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Uncorrected and Albumin-Corrected Calcium,
Phosphorus, and Mortality in Patients Undergoing
Maintenance Dialysis

Matthew B. Rivara,* Vanessa Ravel,’ Kamyar Kalantar-Zadeh, ™ Elani Streja,Jr§ Wei Ling Lau,¥
Allen R. Nissenson,!" Bryan Kestenbaum,* lan H. de Boer,* Jonathan Himmelfarb,* and
Rajnish Mehrotra*

*Kidney Research Institute, University of Washington, Seattle, Washington; THarold Simmons Center for Chronic Disease
Research and Epidemiology, University of Califomnia Irvine Medical Center, Irvine, Califomia; *Division of Nephrology and
Hypertension, University of California Irvine Medical Center, Orange, California; $Fielding School of Public Health, University
of California Los Angeles, Los Angeles, California; 'Division of Nephrology, Department of Medicine, David Geffen School
of Medicine at University of California Los Angeles, Los Angeles, California; and 1DaVita, Inc., El Segundo, California

ABSTRACT

Uncorrected serum calcium concentration is the first mineral metabolism metric planned for use as a quality
measure in the United States ESRD population. Few studies in patients undergoing either peritoneal dialysis
(PD) or hemodialysis (HD) have assessed the association of uncorrected serum calcium concentration with
clinical outcomes. We obtained data from 129,076 patients on dialysis (PD, 10,066; HD, 119,010) treated in
DaVita, Inc. facilities between July 1, 2001, and June 30, 2006. After adjustment for potential confounders,
uncorrected serum calcium <8.5 and =10.2 mg/dl were associated with excess mortality in patients on PD or
HD (comparison group uncorrected calcium 9.0 to <9.5 mg/dl). Additional adjustment for serum albumin
concentration substantially attenuated the all-cause mortality hazard ratios (HRs) associated with uncorrected
calcium <8.5 mg/dl (HR, 1.29; 95% confidence interval [95% Cl], 1.16 to 1.44 for PD; HR, 1.17; 95% Cl, 1.13 to
1.20for HD) and amplified the HRs associated with calcium =10.2 mg/dI (HR, 1.65; 95% Cl, 1.42to 1.91 for PD;
HR, 1.59; 95% Cl, 1.53 to 1.65 for HD). Albumin-corrected calcium =10.2 mg/dl and serum phosphorus
=6.4 mg/dl were also associated with increased risk for death, irrespective of dialysis modality. In summary,
in a large nationally representative cohort of patients on dialysis, abnormalities in markers of mineral metab-
olism, particularly high concentrations of serum calcium and phosphorus, were associated with increased
mortality risk. Additional studies are needed to investigate whether control of hypercalcemia and hyperphos-
phatemia in patients undergoing dialysis results in improved clinical outcomes.
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Mineral metabolism disorders, including abnormal
serum calcium and phosphorus concentrations, are
highly prevalent among patients with ESRD and
associated with poor clinical outcomes.!=7 There is
presently no high-level evidence showing that correct-
ing these abnormalities will result in meaningful im-
provement in patient outcomes. However, in response
to legislative mandate, the Centers for Medicare and
Medicaid Services (CMS) recently finalized a rule that
includes uncorrected serum calcium >10.2 mg/dl as
a quality measure as a part of the Quality Incentive
Program (QIP) starting in 2016.8

J Am Soc Nephrol 26: 1671-1681, 2015

The hypercalcemia quality measure is supported
by numerous observational studies suggesting an
association between increased serum calcium and
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mortality, although only a minority of such studies has used
uncorrected serum calcium, and none have specifically shown an
increased risk of mortality in patients with uncorrected serum
calcium >10.2 mg/dl.°-12 Calcium concentrations are fre-
quently adjusted for serum albumin using a mathematical cor-
rection formula in studies investigating relationships between
biomarkers of mineral metabolism and outcomes in patients
on dialysis, although such correction has been shown to be
inaccurate in the ESRD population.!3-1> Furthermore, it is pres-
ently not known whether the threshold for serum calcium asso-
ciated with higher risk for death varies by dialysis modality.
Given that patients undergoing peritoneal dialysis (PD) have
lower concentrations of serum albumin compared with patients
undergoing hemodialysis (HD) and that serum calcium concen-
trations are dependent on serum albumin caused by protein
binding, the association between uncorrected serum calcium
and outcomes may plausibly vary by dialysis modality.16:17

We undertook this study using data from patients treated in
facilities owned by DaVita, Inc., one of the largest providers of
dialysis services in the United States, with three aims: (I) to
examine associations of uncorrected serum calcium with all-
cause and cause-specific mortality in a large cohort of patients
undergoing PD or HD, specifically evaluating the QIP serum
calcium threshold of 10.2 mg/dl; (2) to compare these associa-
tions to those of albumin-corrected calcium with mortality in the
same cohort; and (3) to examine the association between serum
phosphorus and risk for death given the limited data regarding
this association in patients undergoing PD.18

RESULTS

Patient Characteristics

Baseline characteristics of the study cohort, stratified by category of
uncorrected calcium, are summarized in Table 1 for patients on PD
and Table 2 for patients on HD. Irrespective of dialysis modality,
patients with calcium =10.2 mg/dl were more likely to be women,
were less likely to be Hispanic, had shorter dialysis vintage, and had
lower prevalence of diabetes compared with patients with calcium
<8.5 mg/dl. Additionally, patients with higher concentrations of
uncorrected serum calcium had higher serum albumin and cre-
atinine and similar concentrations of serum phosphorus.

Similar trends were observed among categories of albumin-
corrected calcium and uncorrected serum calcium, with the
notable exception that there were no differences in serum
albumin and creatinine across categories of albumin-corrected
calcium (Supplemental Tables 1 and 2). Additionally, differences
in comorbid disease burden between patients in the highest and
lowest categories of calcium were attenuated with stratification
by albumin-corrected calcium.

Association of Uncorrected Serum Calcium with
Mortality

In unadjusted analyses, the lowest risk for all-cause and cause-
specific mortality was observed among patients who had time-
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averaged uncorrected serum calcium concentrations between
9.5 and 10.2 mg/dl (Table 3). The highest risk for death was
observed among patients on PD or HD who had unadjusted
serum calcium concentrations <8.5 mg/dl. Mortality was also
greater among patients on HD who had unadjusted calcium
concentrations =10.2 mg/dl (hazard ratio [HR], 1.21; 95%
confidence interval [95% CI], 1.17 to 1.26).

Serum albumin levels markedly confounded associations of
uncorrected serum calcium with all-cause and cause-specific
mortality (Table 3). Specific adjustment for serum albumin sub-
stantially attenuated associations of low serum calcium with
each mortality outcome in patients on PD or HD. In contrast,
albumin adjustment substantially strengthened associations of
high serum calcium concentrations with each mortality out-
come. After albumin adjustment, compared with serum calcium
9.0 to <9.5 mg/dl, calcium =10.2 mg/dl was associated with
HRs for all-cause mortality of 1.65 (95% CI, 1.42 to 1.91) and
1.59 (95% ClI, 1.53 to 1.65) among patients on PD or HD, re-
spectively. Figure 1 illustrates the continuous relationship be-
tween concentrations of uncorrected calcium and mortality in
patients on PD or HD before and after adjustment for case mix
and serum albumin.

Association of Albumin-Corrected Serum Calcium with
Mortality

Table 4 shows the associations of time-averaged albumin-
corrected serum calcium with mortality stratified by dialysis
modality. In unadjusted analyses, albumin-corrected calcium
=10.2 mg/dl was associated with greater risk for death in both
patients on PD (HR, 1.35; 95% CI, 1.24 to 1.50) and patients
on HD (HR, 1.48; 95% CI, 1.44 to 1.51).

On adjustment for case mix, the relationship between
albumin-corrected calcium and all-cause mortality became
U-shaped, with increased risk for death observed for calcium
<9.0 and =10.2 mg/dl (Table 4). On additional adjustment for
serum albumin, the mortality risk associated with calcium con-
centrations =10.2 mg/dl was attenuated but remained signifi-
cant (HR, 1.16; 95% CI, 1.05 to 1.28 for patients on PD and HR,
1.27; 95% CI, 1.24 to 1.30 for patients on HD). Figure 2 shows
the U-shaped relationship between concentrations of albumin-
corrected calcium and adjusted all-cause mortality in patients on
PD or HD and juxtaposes these curves with illustrative splines
showing the relationship between concentrations of uncorrected
calcium and mortality. Low concentrations of albumin-corrected
calcium were generally associated with greater adjusted risk for
death compared with low concentrations of uncorrected cal-
cium, particularly in patients undergoing HD. In contrast, the
relationship between serum calcium and mortality risk was
qualitatively similar at calcium levels =10.2 mg/dl irrespective
of albumincorrection or dialysis modality.

Association of Serum Phosphorus with Mortality Risk
among Patients on PD and HD

Supplemental Table 3, A and B presents baseline character-
istics of patients on PD and patients on HD, respectively,

J Am Soc Nephrol 26: 1671-1681, 2015
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Table 1. Baseline characteristics by category of serum uncorrected calcium in patients undergoing PD

Uncorrected Serum Calcium Category, mg/dl (n)

Characteristic Total <8.5 8.5 to <9.0 9.0t0 <9.5  9.5to0 <10.2 >10.2
(n=10,066) (n=1150) (n=2160) (n=3364) (n=2875) (n=517)
Age (yr) 56+15 55+16 57+15 56+15 54+15 54+14
Sex (% women) 47 39 44 45 53 56
Diabetes mellitus (%) 49 58 57 50 40 30
Body mass index (kg/m?) 26.6*+3.9 26.3+3.5 26.5+4.2 267+4.2 26.6+3.7 26.6+2.9
Race/ethnicity (%)
White 54 46 53 56 55 54
Black® 21 26 20 19 23 25
Hispanic 13 17 15 14 12 9
Asian® 5 4 6 6 5 5
Other® 6 7 6 5 6 6
Vintage (time on dialysis; %)
0-6 mo 62 65 67 66 55 34
6-24 mo 18 14 18 37 19 23
2-5yr 14 13 31 12 18 25
>5yr 7 8 4 5 8 17
Marital status (%)
Married 59 55 59 59 60 59
Single® 24 28 23 24 23 24
Widowed 9 9 1 9 9 7
Divorced 8 9 8 8 8 10
Comorbid conditions (%)
Atherosclerotic heart disease 16 16 19 17 15 12
Congestive heart failure 18 20 21 18 15 15
Other cardiac diseases 5 5 5 4 4 3
Cerebrovascular disease 5 6 5 4 4
Peripheral vascular disease 9 11 1 9 7 4
Chronic obstructive pulmonary 4 3 5 5 3 3
disease
Cancer 4 5 4 4 3 4
Current smoker 5 6 5 5 5 4
Laboratory data
Serum albumin (g/dl) 3.5+0.5 3.2+0.5 3.4+0.4 3.6+0.4 3.7+0.4 3.8+0.4
Serum creatinine (mg/dl) 9.0+3.6 8.8+3.7 8.4+3.5 8.6*+3.5 9.6+3.6 10.6+3.8
Blood hemoglobin (g/dl) 12.0+1.1 11.5+1.2 11.9+11 12.1+11 12.2+1.1 12.2+1.2
Serum ferritin (ng/ml)? 320(175-549) 328 (172-549) 312 (172-549) 309 (173-536) 330(180-549) 362 (171-583)
Serum total iron binding capacity 235*45 212+47 228+44 239+42 244+44 244+46
(mg/dl)
Serum phosphorus (mg/dl) 54+1.2 5.6*15 54+13 5.3%1.2 54+11 5.6+1.1
Serum bicarbonate (mg/dl) 25+3 25+3 25+3 25+3 25+3 25+3
Serum parathyroid hormone (pg/ml) 346 (205-469) 368 (266-573) 338 (204-436) 308 (191-423) 342 (199-483) 368 (234-604)
Serum alkaline phosphatase (units/L) 102 (80.0-133) 114 (87.8-149) 104 (82.3-136) 100 (78.9-131) 98.3(78.4-127) 103 (81.4-137)
White blood cell count (X 10%/ul) 7.8x2.4 7.7%2.65 7.7x25 7.7x2.2 7.9x2.3 8.1x2.3
Percent lymphocyte 19+6 18+6 19+6 19+7 19+6 19+7

Data presented as means*SDs, medians (interquartile ranges), or percentages.
P value for difference among categories =0.05. All other P values are <0.05.

stratified by categories of time-averaged serum phosphorus.
Patients with serum phosphorus =6.4 mg/dl were more likely
to have dialysis vintage >2 years, younger, and less likely to
have diabetes. There was a trend of higher serum creatinine
and parathyroid hormone with increasing concentrations of
serum phosphorus.

In unadjusted analyses, there was an inverse association
between serum phosphorus and mortality, with the lowest risk

J Am Soc Nephrol 26: 1671-1681, 2015

for all-cause mortality in the highest category of serum
phosphorus in patients on PD and patients on HD (Table 5).
On adjustment for case mix and serum albumin, a U-shaped
relationship was observed, with serum phosphorus =6.4 mg/
dl associated with increased risk for all-cause (adjusted HR,
1.48; 95% ClI, 1.34 to 1.63 for patients on PD and HR, 1.50;
95% CI, 1.47 to 1.54 for patients on HD) and cause-specific
mortality.
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Table 2. Baseline characteristics by category of serum uncorrected calcium in patients undergoing HD

Uncorrected Serum Calcium Category, mg/dl (n)

Characteristic Total <8.5 8.5 to <9.0 9.0t0 <9.5  9.5t0<10.2 >10.2
(n=118,955) (n=12,844) (n=27,436) (n=40,841) (n=31,849) (n=5985)
Age (yr) 62+16 60+16 63+15 62+15 61+15 61+15
Sex (% women) 45 41 42 45 49 52
Diabetes mellitus (%) 58 61 64 60 51 42
Body mass index (kg/m?) 26.6+6.6 26+6.9 26.3+6.5 26.8+6.6 26.9+6.4 25.9+6.0
Race/ethnicity (%)
White 43 40 45 44 41 39
Black 33 30 27 31 38 41
Hispanic 15 18 18 16 12 10
Asian 3 3 3 30 3 3
Other 7 8 7 6 6 7
Vintage (time on dialysis; %)
0-6 mo 57 63 66 61 48 29
6-24 mo 17 14 16 17 18 16
2-5yr 16 12 13 15 21 27
>5yr 10 10 6 7 13 28
Marital status (%)
Married 47 44 48 48 48 46
Single 28 32 27 27 29 29
Widowed?® 16 15 16 16 15 16
Divorced® 8 9 8 8 8 9
Comorbid conditions (%)
Atherosclerotic heart disease 21 19 23 22 19 18
Congestive heart failure 28 28 31 29 25 22
Other cardiac diseases 6 6 6 6 5 5
Cerebrovascular disease 8 7 8 8 7 7
Peripheral vascular disease 11 13 13 12 9 8
Chronic obstructive pulmonary 6 6 7 6 5 4
disease
Cancer 4 5 5 4 4 4
Current smoker 5 6 5 5 5 4
Laboratory data
Serum albumin (g/dl) 3.7+0.4 3.3x0.6 3.6+0.4 3.7x0.4 3.9+0.3 3.9+0.4
Serum creatinine (mg/dl) 8.1+3.0 7.7+3.2 7.5+2.8 8.0+3.0 8.8+3.0 9.2+3.0
Blood hemoglobin (g/dl) 12.0£1.0 11.5+1.2 11.8+1.0 12.0+0.9 12.1+0.8 12.0+1.0
Serum ferritin (ng/ml) 507 (306-721) 455 (256-683) 468 (276-684) 501 (311-709) 547 (342-751) 582 (380-834)
Serum total iron binding capacity 204+40 18846 201+50 207+39 209+38 203+39
(mg/dl)
Serum phosphorus (mg/dl) 5513 58x1.7 55x1.3 54x1.2 5.6+1.2 57x1.2
Serum bicarbonate (mg/dl) 23+3.0 22+2.9 23+3.0 23+3.0 23+3.0 23+3
Serum parathyroid hormone (pg/ml) 300 (193-386) 342 (200-406) 279 (186-368) 275 (185-368) 321 (204-430) 372 (274-663)
Serum alkaline phosphatase (units/L) 107 (84.5-182) 117 (89.6-162) 109 (86.1-146) 105 (83.4-136) 104 (82.7-136) 112 (87.2-152)
White blood cell count (X 10%/ul) 7.5x2.4 7.7%2.9 7.6x2.5 7.5%2.3 7.3x2.2 74x23
Percent lymphocyte 20x7 19=7 19=7 20=*7 21x7 21+3

Data presented as means*SDs, medians (interquartile ranges), or percentages.
P value for difference among categories =0.05. All other P values are <0.05.

Sensitivity Analyses

In a set of sensitivity analyses, additional clinical variables
known to be associated with outcomes in the ESRD pop-
ulation were added to the case mix plus albumin-adjusted
survival model as covariates to assess for residual confounding
(total iron binding capacity, serum creatinine, bicarbonate,
parathyroid hormone, white blood cell count, lymphocyte

1674 Journal of the American Society of Nephrology

percentage, and body mass index.). Additionally, when serum
calcium was used as the predictor variable, phosphorus was
added as a covariate. Similarly, when phosphorus was used as
the predictor variable, serum calcium was added as a co-
variate. The results of this set of analyses were similar to those
obtained from the primary analyses (Supplemental Tables
4-6).

J Am Soc Nephrol 26: 1671-1681, 2015
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Case
Mix+Albumin®

Infection-Related Mortality
Case Mix®

Unadjusted

Case
Mix+Albumin®

Cardiovascular Mortality
Case Mix®

Adjusted Hazards Ratio (95% CI)?

Unadjusted

Case
Mix+Albumin®

118,955)

All-Cause Mortality
Case Mix®

10,066; HD, n

Unadjusted

Serum
Calcium
(mg/dl)

Table 3. Association of categories of time-averaged uncorrected serum calcium with all-cause, cardiovascular, and infection-related mortality in patients treated

with PD or HD (PD, n

Uncorrected

J Am Soc Nephrol 26:

1.31(1.04 to 1.65)
1.16 (0.96 to 1.41)
Reference
1.09 (0.90 to 1.31)
1.56 (1.13t0 2.17)
1.15(1.08 to 1.23)
1.14 (1.08 to 1.20)
Reference
1.00 (0.95 to 1.06)
1.47 (1.34 to 1.60)

2.15(1.72 to 2.67)
1.56 (1.21 to 1.76)
Reference
0.90 (0.75 to 1.08)
1.23(0.89 to 1.71)
2.27 (2.13t0 2.41)
1.47 (1.40 to 1.55)
Reference
0.86 (0.82 t0 0.91)
1.25(1.15t0 1.37)

1.86 (1.5 t0 2.31)
1.48 (1.23 t0 1.78)
Reference
0.83 (0.69 to 0.99)
1.05(0.76 to 1.45)
1.97 (1.85 to 2.10)
1.48 (1.40 to 1.55)
Reference
0.82(0.78 to 0.86)
1.17 (1.08 to 1.28)

1.21(1.03 to 1.43)
1.08 (0.95 to 1.23)
Reference
0.99 (0.87 to 1.13)
1.45(1.15 to 1.84)
1.18(1.13 t0 1.23)
1.12(1.08 to 1.16)
Reference
1.05 (1.02 to 1.09)
1.64 (1.55t0 1.73)

1.81(1.55t0 2.11)
1.29 (1.14 to 1.47)
Reference
0.86 (0.75 to 0.97)
1.21(0.95 to 1.53)
1.82(1.7510 1.9)
1.32(1.28 to 1.37)
Reference
0.94 (0.91 to 0.98)
1.46 (1.39 to 1.55)

1.57 (1.35to 1.83)
1.33(1.67 to 1.51)
Reference
0.75 (0.66 to 0.85)
0.93(0.74t0 1.17)
1.57 (1.50 to 1.64)
1.35(1.30 to 1.39)
Reference
0.86 (0.84 to 0.89)
1.26 (1.19 to 1.33)

1.29 (1.16 to 1.44)
1.10 (1.01 to 1.20)
Reference
1.06 (0.97 to 1.15)
1.65(1.42 to 1.91)
1.17 (1.13 to 1.20)
1.12 (1.09 to 1.14)
Reference
1.03 (1.00 to 1.05)
1.59 (1.53 to 1.65)

2.00(1.81to 2.21)
Reference
1.35(1.17 to 1.57)
2.02 (1.96 to 2.07)
1.38 (1.35 to 1.41)
Reference
0.90 (0.88 to0 0.92)

Reference

9.5t0 <10.2 0.83(0.82 to 0.85)

=10.2
“Reference group: patients on PD with uncorrected calcium between 9.0 and <9.5 mg/dl for analyses in patients on PD; reference group: patients on HD with uncorrected calcium between 9.0 and <9.5 mg/dl for

Reference
analyses in patients on HD.

9.5t0 <10.2 0.82(0.751t0 0.89) 0.90(0.83 to 0.98)

=10.2
Patients on HD

1.36(1.26 t0 1.48) 1.35(1.24 to 1.47)
1.21(1.17 to 1.26) 1.39 (1.34 to 1.44)

1.69 (1.54 to 1.87)
1.09 (0.94 to 1.26)
1.74(1.69 to 1.78)
1.39(1.36 to 1.42)

8.5t0 <9.0
9.0to <9.5
8.5t0 <9.0
9.0 to <9.5

<8.5
<8.5

®Data adjusted for age, sex, diabetes, race and/or ethnicity, primary insurance, marital status, dialysis vintage category (<6 months, 6 months to 2 years, 2-5 years, and >5 years), body mass index, atherosclerotic

heart disease, cancer, congestive heart failure, other cardiac diseases, cerebrovascular disease, peripheral vascular disease, chronic obstructive pulmonary disease, and tobacco smoking.

“Data adjusted for the demographic characteristics above plus serum albumin.

Patients on PD

1671-1681, 2015
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DISCUSSION

The results of this study examining the association of disordered
mineral metabolism with mortality in patients undergoing
maintenance dialysis allow us to make several novel observations.
First, both low and high serum uncorrected calcium concen-
trations are associated with higher risk for all-cause and cause-
specific mortality in patients on dialysis. These associations are
qualitatively similar in patients undergoing PD or HD. Second,
mortality risks associated with abnormal concentrations of
serum calcium are strongly influenced by serum albumin. In
particular, adjustment for serum albumin substantially attenu-
ates the mortality risk associated with low uncorrected calcium
concentrations and strengthens the risk associated with high
uncorrected calcium concentrations. Third, irrespective of
adjustment or correction for serum albumin, serum calcium
=10.2 mg/dl is associated with increase mortality in patients on
PD or HD. Fourth, after adjustment for serum albumin plus
multiple comorbid conditions, high serum phosphorus is asso-
ciated with higher mortality, irrespective of dialysis modality.

Numerous studies conducted over the past two decades have
shown associations between hypercalcemia and higher risk for
mortality in patients undergoing dialysis.”1%-22 There are mul-
tiple potential mechanisms by which high serum calcium may
result in adverse clinical outcomes. These include promotion of
vascular calcification, leading to atherosclerotic vascular disease,
and alterations in smooth muscle tone, leading to hyperten-
sion.?3-2> Additionally, abnormal concentrations of serum
calcium are associated with accelerated apoptosis, impaired
phagocytic function, and an attenuated oxidative burst in blood
neutrophils, which may contribute to the increased incidence of
infection-related complications in patients with ESRD.26-28 The
threshold of serum calcium at which risk for death is signifi-
cantly higher has varied considerably in prior studies of patients
on dialysis (ranging from 8.7 to 11.4 mg/dl).#2° Our study is the
first to specifically examine the all-cause and cause-specific mor-
tality risk associated with uncorrected serum calcium >10.2 mg/d],
a key threshold endorsed by the National Quality Forum, rec-
ommended by technical expert panels convened by the CMS,
and slated for use as a quality metric by the CMS in its QIP
starting in 2016.830-32

Patients undergoing maintenance dialysis may have high
serum calcium concentrations for a number of reasons. First,
hyperparathyroidism is common in ESRD because of phos-
phate retention, decreased 1,25-dihydroxyvitamin D concen-
trations, reduced expression of calcium-sensing and vitamin D
receptors in the parathyroid glands, and increased resistance to
fibroblast growth factor 23.33 In our study, parathyroid hor-
mone concentrations were high among patients with serum
calcium =10.2 mg/dl, suggesting that tertiary hyperparathy-
roidism may be contributing to high serum calcium concen-
trations in this group. Second, use of dialysate with calcium
concentrations >1.5 mmol/L has been shown to produce net
gain in calcium over the course of an HD session and could
contribute to hypercalcemia.?* Third, medications commonly

Calcium and Phosphorus in ESRD 1675
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Figure 1. Frequency distributions and splines illustrating the relationship of uncorrected serum calcium with all-cause mortality in patients on
PD or HD. (A) Patients on PD, unadjusted mortality. (B) Patients on PD, case mix plus albumin-adjusted mortality. (C) Patients on HD, unadjusted
mortality. (D) Patients on HD, case mix plus albumin-adjusted mortality. Solid lines represent HR estimates; dashed lines represent 95% Cls.

administered to patients with ESRD may promote hypercal-
cemia; these included calcium-containing phosphate binding
agents as well oral and intravenous vitamin D receptor activa-
tors.3>36 Each of these potential causes of hypercalcemia is
potentially modifiable; however, whether identifying and cor-
recting such causes of high serum calcium concentrations im-
proves outcomes is not clear.

The optimal method to measure and report calcium in
patients on dialysis is also unclear.3” Given the complexity and
cost of measuring the biologically active ionized form of calcium,
alternative approaches have long been used to estimate ionized
calcium, usually relying on measurement of the total serum cal-
cium with a mathematical correction for serum albumin.38
However, studies over the last decade have repeatedly shown
that the use of correction formulas performs poorly for patients
on dialysis, with commonly used correction formulas typically
agreeing less well with ionized calcium than the unadjusted total
calcium.!3-1> In our study, all laboratory analyses, including
blood testing for serum calcium and albumin concentrations,
were performed in the same central laboratory facility over the
entire duration of follow-up. This analytic consistency increases

1676 Journal of the American Society of Nephrology

the internal validity of our findings and is an important strength
of our study.

We found that the relationship between uncorrected serum
calcium and mortality was profoundly influenced by the in-
clusion of serum albumin as a covariate, confirming the presence
of significant confounding. This finding is not surprising given
that almost one half of circulating calcium is bound to albumin,
and individuals with the lowest total uncorrected serum calcium
concentrations also have the lowest serum albumin levels. Given
that serum albumin has long been noted to be a robust predictor
of mortality in patients undergoing maintenance dialysis, much
of the increased mortality risk seen in patients with lower serum
calcium levelsislikely confounded by the association between low
serum albumin and increased risk for death.® Accordingly, when
we accounted for serum albumin concentrations through either
statistical adjustment or use of a mathematical correction for-
mula, the association between low calcium and mortality was
substantially attenuated. However, the results of our study show
that high concentrations of serum calcium, particularly
=10.2 mg/d], are associated with increased risk for all-cause
and cause-specific mortality, irrespective of standard or

J Am Soc Nephrol 26: 1671-1681, 2015
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1.36 (1.24t0 1.50) 1.33(1.21t0 1.47) 1.16(1.05t0 1.28) 1.23(1.06 to 1.43) 1.25(1.07 to 1.46) 1.10(0.94 t0 1.28) 1.31(1.06 to 1.61) 1.23(0.99 to 1.52) 1.05(0.85 to 1.31)

=10.2
Patients on HD

1.32(1.18 to 1.47)
1.10(1.03 to 1.18)

1.28(1.22t0 1.34) 1.32(1.56to0 1.38) 0.88(0.82t0 0.95) 1.29(1.20to 1.38) 1.31(1.22to0 1.41) 0.91(0.82t0 1.02) 1.27 (1.13 to 1.42)
1.11(1.08 to 1.14) 1.02(0.97 to 1.06) 1.10(1.06 to 1.15) 1.13(1.08 to 1.17) 0.98 (0.92 to 1.05) 1.07 (1.00 to 1.14)

1.08 (1.05 to 1.11)

0.88 (0.84 t0 0.92)
0.99 (0.96 to 1.02)

<8.5

8.5t0 <9.0

Reference
0.95 (0.91 to 0.99)

Reference
1.02 (0.97 to 1.06)
1.58 (1.48 to 1.68)

Reference
0.99 (0.96 to 1.05)

Reference
0.98 (0.95 to 1.01)

Reference
1.03 (0.99 to 1.06)
1.58 (1.52 to 1.65)

Reference
0.98 (0.95 to 1.01)

Reference
0.97 (0.95 to 0.98)
1.27 (1.24 to 1.30)

Reference
1.02 (0.99 to 1.04)
1.59 (1.55 to 1.63)

Reference

9.5t0 <10.2 0.99 (0.97 to 0.99)

=10.2
“Reference group: patients on PD with albumin-adjusted calcium between 9.0 and <9.5 mg/dl for analyses in patients on PD; reference group: patients on HD with albumin-adjusted calcium between 9.0 and <9.5

mg/dl for analyses in patients on HD.

9.0to <9.5

1.21(1.14 t0 1.29)

1.56 (1.47 to 1.66)

1.33(1.28 t0 1.39)

1.45(1.40 to 1.52)

1.48 (1.44 to 1.51)

®Data adjusted for age, sex, diabetes, race and/or ethnicity, primary insurance, marital status, dialysis vintage category (<6 months, 6 months to 2 years, 2-5 years, and >5 years), body mass index, atherosclerotic

heart disease, cancer, congestive heart failure, other cardiac diseases, cerebrovascular disease, peripheral vascular disease, chronic obstructive pulmonary disease, and tobacco smoking.

“Data adjusted for the demographic characteristics above plus serum albumin.
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model-based adjustment for serum albumin. This observation is
important given that the CMS hypercalcemia QIP measure,
which uses a serum calcium threshold of 10.2 mg/dl, does not
incorporate albumin correction.

In our study, only 5% of patients had serum calcium con-
centrations =10.2 mg/dl. In most cases, high serum calcium
in patients with ESRD is iatrogenic from the use of vitamin D
receptor-activating medications and calcium-containing phos-
phate binders.?! High serum calcium may also indicate patients
with hyperparathyroidism who may benefit from initiation of
cinacalcet therapy or parathyroidectomy. Thus, identification of
patients on dialysis with extreme values of serum calcium may be
useful in triggering important clinical interventions. However,
use of a threshold value for total serum calcium as a quality
metric does have some limitations. As previously reviewed, there
is no clinical trial evidence showing that interventions lowering
serum calcium below a prespecified threshold lead to better clin-
ical outcomes in the dialysis population. It is possible that phar-
macologic interventions to prevent hypercalcemia, such as
reductions in vitamin D doses or institution of calcimemetic
agents like cinacalcet, may be associated with adverse outcomes
in individual patients. Additionally, in patients with ESRD, se-
rum calcium concentrations reflect a complex interplay between
parameters, including serum phosphorus, parathyroid hor-
mone, vitamin D and its associated metabolites, and fibroblast
growth factor 23. Given this interplay, focus on a single param-
eter may obscure the true constellation of factors that is respon-
sible for excess risk for adverse outcomes with mineral and bone
disorders in ESRD.!? Finally, studies in patients with CKD have
suggested that total unadjusted serum calcium, like albumin-
corrected calcium, has poor sensitivity for the diagnosis of
both hypo- and hypercalcemia, because it may misclassify as
normocalcemic up to 80% of patients with abnormal ionized
calcium values and is substantially influenced by serum bicar-
bonate.*° Notwithstanding these caveats, our study provides ro-
bust evidence that total serum calcium =10.2 mg/dl identifies a
group of patients at increased risk for death.

In addition to our findings regarding serum calcium, we
observed significantly higher adjusted all-cause and cause-
specific mortality in patients on PD or HD with serum
phosphorus >6.4 mg/dl. We did not, however, observe an in-
creased adjusted risk for mortality with low serum phosphorus
concentrations. Like low serum albumin, low serum phosphorus
can be seen in patients who have protein-energy wasting or are
systemically ill. In our study, although an unadjusted model
showed an association between low phosphorus and increased
mortality risk, an absence of increased risk after adjustment for
comorbid conditions and serum albumin suggests that the un-
adjusted estimate was subject to confounding. In addition to
contributing to vascular calcification, hyperphosphatemia has
been shown to correlate with accelerated apoptosis and dimin-
ished populations of T lymphocytes.*! These mechanisms may
contribute to the association between high serum phosphorus
concentrations and infection-related mortality. Few previous
studies have analyzed patients being treated with PD, and

Calcium and Phosphorus in ESRD 1677
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Solid lines represent HR estimates; dashed lines represent 95% Cls.

none have approached the inclusion of the large number of
participants reported in our study.

Despite its strengths, our study has several limitations. Al-
though we identified a number of important associations with
mortality risk, it is unclear whether they are causal. Additionally,
information on comorbidities was ascertained only at the time of
the start of dialysis from Medical Evidence Form 2728, an
approach that has been shown to underestimate the true burden
of coexisting diseases.*? The use of time-averaged exposures is
subject to the risk of reverse causality, where unmeasured factors
associated with mortality may alter time-averaged serum mineral
levels before an outcome event, contributing to an observed as-
sociation between exposure and outcome. We were also not able
to obtain information on residual kidney function, which has
been shown to be an important determinant of mortality risk in
patients on dialysis.*> Furthermore, data regarding patient use of
medications that affect calcium and phosphorus metabolism,
such as phosphate binders, vitamin D receptor activators, and
cinacalcet, were not available for analysis. Mortality risk

1678 Journal of the American Society of Nephrology

associated with hypercalcemia may be modified by use or dose
of these medications or others. Finally, given the observational
nature of our study, there is the possibility of residual confound-
ing by unmeasured variables on the association between the
measured biomarkers of mineral metabolism and mortality.

In conclusion, the results of our study show that, in a large
nationally representative cohort of patients on dialysis, abnor-
malities in markers of mineral metabolism, particularly high
concentrations of serum calcium and phosphorus, are associated
with an increased risk for all-cause and cause-specific mortality.
Additionally, the relationship between serum calcium and
mortality risk is strongly influenced by serum albumin. However,
regardless of adjustment for serum albumin, serum calcium
concentrations =10.2 mg/dl identify patients at increased risk
for death. These results are of particular importance given the
selection of uncorrected calcium >10.2 mg/dl as the serum cal-
cium threshold for the first Medicare ESRD clinical mineral me-
tabolism QIP measure. Future studies should investigate whether
aggressive control of hypercalcemia and hyperphosphatemia

J Am Soc Nephrol 26: 1671-1681, 2015
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1.19(1.03 to 1.36) 0.79 (0.65 to 0.96) 0.92 (0.76 to 1.13) 0.93 (0.77 to 1.14)
0.88 (0.72 to 1.08)

1.73 (1.49 t0 2.01)

1.19(1.04 to 1.37)
1.77 (1.53 to 2.06)

0.97 (0.84 t0 1.11)

1.09 (1.00 to 1.19)
1.48 (1.34 to 1.63)

0.90 (0.82t0 0.98) 1.09 (1.00 to 1.20)
1.52(1.38 to 1.68)

0.88(0.81 to 0.97)

5.4t0 <64

1.39(1.13t0 1.72)

1.42 (1.15t0 1.75)

1.00 (0.87 to 1.16)

6.4
Patients on HD

1.32(1.28t0 1.37) 1.17(1.13t0 1.21) 1.06 (1.02to 1.10) 1.45(1.38t0 1.53) 1.30(1.24t0 1.38) 1.11(1.05t0 1.17)

1.39(1.36to 1.42) 1.23(1.20to 1.26) 1.09 (1.06 to 1.11)

<4.5

Reference
1.14 (1.08 to 1.20)
1.54 (1.46 to 1.63)

Reference
1.09 (1.03 to 1.16)
1.49 (1.40 to0 1.57)

Data adjusted for age, sex, diabetes, race and/or ethnicity, primary insurance, marital status, dialysis vintage category (<6 months, 6 months to 2 years, 2-5 years, and >5 years), body mass index, atherosclerotic

heart disease, cancer, congestive heart failure, other cardiac diseases, cerebrovascular disease, peripheral vascular disease, chronic obstructive pulmonary disease, and tobacco smoking.

®Data adjusted for the demographic characteristics above plus serum albumin.

Reference
0.93 (0.88 to 0.99)

0.95(0.90 to 1.01)

Reference
1.17 (1.13 to0 1.21)

1.67 (1.61t0 1.73)

Reference
1.14(1.10 to 1.18)

1.64 (1.58 to 1.70)

Reference
0.95 (0.92 to 0.99)

0.99 (0.96 to 1.02)

Reference
1.12(1.09 to 1.15)
1.50 (1.47 to 1.54)

Reference

Reference
0.91(0.89t0 0.93) 1.09 (1.06 to 1.11)

0.90 (0.88 to 0.93)

45to <54

5.4t0 <64

1.47 (1.43 to 1.50)

6.4
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in patients undergoing dialysis results in improved clinical
outcomes.

CONCISE METHODS

Data Sources
This observational cohortstudy uses data of prevalent and incident patients

treated with maintenance HD or PD in DaVita, Inc. dialysis facilities
between July 1, 2001 and June 30, 2006 linked to the US Renal Data System
(USRDS). The initial cohort consisted of 164,789 patients. The following
patients were excluded: age<<18 years (n=13,900), missing person-time
data (1=2846), unknown or missing data on dialysis modality (n=604),
and missing serum calcium or phosphorus (n=18,363). Hence, the final
cohort consisted of 129,076 subjects (PD, 10,066 subjects; HD, 119,010
subjects). Patient characteristics of subjects included in the cohort com-
pared with those excluded are reported in Supplemental Table 1.

Data from DaVita, Inc. were used to determine sex, age, presence of
diabetes, weight, height, and dialysis modality for each study participant.
The USRDS data were used to determine the date of first dialysis, race/
ethnicity, marital status, smoking status, and seven comorbid conditions at
the start of dialysis therapy (atherosclerotic heart disease, including
ischemic heart disease, myocardial infarction, and cardiac arrest; conges-
tive heart failure; other cardiac diseases, including pericarditis and cardiac
arrhythmia; cerebrovascular disease; peripheral vascular disease; chronic
obstructive pulmonary disease; and cancer). The first studied quarter for
each patient was the first calendar quarter in which the patient’s dialysis
vintage was >90 days given that markers of mineral metabolism, includ-
ing serum calcium and phosphorus concentrations, may fluctuate
substantially near the start of dialysis treatment and do not represent
steady-state conditions. Additionally, this threshold for inclusion and as-
signment of dialysis modality has been used in previously published stud-
ies comparing outcomes in patients undergoing PD and HD.”11:44:45

All laboratory values, including serum calcium and serum phos-
phorus, were measured using standardized and automated methods in
the central DaVita, Inc. laboratory (Deland, FL) within 24 hours of
collection. Serum albumin was measured using the bromcresol green
method. Time-averaged serum calcium and phosphorus were defined as
the average values from up to 20 calendar quarters. Albumin-corrected
calcium was calculated as follows: if serum albumin was =4.0 mg/dl,
then corrected calcium is equal to serum calcium; if serum albumin was
<4.0 mg/dl, then albumin-corrected calcium=(0.8X[4.0 —measured
serum albumin])+measured serum calcium.*®

Follow-up data were available through June of 2007. Information for
cause of death was obtained from USRDS data. The Institutional Review
Board at the Los Angeles Biomedical Research Institute approved the
study as exempt from informed consent.

Statistical Analyses
Data are summarized as means*SDs, medians with interquartile

ranges, and proportions as appropriate. Data were complete for
age, sex, diabetes, and race/ethnicity. Data for dialysis vintage, serum
albumin, phosphorus, alkaline phosphatase, and hemoglobin were
missing for <1% of the patients; serum creatinine, ferritin, total iron
binding capacity, white blood cell count, and percentage of lymphocyte
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count were missing for 1%—2% of patients, and comorbid conditions
were missing for 5% of the cohort. Data for body mass index were
missing for 7% of the cohort (PD, 42%; HD, 3%), data for primary
insurance were missing for 9% of the cohort, data for serum parathyroid
hormone were missing for 12% of the cohort, and data for marital status
were missing for 21% of the cohort. For continuous variables and co-
morbid conditions, missing covariate data were imputed as mean or
median of the existing values. For each categorical variable, missing
covariate data were imputed as a continuous value between zero and
one corresponding to the prevalence in patients with complete data.
Missing calcium and phosphorus values were not imputed.

Survival analyses using Cox proportional hazards were performed to
determine the relationship of categories of time-averaged uncorrected
serum calcium, albumin-corrected serum calcium, and serum phosphorus
with all-cause, cardiovascular, and infection-related mortality separately in
patients on PD and patients on HD. For calcium, the following clinically
relevant categories were used: <8.5, 8.5 t0 <9.0,9.0t0 <9.5,9.5t0 <10.2,
and =10.2 mg/dl. For phosphorus, the following categories were used:
<4.5,4.5to <5.4, 5.4 to <6.4, and =6.4 mg/dl. Referent categories for
calculation of hazards ratios were serum calcium of 9.0 to <9.5 mg/dl and
serum phosphorus of 4.5 to <<5.4 mg/dl. For all survival analyses, three
levels of adjustment were examined: (1) unadjusted; (2) case mix-adjusted
for demographic and clinical characteristics, including age, sex, diabetes,
race/ethnicity, primary insurance, smoking, body mass index, marital
status, dialysis vintage category (<6 months, 6 months to 2 years, 2-5
years, and >5 years), and seven comorbid conditions; and (3) case mix—
and serum albumin—adjusted. For the unadjusted model and the case mix
plus serum albumin model, restricted cubic splines with three degrees of
freedom were constructed to illustrate the relationships between uncor-
rected and albumin-corrected serum calcium and all-cause mortality.

Survival analyses and logistic regression were performed using
SAS, version 9.3 (SAS Institute Inc., Cary, NC). Splines were
constructed using Stata, version 13 (StataCorp., College Station, TX).
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