17 + (total calcium (mg/dL) = 0.441)
—(serum albumin (g/dL) * 0.267)
—(serum phosphate (mg/dL) s 0.055)
— (CO,(mmol/1) 0.012).

We evaluated other models according to data availability,
model 1 includes 4 variables, model 2 and 3, 2 variables,
and model 4-6 only 1 variable (Table 2). The model with
4 variables substantially improves adjusted R? (0.65, 95%
CI 0.78-0.82, p <0.001, slope=0.99 95% CI 0.98 to 1.02,
Fig. 1C) as compared to total calcium and albumin-adjusted
calcium calculation which were less than 0.60. Bland—Alt-
man plots of estimated free calcium by the formula with 4
variables showed a bias of — 0.0006 mmol/L (LOA +0.126
to — 0.124) and performed better than other models with
less variables (Fig. 2). For diagnosis of hypocalcemia and
hypercalcemia, concordance index and AUC ROC curved
for estimated free calcium with new formula were supe-
rior to total calcium or albumin-adjusted calcium (Fig. 3).
The performance of the new formula was superior to detect
hypocalcemia (free calcium < 1.07 mmol/L [< 4.3 mg/dL])
vs. hypercalcemia (free calcium > 1.3 mmol/L [>5.2 mg/
dL]) with an AUC ROC 0f 0.92 (95% CI 0.89-0.94) Vs 0.84
(95% CI 0.82-0.84), respectively. The number of hidden
hypocalcemia measurements was inferior with the new for-
mula compared to albumin-adjusted calcium (780 vs. 946,
p<0.001). Setting an estimated free calcium upper limit of
1.3 mmol/L (5.2 mg/dL), 21% (60/279) cases with hypercal-
cemia by free calcium were misclassified as normocalcemic
according to the new formula. Even this number of miscues
was inferior to albumin-adjusted calcium, the difference was
not statistically significant (60 vs. 74, p: 0.22). Adjusting to a
cut-off point of > 1.25 mmol/L (> 5.0 mg/dL), the number of
hypercalcemia cases detected by the new formula increased
from 219 to 244 (AUC: 0.86, sensitivity: 99%, specificity:
79%, p <0.001).

Validation of the new formula

The new formula (4 variables) for estimated calcium con-
sistently performed better than total calcium and albumin-
adjusted calcium in the validation cohort. The model pro-
posed in the validation cohort was well calibrated; the R?
estimated shrinkage factor was 0.001 in all models tested.
The AUC-ROC for hypercalcemia and hypocalcemia
diagnosis deploying the new equation were 0.88 (95% CI
0.86-0.89, p <0.001) and 0.98 (95% CI1 0.97-99, p <0.001),
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Table 2 Models for prediction of free calcium according to variables identify as independent fitted in the derivation cohort

Alb-Adjusted Model 1 (4 vari- Model 2 (3 vari- Model 3 (3 vari- Model 4 (2 vari- Model 5 (2 vari- Model 6 (2
Calcium (2 vari- ables) ables) ables) ables) ables variables)
ables)*
Variables Tot Ca, Alb Tot Ca, Alb, P, Tot Ca, Alb, Tot Ca, Alb, & Tot Ca & Alb TotCa & P Tot Ca & CO,
included in the & CO, &P CO,
model:
Constant 0.42 2.127 (2.05 to 1.86 (1.79 to 1.77 (1.69 to 1.64 (1.57 to 2.30 (2.22 to 2.19 (2.11to
2.21) 1.93) 1.85) 1.71) 2.38) 2.28)
Total Cal- N/A 0.441 (0.430to  0.435 (043 to 0.445 (0.43 to 0.44 (0.43 to 0.29 (0.28 to 0.30 (0.29 to
cium (per 0.451) 0.45) 0.46) 0.45) 0.30) 0.31)
0.25 mmol/L)
Albumin (per N/A —-0.267 (=028 —-0.266(—0.28 —0.50(-028 —027(-0.28 NA N/A
10 g/L) to — 0.26) to — 0.25) to — 0.26) to — 0.26)
Phosphate (per  N/A —0.055(—0.06 —0.045(—-0.05 N/A N/A —0.05(-0.05 N/A
0.32 mmol/L) to — 0.05) to — 0.04) to — 0.04)
CO, (per N/A —0.012(-0.01 N/A —0.07 (= 0.008 N/A NA —0.01(-=0.01
1 mmol/L) to —0.01) to — 0.005) to — 0.003)
Derivation
cohort (7158
measurements)
Adjusted R? 0.59 0.67 0.64 0.62 0.61 0.51 0.48
Akaike’s 3985 3367 3546 3690 3792 4465 4632
information
criterion
Validation 9177
cohort (6911
measurements)
Adjusted R? 0.67 0.75 0.71 0.70 0.69 0.58 0.55
Akaike’s 3248 2576 2792 2936 3122 5257 5430
information
criterion

B coefficients and 95% CI of independent variables assessed in multivariate linear regression analysis are shown

Tot Ca total calcium, Alb albumin, P phosphate, CO, total CO,

respectively. Table 3 shows the agreement on classification
by calcemic status, area under curve, and likelihood ratio for
hypocalcemia and hypercalcemia diagnosis between the new
model (4 variables) and 7 equations for adjust calcium found
in previous publications (Supplementary Tab. 5 describes
each mathematical formulation) [10-16]. Historical equa-
tions which included total proteins in their calculations were
discarded due to the lack of total serum protein measure-
ments in the derivation cohort [17-19]. The new formula
was superior to other formulas for diagnosis of hypocal-
cemia when abnormal values of phosphate or CO, values
were present accordingly to 95% CI of AUC-ROC curves.
For hypercalcemia diagnosis, the formula described by Obi
et al. [16] and the new formula had a similar performance.
All models depicted in Table 2 were succinctly electroni-
cally organized, and a software was successfully deployed
into i0S (Apple, Cupertino, CA) platform (App “True Cal-
cium”, https://apps.apple.com/gt/app/true-calcium/id147
9639808). The new mobile application allows rapid free
calcium estimation, even if one or two data are missing.
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Discussion/conclusion

In this large, observational study of more than 6500 sub-
jects (derivation and validation cohorts), we developed and
validated a new equation for estimation of free calcium in
hospitalized patients. The new formula estimates free cal-
cium concentration not only by adjusting for serum albu-
min concentration, but also according to phosphate and CO,
serum concentrations. Compared to other equations previ-
ously published, our formula consistently showed a greater
correlations and concordance with calcium-status diagno-
sis, including severity of hypocalcemia and hypercalcemia.
Our results are consistent with those published previously
by Obi et al. [16], in which a calcium correction equation
for total calcium derived from 242 American-hemodialysis
patients incorporated phosphate and bicarbonate in its for-
mulations. Our new model is easily accessible to an appli-
cation of free access for physicians and could be automati-
cally implemented in laboratory results. We believe that free
calcium concentrations should always be measured directly.
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A Difference vs. average: Bland-Altman of
estimated free calcium (2 variables) vs free calcium

0.757

0.50

0.251
Mean +1.96 SD:
+0.142

Bias -0.026

0.5 2.0

Mean -1.96 SD:
-0.143
-0.251

Mean difference (mmol/L)

-0.50

-0.75-

Average of estimated free calcium and free calcium, mmol/L
(formula including 2 variables: Total Ca & Alb)

Difference vs. average: Bland-Altman of
estimated free calcium (3 variables) vs free calcium
0.75]

0.501

0.257
Mean +1.96 SD:
+0.137

1 Bias -0.0008
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Fig.2 Bland-Altman plots of measured free calcium and estimated
free calcium by new formula with 2 (A), 3 (B), and 4 (C) variables

Nevertheless, this is not always feasible for many reasons,
including laboratory performance, method availability, prac-
ticality of sample handling, lack of automated analysis, and
many recommendations by guidelines fail to underline the
necessity of this parameter [2].

Our results restate the fact that albumin-adjusted cal-
cium is inaccurate. More than 50% and 25% of hypocal-
cemia and hypercalcemia measurements, respectively, in
both cohorts were diagnosed as “false negatives” using
albumin-adjusted calcium for diagnosis. Other studies
have shown the poor association between total calcium
and albumin-adjusted calcium [20-22].

The principal risk factor for hidden hypercalcemia was
a low concentration of CO,. It is a well-known fact that
acid-base disorder can lead to changes in calcium status, and
the free calcium concentration may increase in metabolic
acidosis due to less albumin binding without an alteration in
the total serum calcium concentration [23]. A fall in pH of
1 unit will cause approximately a 0.4 mmol/L [1.6 mg/dL]
rise in the free calcium levels [24]. In patients with stages
3-5 CKD, a low total CO, concentration increases the risk
for underestimation of free calcium levels [21]. In renal
transplant recipients, the diagnosis of hidden hypercalce-
mia is missed in almost 80% which may be explained, at
least partly, by the fact that none of the used formulas pro-
vided a calcium correction for low CO, concentration [25].
Treatment with bicarbonate therapy or dialysis can lower the
free calcium level and precipitate symptoms such as tetany
in subjects with severe CKD, hypocalcemia and metabolic
acidosis [26]. In our study, the high prevalence of meta-
bolic acidosis (25%), defined as a venous HCO; concentra-
tion <22 mmol/L and a venous pH <7.35, and hyperphos-
phatemia (32%) may explain why metabolic acidosis was a
strong independent predictor of hidden hypercalcemia, while
hyperphosphatemia was a predictor of hidden hypocalcemia.

It is well known that phosphate and other anions increase
the ion-bound component of total calcium, although most of
the previous calcium formulas have ignored these confound-
ing factors. Our data are in line with the observations by Obi
et al. who demonstrated an important effect of phosphate in
free calcium concentrations from hemodialysis patients [4].
In vitro data suggest that the inverse relationship between
free calcium and phosphate may increase by 50% when
serum albumin concentrations is decreased from 40 to 20 g/L.
(the free calcium decreases 0.04 mmol/L per every mmol/L
of phosphate for albumin at 40 g/L and 0.06 mmol/L per
every mmol/L of phosphate for albumin at 20 g/L) [22]. An
abrupt increase in serum phosphate levels may increase the
risk of hypocalcemia [27]. There are reports of life-threat-
ening cardiac events related to hypocalcemia following an
abrupt increase in serum phosphate [28]. In a large cohort
of 14 772 hospitalized patients, disturbances in calcium
phosphate on admission were associated with in-hospital
mortality, and highest risk was observed when total calcium-
phosphate product were >45 mg®/dL? in both CKD and non-
CKD patients [29]. In other cohort of hospitalized patients,
changes in serum phosphate levels were significantly asso-
ciated with in-hospital mortality independently of changes
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Fig.3 Receiver-Operating Characteristic curve for diagnostic accuracy for diagnosis of hypocalcemia (A) and hypercalcemia (B) using free cal-

cium as gold standard in derivation cohort

in glomerular filtration rate [30]. We believe that the new
formula could improve the assessment of calcium changes
in subjects with phosphate disturbances.

Almost a quarter of hospitalized patients have an abnor-
mal calcium concentration according to reference values
of free calcium, usually mild hypocalcemia. It is possible
that the use of this new equation increases the number of
mild asymptomatic hypocalcemia cases, something already
observed when universal measurement of free calcium is
employed [6]. There is controversy over whether these cases
require medical treatment, in regard to evidence that links
low free calcium and protective/adaptative phenomena in
ill patients [31]. Further studies are needed to expand the
understanding of the importance of this high frequency of
hypocalcemia status.

Hypercalcemia diagnosis occurred at a low frequency
(< 5% in both cohorts). Nevertheless, hidden mild hyper-
calcemia cases occurred between 25 and 39%, even with
the new formula. When we decrease the cut-off value for
hypercalcemia diagnosis to 5.0 mg/dL [1.25 mmol/L] with
the new estimation, the rate of hidden hypercalcemia signifi-
cantly decreases. It is possible, that with the new formula, a
high borderline value (> 1.3 mmol/L [>4.9 mg/dL]) should
raise our suspicion about the presence of hypercalcemia.
Ideally, this value should be confirmed by a direct free cal-
cium measurement, to detect promptly hypercalcemia, a

@ Springer

modifiable risk factor for mortality and vascular calcifica-
tion, especially in patients with CKD [32].

In this paper, our model was validated for application
in heterogeneous clinical practice environments, including
patients with varying degrees of renal dysfunction. Kidney
diseases have been proposed as a risk factor for calcium
misdiagnosis [33, 34]. The concentration of free calcium
is dependent of many of biochemical parameters modified
by kidney disease such as acidosis, hyperphosphatemia, or
hypoalbuminemia, among others [35]. Unfortunately, most
of the formulas to adjust calcium are associated with sub-
stantial inaccuracy and erroneous diagnosis, especially in
chronic kidney disease patients [21, 36, 37]. For example,
some authors suggest do not employ albumin-adjusted cal-
cium formula, especially in patients with albumin below
30 g/L (3.0 g/dL) and impaired renal function [38]. A high
proportion (~30%) of end-stage renal disease (ESRD)
patients are incorrectly categorized as normocalcemic
by either total calcium or albumin-adjusted calcium. In
1536 patients with eGFR less than 60 mL/min/1.73m?,
the diagnostic accuracy of total calcium outperformed
all formulas [39]. In our study, we identified that only
the subpopulation with abnormal phosphate, CO,, and/
or magnesium concentrations had an increased risk of
calcium misdiagnosis when conventional formulas were
employed. Patients with kidney failure had more risk of
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calcium misdiagnosis, but in the multivariate analysis, this
association was confounded by the phosphate and CO, lev-
els, the two biochemical parameters associated with hid-
den hypocalcemia and hidden hypercalcemia, respectively.
From a practical point of view, the analysis shows that in
patients with kidney dysfunction but with normal levels
of albumin, phosphate, or CO,, the calcium status can be
determined with total calcium measurements without the
use of calcium correction formulas. Validation in larger
cohorts with more CKD patients, including more subjects
with end-stage renal disease, is warranted.

This study has limitations. While all samples are strictly
processed according to an institutional protocol, the large
size of samples processed daily in the hospital may be sub-
ject to bias: there is a risk of errors in sample collection
for anaerobic conditions to avoid pH change caused by loss
of carbon dioxide, time to centrifugation, and temperature
changes [23]. Fasting and circadian rhythm could be other
factors which modify measurements [40, 41]. Nevertheless,
all samples in this protocol were processed in significantly
less time than 6 h after venous puncture [42] and the dif-
ference in repeated samples from those that were repeated
was small. Other limitations of our study are: (i) we cannot
extrapolate our formula to measurements performed in other
laboratories, especially due to the effects of the altitude of
Mexico City (2250 m[7382 Ft] on gasometrical values and
CO, concentrations [41], (ii) the number of hypercalcemia
cases was low, which could modify the models obtained by
linear regression, (iii) we did not perform measures of total
proteins, globulins, or other explanatory variables that could
modify the binding of calcium properties, (iv) we did not
have data on whether the type of kidney disease was acute
or chronic due to the study design, and (v) bicarbonate and
total CO, concentrations were used interchangeably, which
could lead to bias. Nevertheless, the results of equation were
similar when bicarbonate was used instead of CO, in the
linear regression.

In conclusion, we calculated and validated a practical cor-
rection equation for free calcium in general population hos-
pitalized in one center. The novel equation proposed for pre-
diction of free calcium is superior to the albumin-adjusted
calcium equation and could be useful when free calcium
is not available. The conventional formulas currently used
in practice are inaccurate and misclassify many patients, in
particular when phosphate or bicarbonate disturbances are
present.
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