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Background and objectives: Coronary artery calcification (CAC) is common in advanced chronic kidney disease (CKD), yet
its onset and time course are uncertain. The study objective was to assess longitudinal relationships among CAC, kidney
function, and traditional and putative cardiovascular disease (CVD) risk factors.

Design, setting, participants, & measurements: This is a prospective cohort analysis from the Spokane Heart Study, a
long-term observational study of community-dwelling adults who were assessed every 2 yr for CAC (electron-beam computed
tomography), CVD risk factors, and laboratory testing. Estimated GFR (eGFR) was determined by the reexpressed Modifi-
cation of Diet in Renal Disease equation.

Results: CAC was present in 28% (245 of 883) at baseline. After 6 yr, new-onset CAC developed in 33% (122 of 371); severity
increased from a median CAC score of 38 to 152 in those with baseline CAC. Neither eGFR (101 % 34 versus 104 = 31 ml/min
per 1.73 m?, respectively) nor serum phosphorus (3.25 + 0.49 versus 3.29 = 0.48 mg/dl, respectively) differed by CAC presence
or absence at baseline; however, multivariate models (generalized estimating equations for incidence and prevalence) revealed
that independent predictors of CAC over time were greater baseline CAC scores, higher serum phosphorus levels, lower eGFR
levels, and traditional CVD risk factors. Each 1-mg/dl increase in phosphorus imparted odds ratios for CAC of 1.61 (incidence)
and 1.54 (prevalence), risks comparable to traditional CVD risk factors.

Conclusions: CAC becomes more frequent and severe over time. Higher levels of serum phosphorus and reduced kidney

function independently predicted CAC.
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hen kidney function declines, death from cardio-
vascular disease (CVD) predominates over pro-
gression of chronic kidney disease (CKD) (1-3).
Excess CVD risk even in early-stage CKD is not fully explained
by traditional, Framingham-type CVD risk factors. In ESRD,
coronary artery calcification (CAC) is a common finding asso-
ciated with clinical CVD (4). In ESRD, the extent of CAC is
related to serum phosphorus and the calcium-phosphorus
product along with traditional CVD risk factors (4,5). Many
years ago, a meticulous autopsy study of hemodialysis patients
described a distinctive coronary artery pathology characterized
by medial calcification (6). Vascular pathology was similar in
nondialysis patients with CKD, but arterial calcification was
less frequent and severe (6). Although CAC appears before
ESRD, its onset and time course in relation to decreased kidney
function are unknown.
Experimental models point to hyperphosphatemia, a hall-
mark of bone and mineral metabolism disorders in CKD, as a
potential causal link to vascular calcification. Uremic rodents
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are protected from developing aortic calcification and/or ath-
erosclerotic lesions by treatment with noncalcemic phosphate
binders (7,8). In gene knockout models for phosphorus-regu-
lating factors, fibroblast growth factor 23, or Klotho, nonuremic
mice develop elevated serum phosphorus levels and vascular
calcification (9,10). Observational studies of people with and
without clinically apparent kidney disease also show that
higher serum phosphorus levels within the “normal” range are
associated with clinical CVD and CAC (11-14). The study ob-
jective was to assess longitudinal relationships among CAC,
kidney function, and traditional and putative CVD risk factors,
including serum phosphorus, among participants in the Spo-
kane Heart Study, a long-term observational study of adults in
the community.

Materials and Methods
Participants

The Spokane Heart Study recruited community-dwelling men and
women who were =18 yr of age and were employed in the fields of law
enforcement, fire fighting, health care, education, and business. All
participants gave written informed consent for the study, which was
reviewed and approved by the local institutional review boards for
Washington State University and the Spokane community hospitals.
Between April 1994 and November 2003, people who were believed to
be in good health and have no known CVD or other illnesses associated
with major comorbidities or reduced life expectancy were enrolled (15).
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Data were collected at 2-yr intervals for =6 yr. Those who attended at
least two data collection sessions (1 = 883) were identified for this
study.

Measurements

A multifaceted battery of tests related to health status was adminis-
tered to participants at each measurement occasion (16). CAC deter-
mined by electron-beam computed tomography was defined as the
primary outcome. The CAC score was quantified as pixel density in a
gated scan with 3-mm image slices. Pixel density was reported in
Hounsfield units and summed to produce a total score for all coronary
arteries (16).

At each assessment, blood was collected in the fasting state for
standard clinical chemistries and hematology testing. Blood samples
were analyzed at a central laboratory (Pathology Associates Medical
Laboratory, Spokane, WA). Laboratory analyses were obtained within
6 mo of the measurement of CAC. Serum creatinine values were
aligned with those from the Fourth National Health and Nutrition
Examination Survey (NHANES; 1999 to 2000) that corresponded with
the approximate midpoint of recruitment for the Spokane Heart Study.
Creatinine measurements were assessed by age, gender, and racial
characteristics. As a result, the measured serum creatinine level was
reduced by 0.27 mg/dl, the average difference between observed (Spo-
kane Heart Study) and expected (NHANES) values. The reexpressed
Modification of Diet in Renal Disease (MDRD) formula was used to
compute estimated GFR (eGFR) (17).

Diabetes was defined as fasting blood glucose concentration of =126
mg/dl documented on at least two study visits or taking prescribed
medicines to treat hyperglycemia. Hypertension was defined as a sys-
tolic BP >140 mmHg or a diastolic BP >90 mmHg documented on at
least two study visits or taking prescribed antihypertensive agents.

Study Design and Data Analyses

Among the total of 883 participants, 214 had two scans, 416 had three
scans, and 253 had four scans. For statistical model-building purposes,
total CAC score was dichotomized into a positive (>0 or =10) or
negative (0 or <10) scan. Both models yielded similar inferences (data
not shown). Accordingly, CAC score >0 was used as the cut point for
a positive scan to balance distribution between scan categories. Among

Clin ] Am Soc Nephrol ee : eee —eee , 2009

participants with positive scans, CAC scores were computed to evalu-
ate progression.

Means = SD were computed for continuous variables, and frequen-
cies were determined for discrete measures. Independent ¢ tests were
used to detect differences between groups on continuous measures. x>
statistics were used for categorical data. Multiple variable testing was
performed with generalized estimating equations (GEE) to assess lon-
gitudinal relationships between CAC and variables of interest (incident
and prevalent analyses). Prespecified covariates included both categor-
ical (gender, status of diabetes and hypertension, and CAC presence at
baseline for prevalent analysis) and time-dependent (age, lipids, eGFR,
and serum phosphorus and calcium) variables. Nonzero CAC scores
(log-transformed because of skewness), changes in eGFR, and serum
phosphorus were assessed by random regression modeling with at
least the baseline and one follow-up measurement. Data analyses were
performed with SPSS 16 (SPSS, Inc., Chicago, IL).

Results

CAC was present in 28% (249 of 883) of participants at study
entry. Participants with CAC more commonly were male, had
hypertension, and had histories of smoking and family mem-
bers with CVD (Table 1). They were older and had higher levels
of total and LDL cholesterol. Levels of eGFR and serum phos-
phorus did not differ by CAC status. Serum calcium was
slightly higher in the group with CAC at baseline.

During 6 yr of follow-up, new-onset (incident) CAC devel-
oped in 33% (122 of 371), yielding an overall prevalence of 50%
(252 of 503; P < 0.001 for both analyses; Figure 1). Among the
subset with CAC at baseline, severity increased from a median
score of 38 to 152 density units after 6 yr (P < 0.001; Figure 2).
The eGFR declined similarly during 6 yr of follow-up in par-
ticipants with and without baseline CAC (—11 * 36 and —12 *
30 ml/min per 1.73m?, respectively; P < 0.001 for change, P =
0.935 for interaction). Average values for serum phosphorus
increased over time but did not differ by baseline CAC status
(0.09 = 0.51 and 0.11 = 0.49 mg/dl, respectively; P < 0.001 for
change, P = 0.562 for interaction).

Table 1. Baseline characteristics of Spokane Heart Study participants by CAC status

Characteristic (n C:Az(ig) (17\/3 O:C(’gg) p n T:Otgég,)
Male (n [%]) 178 (72) 316 (50) <0.001 494 (56)
Hypertension (1 [%]) 105 (42) 160 (25) <0.001 265 (30)
Diabetes (1 [%]) 16 (6) 21 (3) 0.060 37 (4)
Smoking history (1 [%]) 138 (55) 262 (41) <0.001 400 (45)
Family history of CVD (1 [%]) 121 (51) 222 (37) <0.001 343 (41)
White race (n [%]) 245 (98) 611 (96) 0.133 856 (97)
Age (yr; mean * SD) 549 46 =9 <0.001 48 =9
Total cholesterol (mg/dl; mean = SD) 220 *+ 38 209 = 36 <0.001 212 + 37
LDL cholesterol (mg/dl; mean *= SD) 139 *= 34 128 = 31 <0.001 131 £ 32
HDL cholesterol (mg/dl; mean * SD) 52 £ 15 53 = 16 0.126 53 £ 16
eGFR (ml/min per 1.73 m?* mean * SD) 101 = 34 104 = 31 0.201 104 + 32
Phosphorus (mg/dl; mean *= SD) 3.25 +0.49 3.29 =048 0.251 3.28 = 0.48
Calcium (mg/dl; mean *= SD) 9.61 = 0.39 9.56 = 0.37 0.040 9.57 +0.37
Body mass index (kg/m?* mean * SD) 27 £ 4 27 £ 4 0.114 27 £ 4
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Figure 1. Prevalent and incident CAC among Spokane Heart
Study participants. Prevalent and incident CAC increased pro-
gressively during 6 yr of follow-up (P < 0.001 for both analy-
ses).

The GEE approach to multiple variable modeling for CAC
prevalence revealed that independent predictors were greater
baseline CAC, older age, male gender, higher serum levels of
phosphorus, and lower levels of eGFR and HDL cholesterol
(Table 2). Diabetes status just missed statistical significance.
Hypertension status and serum levels of calcium and LDL
cholesterol showed NS relationships with CAC. A second GEE
multiple variable model that included the same covariates (ex-
cept for baseline CAC) was performed to evaluate incident
CAC. Independent predictors in this model were nearly iden-
tical to those in the first model (Table 3). Of particular interest,
higher serum phosphorus, a putative CVD risk factor associ-
ated with loss of kidney function, significantly influenced de-
velopment of CAC. In both multiple variable models, each
1-mg/dl increase in serum phosphorus predicted increased risk
for CAC over time (prevalence odds ratio 1.54 [95% confidence
interval 1.17 to 2.04; P = 0.002]; incidence odds ratio 1.61 [95%
confidence interval 1.20 to 2.14; P = 0.001]), which represents
an impact similar to traditional CVD risk factors. Multiple
variable models for incidence and prevalence of CAC were also
evaluated with inclusion of smoking status and family history
of CVD, because these risk factors differed by baseline CAC
status. These covariates did not consistently influence CAC or
alter significant predictors in either model (data not shown).

Discussion

Among individuals without clinical CVD at entry into the
Spokane Heart Study, CAC was a common finding. CAC oc-
currence and severity increased progressively during 6 yr of
follow-up. Higher levels of serum phosphorus and lower levels
of kidney function emerged as independent predictors of CAC
over time, along with traditional CVD risk factors.

As in patients with advanced stages of CKD, the serum
phosphorus level was a significant determinant of CAC in this
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relatively healthy population. Reduced kidney function, pre-
dominantly within the clinically normal range, was yet another
predictor of CAC indicating that the effect of lower eGFR may
also be explained by complications other than higher serum
phosphorus. Across the CKD continuum, risk for CAC has been
reported to be increased by older age, male gender, and usually
diabetes (4,5,18). Diabetes fell short of statistical significance in
this study, most likely owing to the small number of partici-
pants with diabetes. The strongest determinant of CAC in the
prevalent analysis was having a positive scan at baseline, which
is consistent with the progressive nature of vascular calcifica-
tion.

Although calcification can be a component of typical athero-
sclerotic disease, in the setting of uremia, calcium chiefly de-
posits within the media and internal elastic lamina (6,19). Even-
tually, resultant injury responses to calcification contribute to
advancing sclerosis in the coronary arteries and throughout the
circulation. Experimental models in both uremic and nonure-
mic animals support hyperphosphatemia as central to the pro-
cess of vascular calcification. Irrespective of kidney function,
mice or rats with higher serum phosphorus develop prominent
aortic calcification that can be corrected by phosphate-binding
drugs or dietary restriction (7-10,20). A growing series of ob-
servations in humans are consistent with experimental models
in that higher serum phosphorus has been reported to predict
CAC and CVD events in people without clinically apparent
kidney disease (11-13). Similar observations have recently been
extended to a nondialysis CKD population among whom
higher serum phosphate was independently associated with
prevalent CAC as well as with calcification of the aorta and
cardiac valves (14); however, these relationships are complex
and most apparent in multivariate analyses that control for a
series of potential confounders.

The body of evidence implicating phosphorus in CAC is
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Figure 2. Median scores for positive CAC scans among Spokane
Heart Study participants with CAC at baseline. Median score
increased from 38 to 152 after 6 yr (P < 0.001).
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Table 2. Multiple variable model for risk of CAC over time among all Spokane Heart Study participants

(prevalence)
Variable B OR 95% CI X p
Baseline CAC present (yes/no) 5.733 308.79 145.14 to 656.97  221.48 <0.001
Age (per decade) 1.175 3.24 1.10 to 1.15 101.07 <0.001
Male (yes/no) 1.010 2.75 1.80 to 4.18 22.13 <0.001
HDL cholesterol (per 1 mg/dl) —0.020 0.98 0.97 to 0.99 11.84 0.001
Phosphorus (per 1 mg/dl) 0.435 1.54 1.17 to 2.04 9.40 0.002
eGFR (per 10 ml/min per 1.73 m?) —0.065 0.94 0.89 to 0.99 5.90 0.015
Diabetes (yes/no) 0.576 1.78 0.97 to 3.24 3.52 0.061
LDL cholesterol (per 10 mg/dl) 0.003 1.03 0.98 to 1.08 1.50 0.221
Calcium (per 1 mg/dl) 0.187 1.20 0.83 to 1.75 0.96 0.327
Hypertension (yes/no) 0.025 1.03 0.71 to 1.48 0.02 0.892

ClI, confidence interval; OR, odds ratio.

Table 3. Multiple variable model for risk of new-onset CAC over time among Spokane Heart Study participants

without CAC at baseline (incidence)

Variable B OR 95% CI X P
Age (per decade) 1.213 3.36 2.64 to 4.29 95.51 <0.001
Male (yes/no) 1.10 3.00 1.92 to 4.67 23.50 <0.001
HDL cholesterol (per 1 mg/dl) —0.020 0.98 0.97 to 0.99 11.19 0.001
Phosphorus (per 1 mg/dl) 0.474 1.61 1.20 to 2.14 10.47 0.001
eGFR (per 10 ml/min per 1.73 m?) —0.065 0.94 0.88 to 0.99 4.87 0.027
Diabetes (yes/no) 0.54 1.72 0.92 to 3.21 2.92 0.087
LDL cholesterol (per 10 mg/dl) 0.028 1.03 0.98 to 1.08 1.32 0.250
Hypertension (yes/no) 0.065 1.07 0.73 to 1.56 0.11 0.737
Calcium (per 1 mg/dl) 0.029 1.03 0.71 to 1.48 0.02 0.879

vitally important. These data shed light on a nontraditional
mechanism for CVD, which may help to explain unexpected
responses to traditional therapies in patients with CKD. For
example, atorvastatin and rosuvastatin failed to reduce risk for
CVD events in hemodialysis patients with and without diabetes
in Die Deutsche Diabetes Dialyse Studie (4D Study) and A
study to evaluate the Use of Rosuvastatin in subjects On Reg-
ular hemodialysis: an Assessment of survival and cardiovascu-
lar events (AURORA), unusually “negative” statin studies
(21,22). Moreover, adverse CVD events in CKD are often due to
heart failure, which may be related to higher serum phospho-
rus, at least in part because of its effect to promote cardiac
valvular and muscle calcification (7,15,23,24). Clinical trials of
phosphate reduction have been limited by selection of only
participants with ESRD and insufficient clinical outcomes data
to draw firm conclusions (25,26). Observational human data
combined with experimental studies make a case for testing
effects of treatments that reduce phosphate on CVD outcomes
in patients who are in earlier stages of CKD or perhaps even in
those who do not have CKD but have CAC. On the basis of the
concept that calcification is central to mechanisms of CVD,
treatment strategies that minimize tissue deposition of calcium
(e.g., reduced phosphate diet and/or noncalcemic phosphate
binders) are of particular interest.

This study has worthy strengths, including long duration of
prospective follow-up among a cohort based in the community
with serial measures of CAC, eGFR, phosphorus, and CVD risk
factors performed biennially. Conversely, limitations of the
Spokane Heart Study must be considered. First, there is poten-
tial for misclassification, because even the reexpressed version
of the MDRD equation is less reliable at higher eGFR levels and
kidney function declines with age; however, repeated measures
of eGFR along with the GEE approach to time-dependent anal-
yses enhance reliability. Second, specialized tests of bone and
mineral metabolism have not been performed. Phosphorus-
regulating factors are likely pertinent to CAC mechanisms and
for future analyses in this long-term study. Although a cross-
sectional study of patients with CKD found that the effect of
phosphorus on CAC was independent of parathyroid hormone
or vitamin D, such observations should be validated prospec-
tively in populations with and without CKD (15). Finally, in-
fluences of albuminuria and other emerging CVD risk factors
on CAC remain to be investigated. Despite these limitations,
counterbalancing strengths of the Spokane Heart Study allow it
to be informative in a translational sense by corroborating
observations made in experimental models on the one hand
and supporting a foundation for specific hypotheses to be
tested in clinical trials on the other hand.
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Conclusions

CAC was common in apparently healthy adults in the com-
munity. Frequency and severity of CAC became greater over
time. Higher levels of serum phosphorus, a putative CVD risk
factor, and reduced kidney function at levels conventionally
considered to be within the normal range independently pre-
dicted the occurrence of CAC in addition to traditional CVD
risk factors.
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