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ABSTRACT

CLINICAL EPIDEMIOLOGY

Within the normal range, higher serum phosphate concentrations are associated with cardiovascular events
and mortality in individuals with chronic kidney disease (CKD) and in those with normal kidney function.
Experimental models suggest that phosphate has a direct calcifying effect on vascular smooth muscle. We
examined associations of serum phosphate concentrations with vascular and valvular calcification in 439
participants from the Multi-Ethnic Study of Atherosclerosis who had moderate CKD and no clinical cardiovascular disease. Serum phosphate concentrations were within the normal range (2.5 to 4.5 mg/dl) in 95% of
study participants. The prevalence of calcification in the coronary arteries, descending thoracic aorta, aortic
valve, and mitral valve was 67, 49, 25, and 20%, respectively, measured by electron-beam or multi-detector
row computed tomography. After adjustment for demographics and estimated GFR, each 1-mg/dl increment
in serum phosphate concentration was associated with a 21% (P ⫽ 0.002), 33% (P ⫽ 0.001), 25% (P ⫽ 0.16),
and 62% (P ⫽ 0.007) greater prevalence of coronary artery, thoracic, aortic valve, and mitral valve calcification, respectively. Adjustment for traditional risk factors for atherosclerosis, parathyroid hormone, or 1,25dihydroxyvitamin D levels did not alter these associations. In conclusion, higher serum phosphate concentrations, although still within the normal range, are associated with a greater prevalence of vascular and
valvular calcification in people with moderate CKD. It remains to be determined whether lowering phosphate
concentrations will impact calcification risk in the setting of kidney disease.
J Am Soc Nephrol 20: 381–387, 2009. doi: 10.1681/ASN.2008040349

Within the normal laboratory range, higher serum
phosphate concentrations have been associated
with cardiovascular events and mortality in prospective studies of individuals with chronic kidney
disease (CKD) and those with normal kidney function.1– 4 Vascular calcification represents an intriguing candidate mechanism connecting phosphate
excess with cardiovascular risk. In vitro, phosphate
interacts with cultured smooth muscle cells to initiate phenotype transformation, characterized by
expression of bone lineage markers and mineralization of extracellular matrix proteins.5,6 Phosphate
concentrations ⬎6 mg/dl have been used to proJ Am Soc Nephrol 20: 381–387, 2009

mote robust tissue calcification in cell culture models; however, lower phosphate concentrations may
be able to initiate calcification in vivo in the presence of other synergistic factors.7 Higher serum
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phosphate concentrations also stimulate parathyroid hormone (PTH) release and suppress vitamin D activation.8 –10
These hormonal disturbances have been associated with cardiovascular risk factors, such as hypertension, inflammation,
and glucose intolerance,11–13 suggesting alternative mechanisms to explain observed associations between phosphate levels and cardiovascular events.
In a community-based cohort of adults with moderate CKD
and no known clinical cardiovascular disease, we examined
associations of serum phosphate concentrations with the presence and extent of calcification at four anatomic sites: Coronary arteries, descending thoracic aorta, mitral valve, and aortic valve. We then explored whether serum PTH and activated
vitamin D levels could partially explain potential associations
of serum phosphate concentrations with calcification.

RESULTS

We identified 641 Multi-Ethnic Study of Atherosclerosis
(MESA) participants (9.4% of original MESA cohort) with an
estimated GFR (eGFR) ⬍60 ml/min per 1.73 m2. We excluded
101 participants with a reported history of cancer, 100 with
inadequate serum volume for the proposed mineral metabolism measurements, and one participant who was taking sevelamer, leaving 439 participants for analysis. Included participants were similar to those excluded with respect to age and the
prevalence of coronary artery calcification (CAC; 67 and 73%
among included and excluded participants, respectively). The
average age of the study cohort was 70 yr; 62% were female, and
22% had diabetes. The mean eGFR was 50.6 ml/min per 1.73
m2; 97% of participants had stage 3 CKD. Serum phosphate
concentrations were ⱕ4.5 mg/dl in 96% of participants (mean
3.6 mg/dl; SD 0.6).
Serum phosphate concentrations were inconsistently related to traditional cardiovascular risk factors (Table 1). On
one hand, higher serum phosphate concentrations were associated with decreased kidney function and higher LDL cholesterol levels. Moreover, participants with phosphate levels ⬎4.0
mg/dl had greater body mass index and a greater prevalence of
diabetes and microalbuminuria. On the other hand, higher
serum phosphate concentrations were associated with female
gender, a lower prevalence of smoking, and lower diastolic BP.
We could not detect associations of the serum phosphate concentration with the estimated dietary intake of phosphorous or
protein, although higher serum phosphate concentrations
were modestly associated with a greater intake of calcium.
Among study participants without diabetes, serum phosphate
concentrations were unrelated to fasting glucose levels.
The prevalence of any calcification in the coronary arteries,
descending thoracic aorta, aortic valve, and mitral valve was
67, 49, 25, and 20%, respectively. The median CAC score in
participants with nonzero baseline CAC scores was 125 Agatston units (interquartile range 35 to 413 Agatston units). A
382
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total of 103 (23%) participants had no detectable calcification
at any of the four anatomic sites. The number of calcified sites
increased with greater serum phosphate concentrations (P ⫽
0.04; Figure 1).
We observed a graded association of higher serum phosphate concentrations with greater calcification prevalence for
all four anatomic sites (Table 2). After adjustment for age, race,
and gender, participants in the highest phosphate group had a
54% greater prevalence of CAC, and a 69, 68, and 93% greater
prevalence of descending thoracic aorta, aortic valve, and mitral valve calcification, compared with participants in the lowest serum phosphate group. Associations of phosphate with
calcification prevalence were approximately linear throughout
the measured range of phosphate. Adjustment for traditional
cardiovascular risk factors did not materially alter the strength
of any of the prevalence ratio (PR) estimates (Table 2, model
2). Moreover, PR estimates remained consistent when models
were further adjusted for dietary intake (all estimates changed
by ⱕ11%). Results did not change when analyses were restricted to participants with serum phosphate levels within the
normal laboratory range (2.5 to 4.5 mg/dl).
The strength of association between phosphate concentration and CAC prevalence did not statistically differ by race,
gender, or diabetes (all P ⬎ 0.1); however, associations of
phosphate concentrations with CAC prevalence were significantly stronger among younger participants (PR 1.76 in participants ⱕ65 yr old versus PR 1.10 in participants ⱖ75 yr old,
P ⫽ 0.04 for interaction) and among participants with better
kidney function (PR 1.72 in lowest cystatin C quartile versus PR
1.22 in highest cystatin C quartile, P ⫽ 0.008 for interaction).
We explored whether associations of phosphate concentrations with calcification might be partially mediated via serum
levels of PTH or 1,25-dihydroxyvitamin D [1,25-(OH)2D].
Adjustment for serum levels of PTH and 1,25-(OH)2D did not
alter the strength of any estimated PR (Table 3). Among participants with prevalent site-specific calcification, greater serum phosphate concentrations were associated with higher
CAC scores but not with the extent of calcification in the thoracic aorta or cardiac valves (Table 4).

DISCUSSION

In a community-based cohort of individuals with CKD and no
clinically apparent cardiovascular disease, higher serum phosphate concentrations within the normal laboratory range were
associated with a statistically greater prevalence of coronary artery, descending thoracic aorta, and mitral valve calcification. Associations were independent of traditional atherosclerotic risk
factors, estimated kidney function, and measured dietary variables. Adjustment for serum PTH and 1,25-(OH)2D levels, which
may be influenced by abnormal phosphate metabolism, did not
alter associations of phosphate concentrations with calcification.
These data suggest that mild disturbances in phosphate hoJ Am Soc Nephrol 20: 381–387, 2009
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Table 1. Baseline characteristics according to serum phosphate concentrationa
Serum Phosphate Concentration (mg/dl)
Characteristic
Demographics
age (mean 关SD兴)
race (n 关%兴)
white
Chinese
black
Hispanic
male gender (n 关%兴)
Cardiovascular risk factors
BMI (mean 关SD兴)
ever smoked (n 关%兴)
diabetes (n 关%兴)
none
impaired fasting glucose
diabetes
SBP (mmHg; mean 关SD兴)
DBP (mmHg; mean 关SD兴)
LDL cholesterol (mg/dl; mean 关SD兴)
HDL cholesterol (mg/dl; mean 关SD兴)
triglycerides (mg/dl; mean 关SD兴)
C-reactive protein (mg/L; mean 关SD兴)
eGFR (ml/min per 1.73 m2; mean 关SD兴)
cystatin C (mg/L; mean 关SD兴)
microalbuminuria (n 关%兴)
Mineral metabolism measurements
phosphate (mg/dl; mean 关SD兴)
calcium (mg/dl; mean 关SD兴)
PTH (pg/ml; mean 关SD兴)
vitamin 25-D (ng/ml; mean 关SD兴)
vitamin 1,25-D (pg/ml; mean 关SD兴)
any calcium supplement (n 关%兴)
Dietary intake measurements (mean 关SD兴)
calories (kcal/d)
calcium (mg/d)
phosphorus (mg/d)
protein (g/d)
fat (g/d)
a

<3.0
(n ⴝ 64)

3.0 to 3.5
(n ⴝ 157)

3.6 to 4.0
(n ⴝ 141)

>4.0
(n ⴝ 77)

P

68.7 (8.5)

71.0 (8.8)

69.5 (8.0)

68.4 (8.1)

0.0800

27 (42)
10 (16)
16 (25)
11 (17)
39 (61)

66 (42)
22 (14)
43 (27)
26 (17)
71 (45)

64 (45)
23 (16)
28 (20)
26 (18)
38 (27)

32 (41)
12 (16)
17 (22)
16 (21)
17 (22)

0.9600
⬍0.0010b

28.9 (5.5)
38 (60)

28.3 (5.3)
62 (40)

28.2 (5.2)
71 (51)

29.7 (6.2)
33 (43)

0.2100
0.0600

30 (47)
20 (31)
14 (22)
137 (27)
76 (13)
111 (32)
50 (16)
161 (195)
4.0 (4.6)
51.0 (6.4)
1.17 (0.25)
13 (20)

87 (55)
42 (27)
28 (18)
134 (23)
71 (10)
116 (30)
51 (15)
134 (63)
4.1 (5.3)
50.8 (8.0)
1.24 (0.36)
31 (20)

71 (50)
39 (28)
31 (22)
135 (22)
70 (9)
118 (35)
52 (15)
151 (79)
4.2 (5.7)
51.7 (7.7)
1.21 (0.35)
35 (25)

32 (41)
21 (27)
24 (31)
134 (25)
70 (12)
125 (41)
53 (16)
148 (71)
5.1 (8.5)
47.7 (12.8)
1.46 (0.86)
23 (30)

0.3500
0.8900
0.0040
0.1000
0.7700
0.2300
0.6100
0.0100
⬍0.0010b
0.2900

2.8 (0.2)
10.0 (0.4)
44 (27)
23 (18)
36 (14)
27 (42)

3.3 (0.2)
10.1 (0.5)
37 (18)
24 (15)
36 (14)
71 (45)

3.8 (0.1)
10.1 (0.4)
34 (29)
24 (13)
37 (15)
66 (47)

4.4 (0.4)
10.3 (0.6)
37 (33)
18 (12)
32 (16)
38 (49)

⬍0.0001b
⬍0.0010b
0.1400
0.0100
0.1100
0.8800

1614 (975)
920 (535)
1068 (579)
63 (33)
65 (45)

1388 (602)
936 (684)
914 (452)
56 (26)
52 (26)

1430 (712)
1145 (963)
951 (561)
56 (30)
55 (31)

1555 (713)
1164 (749)
1061 (552)
64 (30)
60 (34)

0.1400
0.0400
0.1200
0.1100
0.0400

BMI, body mass index; DBP, diastolic BP; SBP, systolic BP.
Statistically significant after Bonferroni correction for multiple comparisons (P ⬍ 0.002).

b

meostasis might be involved in dystrophic calcification among
individuals with moderate CKD.
Four prospective cohort studies have examined associations of
serum phosphate concentrations with cardiovascular events and
mortality in individuals with CKD and normal kidney function.1– 4 In a study of 3490 older, predominately male veterans
with stages 3 to 4 CKD, each 1-mg/dl higher serum phosphate
concentration was associated with a statistically significant 23%
greater adjusted risk for all-cause mortality.2 In the Modification
of Diet in Renal Disease (MDRD) study of 839 younger individuals without diabetes and with advanced CKD, each 1-mg/dl
higher serum phosphate concentration was associated with 10
and 27% greater risks of death and cardiovascular specific death,
respectively; however, neither result was statistically significant.3
J Am Soc Nephrol 20: 381–387, 2009

In a cholesterol-lowering trial that included 4127 participants
without known kidney disease, each 1-mg/dl higher serum phosphate concentration was associated with a 22% greater adjusted
risk for all-cause mortality and a 20% greater risk for recurrent
myocardial infarction.4 Finally, among 3368 middle-aged participants in the Framingham Offspring Study with normal estimated
kidney function and no clinical cardiovascular disease, each
1-mg/dl higher serum phosphate concentration was associated
with a 31% greater adjusted risk for the composite outcome, defined by fatal or nonfatal myocardial infarction, angina, heart failure, stroke, transient ischemic attack, or peripheral vascular disease.1 In each of these studies and in our study, nearly all of the
measured serum phosphate levels were within the normal laboratory range.
Phosphate and Calcification
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Proportion of calcified sites by serum phosphate

Observed associations of higher serum phosphate concentrations with cardiovascular events provoke questions regarding potential mechanisms of association. In vitro, phosphate acts directly
on cultured vascular smooth muscle cells to initiate phenotype
transformation, characterized by loss of contractility, expression
of bone-specific markers, and calcification of matrix proteins.5,6
Recently, the sodium-dependent phosphate transporter PIT-1
was shown to be necessary and sufficient to induce these changes
and to activate the osteoblast lineage transcription factor CBFA1.6
Experimental models have used exogenous phosphate concentrations ⬎6 mg/dl to obtain a robust calcification response. It remains possible that lower phosphate concentrations might be sufficient to initiate a calcification response in vivo in the presence of
additional synergistic factors. For example, the circulating calcification inhibitor fetuin-A may contribute as much as 50% of serum calcification inhibitory activity and is significantly reduced in
patients with CKD.7
Higher serum phosphate concentrations also suppress vitamin D activation and stimulate PTH release.8 –10 Experimental
and epidemiologic studies have reported associations of lower
vitamin D and higher PTH concentrations with cardiovascular
risk factors, such as hypertension, inflammatory biomarkers,
and glucose intolerance.11–13 For these reasons, alterations in
activated vitamin D and/or PTH metabolism have been suggested as potential mechanisms to explain associations of
phosphate with cardiovascular risk. In this cohort of participants with moderate CKD, serum phosphate concentrations
were weakly associated with 1,25-(OH)2D and PTH levels, if at
all, and adjustment for these hormone levels did not alter the
strength of association between phosphate concentrations and
calcification prevalence. These findings decrease the likelihood
that vitamin D or PTH is a central mechanism to explain associations of phosphate with calcification in early kidney disease;
however, findings are limited by the measurement of hormone
levels on a single occasion and by the potential for laboratory
measurement error.
It is possible that higher serum phosphate concentrations
are a surrogate marker for other processes that contribute to
vascular calcification. In this study, we could not detect mean384
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ingful associations of serum phosphate concentrations with
traditional cardiovascular risk factors or with measured estimates of dietary intake. Moreover, adjustment for a comprehensive set of traditional risk factors modestly increased the
strength of association between phosphate concentrations and
calcification. Although it is possible that observed associations
are confounded by residual error in estimating kidney function, associations of phosphate concentrations with calcification remained consistent after adjustment for cystatin C, age,
race, and gender, which collectively account for nearly 85% of
the variation in measured GFR among individuals with CKD.14
Furthermore, associations of phosphate concentrations with
cardiovascular events were previously observed in individuals
without kidney disease1 and were stronger among participants
who had relatively better kidney function in our study.
A second important limitation is cross-sectional ascertainment of serum phosphate concentrations and calcification
measurements, leaving open the possibility that phosphate
concentrations may increase in response to calcified lesions or
in response to other processes linked with arterial calcification.
Vascular calcification represents the result of long-standing
atherosclerotic and calcification processes. It is unclear
whether the steady-state serum phosphate concentration measured in this study accurately represents phosphorous balance
that occurred when calcification was developing. As with any
CKD study population, it is possible that participants represent
healthy survivors with kidney disease and that study findings
may not apply equally to sicker individuals with CKD and
those with extensive cardiovascular disease.
Although imaging studies were obtained in duplicate at
each MESA visit, some imprecision in vascular calcification
measurements by computed tomography (CT) scanning is expected. Moreover, mineral metabolism disturbances have been
linked specifically with medial rather than intimal vascular calcification in CKD; however, current imaging techniques are
unable to distinguish these pathologic processes.
In summary, we observed an association of higher serum
phosphate concentrations within the normal laboratory range
and the prevalence of vascular and valvular calcification in individuals with moderate CKD and no clinical cardiovascular
disease. These observational data do not address the potential
effects of lowering serum phosphate concentrations in the setting of early kidney dysfunction. Observed associations were
independent of traditional risk factors, severity of kidney dysfunction, dietary intake, and concentrations of PTH and 1,25(OH)2D. It is possible that even mild elevations in serum phosphate concentrations may contribute to calcification risk in
individuals with moderate CKD.

CONCISE METHODS
Study population
The MESA is a prospective cohort study designed to evaluate the
presence, extent, and progression of subclinical cardiovascular disJ Am Soc Nephrol 20: 381–387, 2009
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Table 2. Cross-sectional associations of serum phosphate concentration with prevalent calcificationa
Site

Model 1b

% Prevalent
Calcification

PR

58
66
67
75

1.00
1.11
1.31
1.54

Coronary artery
(mg/dl)
⬍3.0
3.0 to 3.5
3.6 to 4.0
⬎4.0
P for trend
Descending thoracic
aorta (mg/dl)
⬍3.0
3.0 to 3.5
3.6 to 4.0
⬎4.0
P for trend
Aortic valve (mg/dl)
⬍3.0
3.0 to 3.5
3.6 to 4.0
⬎4.0
P for trend
Mitral valve (mg/dl)
⬍3.0
3.0 to 3.5
3.6 to 4.0
⬎4.0
P for trend

Model 2c
95% CI

PR

95% CI

Reference
0.90 to 1.38
1.04 to 1.65
1.21 to 1.94
⬍0.001

1.00
1.10
1.27
1.42

Reference
0.89 to 1.38
1.00 to 1.61
1.11 to 1.82
0.001

34
49
51
57

1.00
1.22
1.42
1.69

Reference
0.89 to 1.69
1.02 to 2.00
1.22 to 2.45
⬍0.001

1.00
1.32
1.46
1.80

Reference
0.95 to 1.83
1.03 to 2.07
1.25 to 2.61
⬍0.001

20
28
23
26

1.00
1.28
1.37
1.68

Reference
0.77 to 2.14
0.80 to 2.37
0.93 to 3.03

1.00
1.31
1.40
1.65

Reference
0.77 to 2.23
0.79 to 2.47
0.90 to 3.06

0.050
16
19
21
23

1.00
1.09
1.54
1.93

0.240

Reference
0.59 to 2.01
0.83 to 2.87
1.00 to 3.73
⬍0.001

1.00
1.34
1.75
2.01

Reference
0.70 to 2.56
0.92 to 3.35
1.00 to 4.07
0.030

a

CI, confidence interval.
b
Model 1 adjusted for age, race, and gender.
c
Model 2 adds cystatin C, BMI, smoking (ever versus never), diabetes, DBP, LDL cholesterol, ln(C-reactive protein), ln(urinary albumin to creatinine ratio), serum
calcium, and serum 1,25-(OH)2D levels.

Table 3. Associations of 1-mg/dl greater serum phosphate concentrations with prevalent calcification after adjustment
for potential mediators
Site

Adjusted for Age, Race, Gender,
and Kidney Function
PR

Coronary artery
Descending aorta
Aortic valve
Mitral valve
a

1.22
1.33
1.25
1.61

95% CI
1.08
1.13
0.93
1.14

to
to
to
to

1.37
1.58
1.70
2.31

Add Serum PTH Levels

Pa

PR

0.001
0.001
0.140
0.008

1.19
1.32
1.27
1.67

95% CI
1.05
1.11
0.93
1.17

to
to
to
to

1.35
1.57
1.73
2.38

Add Serum 1,25-(OH)2D Levels
Pa

PR

0.005
0.002
0.130
0.005

1.19
1.33
1.24
1.69

95% CI
1.05
1.12
0.90
1.18

to
to
to
to

1.35
1.58
1.70
2.41

Pa
0.005
0.001
0.190
0.004

P values not adjusted for multiple comparisons.

ease.15 Briefly, 6814 participants who were aged 45 to 84 yr and identified their race/ethnicity as white/Caucasian, black/African-American, Chinese, or Spanish/Hispanic/Latino were recruited from six US
communities between July 2000 and August 2002 (Forsyth County,
NC; Northern Manhattan and the Bronx, NY; Baltimore City and
Baltimore County, MD; St. Paul, MN; Chicago, IL; and Los Angeles
County, CA). Individuals were excluded from MESA when they had
any previous diagnosis of cardiovascular disease (physician-diagnosed heart attack, angina, stroke, transient ischemic attack, heart
failure, or atrial fibrillation; use of nitroglycerin; or previous angioplasty, coronary artery bypass graft, valve replacement, pacemaker or
defibrillator implantation, or any surgery on the heart or arteries). All
J Am Soc Nephrol 20: 381–387, 2009

participants gave informed consent, and institutional review board
approval was obtained for each study site.
We selected all MESA study participants with CKD, defined by an
eGFR ⬍60 ml/min per 1.73 m2, for this ancillary study. We used the
four-variable MDRD equation to estimate GFR.16 We excluded participants with a reported history of cancer, which may alter calciumphosphate metabolism, and those with inadequate stored sample volume to perform the ancillary measurements.

Mineral Metabolism Measurements
Blood specimens were collected in the morning after an overnight
fast. Calcium, phosphate, and PTH levels were measured at the ClinPhosphate and Calcification
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Table 4. Associations of serum phosphate concentration with the severity of calcification among participants with sitespecific prevalent calcification
Site

N

Coronary artery
Descending aorta
Aortic valve
Mitral valve

293
215
109
87

Model 1a
Exp(␤)c
1.64
1.06
0.89
0.89

95% CI
1.16
0.70
0.55
0.45

to
to
to
to

2.32
1.61
1.42
1.74

Model 2b
Pd

Exp(␤)c

0.005
0.770
0.610
0.720

1.70
1.19
0.76
1.60

95% CI
1.12
0.72
0.40
0.53

to
to
to
to

2.56
1.98
1.44
4.83

Pd
0.010
0.500
0.400
0.400

a

Model 1 adjusted for age, race, and gender.
Model 2 adds cystatin C, BMI, smoking (ever versus never), diabetes, DBP, LDL cholesterol, ln(C-reactive protein), ln(urinary albumin to creatinine ratio), serum
calcium, and serum 1,25-(OH)2D levels.
c
Exp(␤) interpreted as relative difference in geometric mean CAC score per each 1-mg/dl higher serum phosphate level.
d
P values not adjusted for multiple comparisons.
b

ical Chemistry Laboratory at Fletcher Allen Health Care using the
Vitros 950IRC instrument. Serum calcium was determined by colorimetric reaction. Serum phosphate concentrations were measured by
reflectance spectrophotometry. Bioactive PTH (84 –amino acid
polypeptide) was measured by ELISA (Human Bioactive Intact PTH
ELISA; Alpco Diagnostics, Windham, NH).
Serum 25-hydroxyvitamin D [25(OH)D] and 1,25-(OH)2D levels
were measured on two occasions. An original selection of 164 serum
samples were measured at the University of Vermont Laboratory for
Clinical Biochemistry Research (Colchester, VT). The remaining samples
were measured at Mayo Clinic Medical Laboratories (Rochester, MN).
1,25-(OH)2D was measured at both sites using the Diasorin 1,25-Dihydroxyvitamin D 125I RIA Kit (Stillwater, MN). 25(OH)D was measured
at the University of Vermont using an ELISA (25-Hydroxyvitamin D
ELISA; Alpco Diagnostics) and at Mayo Clinic Medical Laboratories using an RIA (25-Hydroxyvitamin D 125I RIA Kit; Diasorin). We looked for
potential differences between the 25(OH)D assays by comparing mean
25(OH)D concentrations from each assay, after adjustment for age, race,
gender, and estimated kidney function. No significant difference in mean
25(OH)D concentrations was found.

centrations with the extent of calcification among participants with
nonzero calcification scores, which were log-transformed to stabilize
the variance and moderate the influence of outlying values. Estimates
from the linear regression models can be interpreted as the relative
difference in the geometric mean calcification score.
Potential confounding factors were selected a priori and are listed in
Table 1. Covariate blocks were added to progressive nested multivariable
models. Exploratory models included adjustment for serum PTH and
1,25-(OH)2D levels to investigate whether these potential mechanistic
factors might alter the strength of associations between phosphate levels
and calcification. The Wald test for statistical significance of interaction
terms was used to evaluate whether associations differed by age, race,
gender, diabetes, or kidney function. Graphical methods were used to
explore functional relationships of serum phosphate concentrations with
CAC prevalence; these analyses suggested that the log-linear model fit the
data as well as more complex models. Analyses were conducted using
STATA 9.0 (Stata Corp., College Station, TX).

Calcification Measurements

This research was supported by contracts N01-HC-95159 through
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DK63274-01.
We thank the other investigators, the staff, and the participants of
the MESA study for valuable contributions. A full list of participating
MESA investigators and institutions can be found at http://www.
mesa-nhlbi.org.

Coronary artery calcium, descending thoracic aorta calcium, aortic valve
calcium, and mitral valve calcium were assessed using either electronbeam CT or multi-detector CT. Each participant was scanned twice over
phantoms of known calcium concentration. Calcium scores were quantified using the Agatston scoring method.17 The mean value of two scan
results was used for all analyses of CAC, and the value from the first scan
was used for analyses of calcification in the descending thoracic aorta and
mitral and aortic valves, as described previously.18
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