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Abnormalities of mineral metabolism are associated with increased mortality in patients with ESRD, but their effects in
predialysis chronic kidney disease (CKD) are less well characterized. In this study, the associations between levels of serum
phosphorus, calcium, and calcium-phosphorus product and progression of CKD were examined. Historical data were collected
on 985 male US veterans (age 67.4 ⴞ 10.9; 23.9% black) with CKD stages 1 through 5. Unadjusted and multivariable-adjusted
relative risks for progressive CKD (defined as the composite of ESRD or doubling of serum creatinine) were calculated for
categories of serum phosphorus, calcium, and calcium-phosphorus product using Cox proportional hazards models. Higher
phosphorus was associated with a higher risk for the composite end point (adjusted hazard ratio [HR] [95% confidence interval
(CI)] for phosphorus levels 3.3 to 3.8, 3.81 to 4.3, and >4.3 versus <3.3 mg/dl 0.83 [0.54 to 1.27], 1.24 [0.82 to 1.88], and 1.60 [1.06
to 2.41]; P ⴝ 0.001 for trend). A 1-mg/dl higher phosphorus level was associated with an adjusted HR (95% CI) of 1.29 (1.12 to
1.48; P < 0.001). Higher calcium-phosphorus product also was associated with higher risk for progressive CKD (adjusted HR
[95% CI] for calcium-phosphorus products 30 to 35, 36 to 40, and >40 versus <30 mg2/dl2 0.58 [0.36 to 0.94], 0.87 [0.57 to 1.34],
and 1.37 [0.91 to 2.07]; P ⴝ 0.002 for trend). A 10-mg2/dl2 higher calcium-phosphorus product was associated with an adjusted
HR (95% CI) of 1.29 (1.11 to 1.51; P ⴝ 0.001). Lower serum calcium showed a trend toward higher risk for progressive CKD but
without statistical significance. Higher serum phosphorus and higher calcium-phosphorus product are associated with
progression of CKD.
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bnormalities of bone and mineral metabolism are associated with higher mortality in patients who have ESRD
and are on dialysis (1). Whereas abnormalities in calcium and phosphorus metabolism are present already in patients
who have chronic kidney disease (CKD) and are not yet on dialysis (2), their impact on outcomes in this patient population is less
well described. Dietary protein restriction has been associated
with slower progression of CKD (3). This benefit has been attributed in part to the dietary phosphorus restriction that occurs as a
result of the lower protein intake (4 – 8), but the underlying mechanisms of action still are not fully understood. It also is unclear
whether actual serum phosphorus levels and other markers of
disordered bone and mineral metabolism (e.g., serum calcium,
calcium-phosphorus product) are associated with progression of
kidney disease in patients with CKD. We examined the association of baseline levels of serum phosphorus, calcium, and calciumphosphorus product with renal functional outcomes in a wellcharacterized cohort of US veterans who had CKD stages 1
through 5 and were not yet on dialysis.
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Baseline data were collected from paper charts and electronic medical records at Salem VAMC and included demographic and anthropometric information, comorbidities, smoking status, baseline BP measurement, and laboratory measures. All of the laboratory studies were
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Study Population and Outcomes
We collected data in a historical prospective cohort of patients who were
referred to a single outpatient nephrology clinic between January 1, 1990,
and June 30, 2005, at Salem Veterans Affairs Medical Center (VAMC).
After exclusion of patients with a kidney transplant, patients who were on
renal replacement therapy (RRT), and patients referred for problems other
than CKD, 1012 patients with CKD stages 1 through 5 were identified. Of
these, 16 (1.6%) patients had no serum phosphorus measurement available
and were excluded from further analyses. Because there were only 11
female patients in the cohort, they also were excluded from further analyses. The final analysis included 985 patients.
Patients were followed until death or until August 31, 2005, with the
recording of death from all causes, the initiation of RRT, and the
doubling of baseline serum creatinine level. Patients were categorized
as lost to follow-up when they had no contact with the medical center
for ⬎6 mo. Deaths were recorded from the VA computerized patient
record system and cross-checked with death certificate– based data that
were obtained from the National Death Index. RRT, defined as initiation of hemodialysis or peritoneal dialysis, was identified from medical
records at Salem VAMC, including Medicare Form 2728.
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performed in a single clinical laboratory at Salem VAMC. The baseline
use of phosphate binders, angiotensin-converting enzyme inhibitors
(ACEI), and angiotensin II receptor blockers (ARB) was collected from
computerized patient records and paper charts. Review of phosphate
binder medications revealed that only two (0.2%) patients were using
sevelamer hydrochloride at baseline; therefore, only data on calciumcontaining binders was included in analyses. Diabetes was defined as
the presence of a fasting glucose level ⬎126 mg/dl or antidiabetic
therapy. Atherosclerotic cardiovascular disease was defined as a history of cardiovascular or peripheral vascular disease. Serum creatinine
values were recorded longitudinally until a major end point (death or
dialysis) ensued, with exclusion of values that were measured during
episodes of acute renal failure (defined as an increase of 20% from
baseline over a period of 24 h). GFR was estimated from baseline
creatinine levels using the abbreviated equation developed for the
Modification of Diet in Renal Disease Study (9), and patients were
categorized according to the Kidney Disease Outcomes Quality Initiative Clinical Practice Guidelines for Chronic Kidney Disease: Evaluation, Classification, and Stratification (2).

Statistical Analyses
Continuous variables were expressed as mean ⫾ SD or geometric
mean (95% confidence interval [CI]), and categorical variables were
expressed as proportions. Continuous variables with skewed distribution (estimated GFR [eGFR], blood cholesterol, and 24-h urine protein)
were log-transformed. Missing data points for serum albumin (1.4%
missing), blood cholesterol (1.2% missing), and 24-h urine protein (2.9%
missing) were imputed using linear regression with all other patient
characteristics serving as independent variables. To address missing
data points for smoking status (6.1% missing), we analyzed this variable by adding a third, “missing” category (active smokers, nonsmokers, and “missing smoking status”). Serum calcium concentration was
corrected for serum albumin concentration using the following formula: Corrected calcium ⫽ measured calcium ⫹ 0.8(4 ⫺ serum albumin) (10).

Survival Modeling
The starting time for survival analysis was the date of the initial
encounter, and the outcome measure was the composite of ESRD
(defined as initiation of RRT) or doubling of baseline serum creatinine
level. Patients who died were censored at the date of death, and
patients who were lost to follow-up were censored at the date of the last
documented contact with the medical center. Event rates were calculated using the person-years approach. We analyzed the unadjusted
and multivariable-adjusted association of baseline serum phosphorus,
serum calcium, and calcium-phosphorus product with the main outcome measure in Cox proportional hazards models. Multivariable
models were a priori adjusted for all variables with which baseline
phosphorus or calcium levels correlated and also for variables that
were expected to be associated independently with progression of
CKD. Nonlinear associations were explored by inclusion of quadratic
terms. Effect modification was explored by performing subgroup analyses and by inclusion of interaction terms. The proportionality assumption was tested using plots of log (⫺log [survival rate]) against log
(survival time) and by comparing predicted with actual survival
curves. All analyses were repeated after the exclusion of patients with
a baseline eGFR of ⬍15 ml/min per 1.73 m2. P ⬍ 0.05 was considered
significant. Statistical analyses were performed using STATA statistical
software version 8 (STATA Corp., College Station, TX). The study
protocol was approved by the Research and Development Committee
at the Salem VAMC.
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Results
Baseline characteristics are presented in Table 1 for patient
groups divided by quartiles of serum phosphorus and in Table
2 for patient groups divided by quartiles of serum calcium.
Patients with serum phosphorus levels ⬎4.3 mg/dl were
younger; more frequently had diabetes and were active smokers; and had lower eGFR, hemoglobin, albumin, calcium, and
bicarbonate and higher proteinuria. Patients with serum calcium levels ⬍9.1 mg/dl were more likely to be white and had
higher levels of systolic BP, serum albumin, blood urea nitrogen (BUN), and proteinuria and lower levels of GFR, hemoglobin, and bicarbonate. The baseline characteristics of the 24
patients who were lost to follow-up (2.4% of total) were not
significantly different (data not shown). A total of 258 patients
reached the composite end point of ESRD or doubling of serum
creatinine (210 patients reached ESRD, and 48 patients had a
doubling of serum creatinine), for an overall incidence rate
(95% CI) of 88.6/1000 patient-years (78.4 to 100.1). Table 3
shows the number (%) of outcomes overall and by subgroups of
serum phosphorus, calcium, and calcium-phosphorus product,
indicating more events in the subgroups with higher phosphorus, lower calcium, and higher calcium-phosphorus product.
Median duration of follow-up was 2.1 yr, and total time at risk
was 2911 patient-years.

Serum Phosphorus
Figure 1 shows the hazard ratio (HR) of the composite end
point, by quartiles of serum phosphorus, in the unadjusted Cox
model and after adjustment for age, race, systolic BP, diastolic
BP, diabetes, smoking status, eGFR, serum albumin, calcium,
bicarbonate, BUN, hemoglobin, proteinuria, and use of calcium-containing phosphate binders and ACEI/ARB. A baseline
serum phosphorus level of ⬎4.3 mg/dl was associated with the
highest HR for the composite end point in both the unadjusted
and the adjusted models (adjusted HR [95% CI] for serum
phosphorus levels 3.3 to 3.8, 3.81 to 4.3, and ⬎4.3 versus ⬍3.3
mg/dl 0.83 [0.54 to 1.27], 1.24 [0.82 to 1.88], and 1.60 [1.06 to
2.41]; P ⫽ 0.001 for trend). The group with serum phosphorus
of 3.3 to 3.8 mg/dl had the lowest risk for progression, but
inclusion of a quadratic term for serum phosphorus did not
confirm a significant nonlinear association (P ⫽ 0.3 for quadratic term). When serum phosphorus was included as a continuous variable, a 1-mg/dl higher serum phosphorus level
was associated with an adjusted HR (95% CI) of 1.29 (1.12 to
1.48; P ⬍ 0.001). The association between serum phosphorus
level and progression of CKD was stronger in patients with
diabetes (adjusted HR [95% CI] associated with a 1-mg/dl
higher phosphorus level 1.47 [1.17 to 1.84] in those with diabetes versus 1.06 [0.85 to 1.33] in those without diabetes), but the
interaction was not statistically significant (P ⫽ 0.1 for the
interaction term). A quantitative interaction was present between serum phosphorus and serum calcium, with a higher HR
in the subgroup with elevated calcium level (adjusted HR [95%
CI] associated with a 1-mg/dl higher phosphorus level 1.18
[0.98 to 1.41] in patients with serum calcium ⬍9.2 mg/dl versus
1.48 [1.12 to 1.96] in patients with serum calcium ⱖ9.2 mg/dl;
P ⫽ 0.001 for the interaction term). There was no significant
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Table 1. Baseline characteristics of individuals stratified by quartiles of serum phosphorus levela
Serum Phosphorus (mg/dl)

n (%)
Age (yr)
Black race
Diabetes
ASCVD
Active smokers
SBP (mmHg)
DBP (mmHg)
Use of calcium
Use of ACEI/ARB
GFR (ml/min per 1.73 m2)
CKD stages
1
2
3
4
5
BUN (mg/dl)
Hemoglobin (g/dl)
Cholesterol (mg/dl)
Albumin (g/dl)
Calcium (mg/dl)
Bicarbonate (mmol/L)
Urinary protein (mg/24 h)

⬍3.3

3.3 to 3.8

3.81 to 4.3

⬎4.3

255 (25.9)
68.0 ⫾ 10.4
63 (24.7)
118 (46.3)
151 (59.2)
54 (22.7)
150.9 ⫾ 26.0
75.7 ⫾ 15.8
16 (6.3)
152 (59.6)
39.0 (37.3 to 41.0)

287 (29.1)
68.6 ⫾ 10.7
63 (21.9)
157 (54.7)
170 (59.2)
69 (25.1)
152.5 ⫾ 25.1
76.1 ⫾ 15.1
11 (3.8)
165 (60.0)
36.8 (35.1 to 38.5)

223 (22.6)
67.9 ⫾ 11.2
54 (24.2)
121 (54.3)
133 (59.6)
58 (28.3)
150.8 ⫾ 29.2
74.8 ⫾ 15.8
8 (3.6)
132 (59.2)
32.3 (30.9 to 34.7)

220 (22.3)
64.5 ⫾ 11.1
55 (25.0)
142 (64.6)
136 (61.8)
77 (37.4)
154.3 ⫾ 26.5
76.1 ⫾ 16.1
21 (9.5)
131 (59.5)
25.1 (23.4 to 26.9)

7 (2.7)
27 (10.6)
168 (65.9)
48 (18.8)
5 (1.9)
25.9 ⫾ 10.3
13.1 ⫾ 1.8
180.7 (175.1 to 186.4)
3.7 ⫾ 0.4
9.2 ⫾ 0.5
25.9 ⫾ 3.2
521.4 (435.8 to 623.7)

5 (1.7)
25 (8.7)
184 (64.1)
67 (23.3)
6 (2.1)
30.8 ⫾ 12.7
13.0 ⫾ 1.8
185.4 (179.4 to 191.7)
3.7 ⫾ 0.5
9.2 ⫾ 0.5
25.7 ⫾ 3.4
618.3 (524.4 to 729.0)

5 (2.2)
12 (5.4)
112 (50.2)
90 (40.4)
4 (1.8)
34.3 ⫾ 14.2
12.4 ⫾ 1.9
189.2 (182.7 to 196.0)
3.6 ⫾ 0.5
9.1 ⫾ 0.6
25.4 ⫾ 3.4
770.4 (628.1 to 945.0)

1 (0.4)
5 (2.3)
76 (34.5)
106 (85.4)
32 (14.5)
43.1 ⫾ 19.7
11.8 ⫾ 1.9
187.7 (180.7 to 194.9)
3.5 ⫾ 0.5
9.0 ⫾ 0.7
24.6 ⫾ 4.1
1806.3 (1497.4 to 2178.9)

P

0.0001
0.8
0.001
0.9
0.004
0.4
0.8
0.019
0.9
⬍0.0001
⬍0.001

⬍0.0001
⬍0.0001
0.26
⬍0.0001
⬍0.0001
0.0002
⬍0.0001

Data are means ⫾ SD, n (% of total), or geometric mean (95% CI). ACEI, angiotensin-converting enzyme inhibitor; ARB,
angiotensin II receptor blocker; ASCVD, atherosclerotic cardiovascular disease; BUN, blood urea nitrogen; CI, confidence
interval; CKD, chronic kidney disease; DBP, diastolic BP; SBP, systolic BP. Comparisons were made by ANOVA, Fisher exact
test, or 2 test.
a

Table 2. Baseline characteristics of individuals stratified by quartiles of serum calcium levela
Serum Calcium (mg/dl)
⬍9.1

9.1 to 9.4

9.41 to 9.7

⬎9.7

P

n (%)
235 (23.8)
218 (22.1)
252 (25.5)
280 (28.4)
Age (yr)
68.5 ⫾ 10.6
68.0 ⫾ 10.9
66.7 ⫾ 10.3
66.3 ⫾ 11.5
0.07
Black race
45 (19.1)
52 (23.8)
56 (22.2)
89 (29.2)
0.05
Diabetes
116 (49.3)
119 (54.5)
145 (57.5)
158 (56.4)
0.27
ASCVD
147 (62.5)
131 (60.0)
138 (54.7)
174 (62.1)
0.25
Active smokers
59 (27.0)
45 (22.3)
78 (32.3)
76 (28.7)
0.13
SBP (mmHg)
154.3 ⫾ 25.3
152.4 ⫾ 24.2
153.8 ⫾ 28.4
148.3 ⫾ 27.5
0.03
DBP (mmHg)
75.6 ⫾ 15.7
76.1 ⫾ 14.8
76.5 ⫾ 15.2
74.6 ⫾ 16.5
0.5
Use of calcium
16 (6.8)
15 (6.9)
11 (4.4)
14 (5.0)
0.5
Use of ACEI/ARB
132 (56.2)
135(61.9)
156 (61.9)
167 (59.6)
0.5
GFR (ml/min per 1.73 m2)
29.2 (27.4 to 31.2)
33.2 (31.4 to 35.1)
35.5 (33.6 to 37.4)
35.4 (33.5 to 37.5)
⬍0.0001
CKD stage
1
3 (1.3)
2 (0.9)
7 (2.8)
6 (2.1)
0.014
2
15 (6.4)
12 (5.5)
16 (6.3)
26 (9.3)
3
107 (45.5)
126 (57.8)
144 (57.1)
163 (58.2)
4
92 (39.1)
70 (32.1)
78 (30.9)
71 (25.4)
5
18 (7.7)
8 (3.7)
7 (2.8)
14 (5.0)
BUN (mg/dl)
35.7 ⫾ 16.1
32.7 ⫾ 15.3
30.7 ⫾ 13.1
33.3 ⫾ 17.1
0.006
Hemoglobin (g/dl)
12.2 ⫾ 1.9
12.4 ⫾ 1.8
12.8 ⫾ 1.7
12.8 ⫾ 2.0
0.0009
Cholesterol (mg/dl)
184.4 (178.7 to 190.3) 183.2 (176.5 to 190.1) 185.5 (179.6 to 191.7) 188.2 (181.7 to 194.9)
0.7
Albumin (g/dl)
3.8 ⫾ 0.4
3.6 ⫾ 0.4
3.5 ⫾ 0.5
3.4 ⫾ 0.5
⬍0.0001
Phosphorus (mg/dl)
3.9 ⫾ 0.9
3.8 ⫾ 0.7
3.7 ⫾ 0.7
3.9 ⫾ 0.8
0.07
Bicarbonate (mmol/L)
24.5 ⫾ 3.9
25.4 ⫾ 3.1
25.8 ⫾ 3.2
25.9 ⫾ 3.5
0.0001
Urinary protein (mg/24 h) 905.0 (743.4 to 1101.8) 614.8 (507.9 to 744.2) 857.9 (702.6 to 1048.0) 799.8 (670.1 to 954.6)
0.03
Data are means ⫾ SD, n (% of total), or geometric mean (95% CI). Comparisons were made by ANOVA, Fisher exact test,
or 2 test.
a
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Table 3. Distribution of events, by quartiles of serum phosphorus, calcium, and calcium-phosphorus producta

All
PO4 (mg/dl)
⬍3.3
3.3–3.8
3.81 to 4.3
⬎4.3
Ca (mg/dl)
⬍9.1
9.1 to 9.4
9.41 to 9.7
⬎9.7
Ca ⫻ PO4 (mg2/dl2)
⬍30
30 to 35
36 to 40
⬎40
a

Composite End Point

ESRD

Doubling of Serum Creatinine

258 (26.1)

210 (21.3)

48 (4.8)

40 (15.6)
54 (18.8)
60 (26.9)
104 (47.2)

31 (12.1)
40 (13.9)
50 (22.4)
89 (40.4)

9 (3.5)
14 (4.8)
10 (4.4)
15 (6.8)

82 (34.8)
51 (23.3)
62 (24.6)
63 (22.5)

71 (30.2)
40 (18.3)
51 (20.2)
48 (17.1)

11 (4.6)
11 (5.0)
11 (4.3)
15 (5.3)

35 (18.0)
39 (15.6)
68 (25.0)
116 (42.9)

30 (15.4)
28 (11.2)
53 (19.4)
99 (36.6)

5 (2.5)
11 (4.4)
15 (5.5)
17 (6.3)

Data are n (% of total).

Figure 1. Hazard ratio (HR) (95% confidence interval [CI]) of the
composite outcome of ESRD and doubling of serum creatinine
associated with various quartiles of serum phosphorus, unadjusted and after adjustment for age, race, systolic (SBP) and
diastolic BP (DBP), diabetes, smoking status, estimated GFR
(eGFR), serum albumin, calcium, bicarbonate, blood urea nitrogen (BUN), hemoglobin, 24-h urine protein, and use of calciumcontaining phosphate binders and angiotensin-converting enzyme inhibitors (ACEI)/angiotensin II receptor blockers (ARB).
The group with serum phosphorus ⬍3.3 mg/dl served as reference.

interaction with age, race, or level of GFR. Results were not
significantly different after the exclusion of patients with a
baseline eGFR of ⬍15 ml/min per 1.73 m2 (adjusted HR [95%
CI] for serum phosphorus level ⬎4.3 mg/dl versus ⬍3.3 mg/dl
1.74 [1.14 to 2.64]; P ⫽ 0.01).

Serum Calcium
Figure 2 shows the hazard of the composite outcome associated with various levels of serum calcium level in the unadjusted Cox model and after adjustment for age, race, systolic

Figure 2. HR (95% CI) of the composite outcome of ESRD and
doubling of serum creatinine associated with various quartiles
of serum calcium, unadjusted and after adjustment for age,
race, SBP and DBP, diabetes, smoking status, eGFR, serum
albumin, phosphorus, bicarbonate, BUN, hemoglobin, 24-h
urine protein, and use of calcium-containing phosphate binders
and ACEI/ARB. The group with serum calcium ⬍9.1 mg/dl
served as reference.

BP, diastolic BP, diabetes, smoking status, eGFR, serum albumin, calcium, bicarbonate, BUN, hemoglobin, proteinuria, and
use of calcium-containing phosphate binders and ACEI/ARB.
Higher serum calcium levels showed a trend toward lower risk
for progression (adjusted HR [95% CI] for serum calcium levels
of 9.1 to 9.4, 9.41 to 9.7, and ⬎9.7 versus ⬍9.1 mg/dl 0.88 [0.61
to 1.25], 0.89 [0.62 to 1.28], and 0.73 [0.51 to 1.06]; P ⫽ 0.12 for
trend) but without statistical significance in the adjusted model.
When serum calcium was included as a continuous variable, a
1-mg/dl higher serum calcium level was associated with an
adjusted HR (95% CI) of 0.80 (0.63 to 1.02; P ⫽ 0.07). No
significant interactions were detected. The baseline use of calcium-containing phosphate binders showed no significant as-
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sociation with progression of CKD (adjusted HR [95% CI] for
users versus nonusers of calcium-containing phosphate binders
0.77 [0.49 to 1.21]; P ⫽ 0.26).

Calcium-Phosphorus Product
Figure 3 shows the unadjusted and multivariable adjusted
HR for the composite outcome by quartiles of the calciumphosphorus product. A calcium-phosphorus product of ⬎40
mg2/dl2 was associated with the highest HR for the composite
outcome (adjusted HR [95% CI] for serum calcium-phosphorus
product of 30 to 35, 36 to 40, and ⬎40 versus ⬍30 mg2/dl2 0.58
[0.36 to 0.94], 0.87 [0.57 to 1.35], and 1.37 [0.91 to 2.07]; P ⫽ 0.002
for trend). The group with a calcium-phosphorus product of 30
to 35 mg2/dl2 had the lowest risk for progression, but inclusion
of a quadratic term did not confirm a significant nonlinear
association (P ⫽ 0.8 for quadratic term). In a model with calcium-phosphorus product included as a continuous variable, a
10-mg2/dl2 higher level was associated with an adjusted HR
(95% CI) of 1.29 (1.10 to 1.51; P ⫽ 0.001).

Discussion
Abnormalities in bone and mineral metabolism are associated
with higher mortality in patients with ESRD (1). Even though
these abnormalities start developing in earlier stages of CKD (2),
their impact on major outcomes in this latter patient population is
less well described. The impact of phosphorus level on mortality
in patients who have CKD and are not yet on dialysis has been
examined, with two studies showing different results (11,12), but
the effect of bone-mineral abnormalities on kidney function is
unclear. We examined the association of serum phosphorus, calcium, and calcium-phosphorus product levels with the composite
outcome of ESRD or doubling of serum creatinine to characterize
their impact on progression of CKD.
Higher serum phosphorus was associated with significantly
higher risk for progression of CKD, even after adjustment for
multiple potential confounders. This finding complements ear-

Figure 3. HR (95% CI) of the composite outcome of ESRD and
doubling of serum creatinine associated with various quartiles
of calcium-phosphorus product, unadjusted and after adjustment for age, race, SBP and DBP, diabetes, smoking status,
eGFR, serum albumin, bicarbonate, BUN, hemoglobin, 24-h
urine protein, and use of calcium-containing phosphate binders
and ACEI/ARB. The group with calcium-phosphorus product
⬍30 mg2/dl2 served as reference.
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lier studies that showed a beneficial effect of dietary phosphorus restriction on progression of CKD in experimental animals
(5,6,8) and in humans (4,7). The mechanism underlying this
association is unclear but may be related to increased nephrocalcinosis, hyperparathyroidism, alterations in cellular energy
metabolism, or altered renal hemodynamics (6,13). Our other
findings of a higher calcium-phosphorus product being associated with more progressive CKD and of a significant quantitative interaction between serum phosphorus and calcium levels
(the association of higher serum phosphorus with progressive
CKD was more accentuated in patients with higher serum
calcium levels) supports the hypothesis that tissue calcification
(nephrocalcinosis) may be the reason behind the observed associations. This process, once thought to be a passive one
dependent on secondary hyperparathyroidism and an elevated
calcium-phosphate product, seems now to involve active steps
at the cellular and subcellular levels (14 –18), with hyperphosphatemia shown to be associated with increased expression of
osteoblast-specific proteins in vascular smooth muscle cells, a
process that depends directly on the phosphate co-transporter
Pit-1 (16). The effect of ambient serum calcium concentration on
phosphorus-mediated vascular smooth muscle calcification
was explored by Reynolds et al. (19), who showed that higher
ambient serum calcium level led to more significant phosphorus-driven calcification in vitro. A similar mechanism could
explain why we observed a more pronounced risk for progressive CKD associated with higher phosphorus levels in patients
with higher serum calcium level. The association of serum
phosphorus level with progression of CKD in our study also
seemed to be more pronounced in patients with diabetes, although the interaction did not reach statistical significance.
Diabetes affected the association of serum phosphorus with
mortality in patients with ESRD in the study by Block et al. (1)
(with the relative risk for mortality being higher in those with
diabetes), and serum phosphorus was not associated with mortality in a study that was performed in patients who had CKD
and were not yet on dialysis, who almost exclusively did not
have diabetes (12). The mechanism of action behind the observed effect modification rendered by diabetes is unclear and
warrants further research.
We also found an association between lower calcium levels
and progressive CKD in unadjusted analyses, but the association was NS after adjustments, especially after adjustment for
eGFR, suggesting that lower serum calcium level may be a
surrogate marker of lower GFR rather than an independent risk
factor for progression of CKD. Besides being associated with
lower eGFR, low calcium may be associated with higher parathyroid hormone levels (20), which were not available to us for
analyses; therefore, additional residual confounding is possible.
The baseline use of calcium-containing phosphate binders also
was not associated with progressive CKD, even though the use
of such medications is associated with cardiovascular calcification in patients with ESRD (21,22). In a rat model of CKD, the
administration of calcium-containing phosphate binders resulted in nephrocalcinosis that was comparable to control animals and significantly more severe compared with a group that
was treated with sevelamer hydrochloride (23). Given the very
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small proportion of patients who were using these medications
in our study (56 patients [5.7%] using calcium-containing medications and two [0.2%] patients using sevelamer hydrochloride) and the possibility for the introduction of such medications during the time between our baseline assessment and the
main outcome measure, we are unable to draw any valid conclusions regarding the impact of these therapies on progression
of CKD.
Several shortcomings of our study have to be acknowledged.
Our study population consisted exclusively of male US veterans who were drawn from a limited geographic area; therefore,
our results may not apply to women or to patients from other
geographic locations. Given the retrospective nature of our
study, we can determine only the presence of associations but
cannot establish causality. For the same reason, although we
tried to correct for the effect of the major confounding variables
that are known to affect progression of CKD, the effect of
residual confounding cannot be ruled out. The impact of three
potentially important variables has to be stressed in this regard.
First, we could not measure the amount of protein intake in our
patients. Protein restriction is associated with more favorable
renal outcomes, and higher phosphorus levels may be surrogate markers for higher protein intake in our patient population. We used proxy markers of protein intake (eGFR-adjusted
BUN and serum bicarbonate levels) to address this issue. Furthermore, the renoprotective mechanism of protein restriction
is mediated at least in part by phosphorus restriction (8) and
consequent lower serum phosphorus levels; therefore, we argue that serum phosphorus level could be regarded as an
independent risk factor rather than a mere surrogate marker of
protein intake, especially given the plausible pathophysiologic
mechanisms underlying the observed associations. Second, we
could not account for the confounding effect of parathyroid
hormone (PTH) levels, which were not available to us. Higher
PTH levels could be associated with both lower calcium and
higher phosphorus levels; therefore, we cannot rule out a residual confounding effect related to hyperparathyroidism.
Third, although we adjusted for eGFR, true assessment of GFR
in a historical study is not possible; therefore, the association
between serum phosphorus and progressive CKD may have
been affected by residual confounding stemming from differences between eGFR and true GFR. The association of serum
phosphorus with progressive CKD, however, showed no interaction with the level of eGFR (the HR were similar in patients
with higher and lower eGFR), making it more likely to be
independent from it. Other limitations are conferred by the use
of baseline data to predict future outcomes and the nonconcurrent historical cohort design. By using baseline data, we cannot
account for the longitudinal changes of the variables studied
and of the therapeutic interventions applied (phosphate binders and ACEI/ARB). The nonconcurrent enrollment makes it
even more difficult to account for the effect of therapeutic
interventions, because standards of therapy might have
changed during the study period (especially true for ACEI/
ARB). Exclusion of calcium-containing binders and ACEI/ARB
from our analyses, however did, not significantly alter the
studied outcomes (data not shown).
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Conclusion
Our study shows an association between higher levels of
serum phosphorus and calcium-phosphorus product with an
unfavorable renal outcome in male US veterans who had stages
1 through 5 CKD and were not yet on dialysis. This association
was present even after adjustment for several variables that are
known to affect progression of CKD. Although such an association seems plausible on the basis of animal studies and in vitro
data, future clinical trials will have to be conducted to clarify
the role of secondary hyperparathyroidism and to assess
whether this association is causal and whether therapeutic interventions that target abnormalities in bone and mineral metabolism would be helpful in retarding the progression of CKD.

Acknowledgments
Parts of this material were presented at the American Society of
Nephrology Renal Week; October 27 to November 1, 2004; St. Louis,
MO.
We thank Dr. John E. Anderson for critical review of an early version
of the manuscript.

References
1. Block GA, Klassen PS, Lazarus JM, Ofsthun N, Lowrie EG,
Chertow GM: Mineral metabolism, mortality, and morbidity in maintenance hemodialysis. J Am Soc Nephrol 15:
2208 –2218, 2004
2. K/DOQI clinical practice guidelines for chronic kidney
disease: Evaluation, classification, and stratification. Am J
Kidney Dis 39: S1–S266, 2002
3. Pedrini MT, Levey AS, Lau J, Chalmers TC, Wang PH: The
effect of dietary protein restriction on the progression of
diabetic and nondiabetic renal diseases: A meta-analysis.
Ann Intern Med 124: 627– 632, 1996
4. Barsotti G, Morelli E, Giannoni A, Guiducci A, Lupetti S,
Giovannetti S: Restricted phosphorus and nitrogen intake
to slow the progression of chronic renal failure: A controlled trial. Kidney Int Suppl 16: S278 –S284, 1983
5. Karlinsky ML, Haut L, Buddington B, Schrier NA, Alfrey
AC: Preservation of renal function in experimental glomerulonephritis. Kidney Int 17: 293–302, 1980
6. Lumlertgul D, Burke TJ, Gillum DM, Alfrey AC, Harris
DC, Hammond WS, Schrier RW: Phosphate depletion arrests progression of chronic renal failure independent of
protein intake. Kidney Int 29: 658 – 666, 1986
7. Maschio G, Oldrizzi L, Tessitore N, D’Angelo A, Valvo E,
Lupo A, Loschiavo C, Fabris A, Gammaro L, Rugiu C,
Panzetta G: Effects of dietary protein and phosphorus restriction on the progression of early renal failure. Kidney Int
22: 371–376, 1982
8. Ibels LS, Alfrey AC, Haut L, Huffer WE: Preservation of
function in experimental renal disease by dietary restriction of phosphate. N Engl J Med 298: 122–126, 1978
9. Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D:
A more accurate method to estimate glomerular filtration
rate from serum creatinine: A new prediction equation.
Modification of Diet in Renal Disease Study Group. Ann
Intern Med 130: 461– 470, 1999
10. Payne RB, Little AJ, Williams RB, Milner JR: Interpretation

Clin J Am Soc Nephrol 1: 825– 831, 2006

11.

12.

13.

14.
15.

16.

17.

of serum calcium in patients with abnormal serum proteins. BMJ 4: 643– 646, 1973
Kestenbaum B, Sampson JN, Rudser KD, Patterson DJ,
Seliger SL, Young B, Sherrard DJ, Andress DL: Serum
phosphate levels and mortality risk among people with
chronic kidney disease. J Am Soc Nephrol 16: 520 –528, 2005
Menon V, Greene T, Pereira AA, Wang X, Beck GJ, Kusek
JW, Collins AJ, Levey AS, Sarnak MJ: Relationship of phosphorus and calcium-phosphorus product with mortality in
CKD. Am J Kidney Dis 46: 455– 463, 2005
Kraus ES, Cheng L, Sikorski I, Spector DA: Effect of phosphorus restriction on renal response to oral and intravenous protein loads in rats. Am J Physiol 264: F752–F759,
1993
Bostrom K: Insights into the mechanism of vascular calcification. Am J Cardiol 88: 20E–22E, 2001
Chen NX, O’Neill KD, Duan D, Moe SM: Phosphorus and
uremic serum up-regulate osteopontin expression in vascular smooth muscle cells. Kidney Int 62: 1724 –1731, 2002
Jono S, McKee MD, Murry CE, Shioi A, Nishizawa Y, Mori
K, Morii H, Giachelli CM: Phosphate regulation of vascular
smooth muscle cell calcification. Circ Res 87: E10 –E17, 2000
Qunibi WY, Nolan CA, Ayus JC: Cardiovascular calcification in patients with end-stage renal disease: A century-old
phenomenon. Kidney Int Suppl 73– 80, 2002

Mineral Metabolism and Progression of CKD

831

18. Schinke T, McKee MD, Kiviranta R, Karsenty G: Molecular
determinants of arterial calcification. Ann Med 30: 538 –541,
1998
19. Reynolds JL, Joannides AJ, Skepper JN, McNair R, Schurgers LJ, Proudfoot D, Jahnen-Dechent W, Weissberg PL,
Shanahan CM: Human vascular smooth muscle cells undergo vesicle-mediated calcification in response to changes
in extracellular calcium and phosphate concentrations: A
potential mechanism for accelerated vascular calcification
in ESRD. J Am Soc Nephrol 15: 2857–2867, 2004
20. Brown EM: Calcium receptor and regulation of parathyroid hormone secretion. Rev Endocr Metab Disord 1: 307–
315, 2000
21. Chertow GM, Burke SK, Raggi P: Sevelamer attenuates the
progression of coronary and aortic calcification in hemodialysis patients. Kidney Int 62: 245–252, 2002
22. London GM, Guerin AP, Marchais SJ, Metivier F, Pannier
B, Adda H: Arterial media calcification in end-stage renal
disease: Impact on all-cause and cardiovascular mortality.
Nephrol Dial Transplant 18: 1731–1740, 2003
23. Cozzolino M, Staniforth ME, Liapis H, Finch J, Burke SK,
Dusso AS, Slatopolsky E: Sevelamer hydrochloride attenuates kidney and cardiovascular calcifications in long-term
experimental uremia. Kidney Int 64: 1653–1661, 2003

