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Abstract

Cystatin C (CysC) is associated with cardiovascular disease (CVD) and chronic kidney disease
(CKD). We examined the clinical correlates and heritability of CysC and determined if associations
between CVD risk factors and CysC differed by CKD status. Among Framingham Heart Study
offspring (examined from 1998-2001, n = 3,241, mean age 61 years, 54% women), the 95! percentile
cut-point was developed for CysC in a healthy subset (n = 779) after excluding participants with
diabetes, hypertension, low high-density lipoproteins, obesity, smoking, high triglycerides, prevalent
CVD, and CKD (as defined by glomerular filtration rate <60 mL/min per 1.73 m2). Multivariable
logistic regression was used to evaluate the association between CVD risk factors and high CysC
(CysC =95t percentile cut-point). In a family-based subset (n = 1,188), we estimated CysC
heritability using the variance-components method. The cut-point for high CysC was 1.07 mg/L.
Age, hypertension treatment, low diastolic blood pressure, body mass index, low high-density
lipoprotein cholesterol, and smoking were associated with high CysC in multivariable models. These
factors and estimated glomerular filtration rate (egFR) explained 39.2% of CysC variability (R?).
Excluding CKD did not materially change associations. Multivariable-adjusted heritability for CysC
was 0.35 (p <0.001). Inconclusion, high CysC is associated with CVD risk factors even in the absence
of CKD. The strong associations between CysC and CVD risk factors may partially explain why
CysC is a strong predictor of incident CVD.

Cystatin C (CysC), a cysteine protease inhibitor involved in vascular extracellular matrix
remodeling,1 is also a novel marker of kidney function, which may more accurately detect
chronic kidney disease (CKD) than creatinine-based estimating equations.z'4 Previous
epidemiologic studies suggest that CysC is independently associated with hyper-tension,5 body
weight,5’6 central obesity,7 cigarette smoking,6 cardiovascular disease (CVD) and CVD-
mortality.&9 Equivalent prevalence rates of many major CVD risk factors have been detected
among those with elevated CysC compared with those with CKD.>:6 However, recent data
suggest that CysC levels are associated with CVD, incident CKD, and all-cause mortality in
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elderly persons without prevalent CKD.? It is unknown to what extent the variability in CysC
levels is heritable. Additionally, the association of CVD risk factors and CysC in persons
without CKD has not been as well characterized. Thus, the aims of this study are to characterize
the association of CVD risk factors and high CysC in persons with and without CKD and to
determine the heritability of CysC.

The Framingham Heart Study is a community-based prospective cohort study that began in
1948, consisting of 5,209 men and women in the original cohort.10 In 1971, 5,124 men and
women who were either children of the original cohort or spouses of children of the original
cohort enrolled in the Framingham Heart Study offspring cohort. Participant examinations for
the offspring cohort occurred approximately every 4-8 years; the design and methodology has
been described previously.11 The present investigation is comprised of participants in the
offspring cohort who attended the seventh examination cycle (1998 to 2001). Of a total of
3,537 members of the offspring cohort who attended the seventh examination, 294 were
excluded for missing CysC values, 1 for missing creatinine, 1 for a missing lipid measurement,
resulting in a final study sample of 3,241 participants. The Framingham Offspring study
protocol is reviewed by Boston University Medical Center Institutional Review Board, and all
participants signed the informed consent.

The entire eligible sample was used for examining the association of high CysC with CVD
risk factors. To develop reference values, we created a healthy referent subset from the broad
sample upon making the following hierarchical exclusions: diabetes (n = 360), hypertension
(n=1,219), HDL <50 mg/dL in women and <40 mg/dL in men (n = 410), body mass index
>30 kg/m? (n = 214), cigarette smoking (n = 155), serum triglycerides >200 mg/dL (n = 40),
having a previous diagnosis of CVD (n = 39), and glomerular filtration rate (GFR) <60 ml/
min/1.73 m2 (n = 26). After exclusions, 779 participants (n = 493 women, 286 men) remained.

Among 1,316 offspring cohort members who were part of 330 pedigrees/516 sibships, 1,188
persons had CysC measurements and constituted the sample used for heritability analysis.

Cystatin C concentrations were measured on previously frozen samples (stored at - 80° C) by
nephelometry (Dade Behring Diagnostic, Marburg, Germany) and were reported as mg per
liter. The intra- and inter-assay coefficients of variation were 2.4 and 3.3%, respectively. The
range of detection is 0.29 to 7.22 mg/L. Urine albumin concentration was measured through
the use of immuno-turbimetry (Tina-quant Albumin assay; Roche Diagnostics, Indianapolis,
Indiana) and indexed to urinary creatinine. Microalbuminuria (MA) was defined as a UACR
of at least 30 mg/g.12

Kidney function was estimated by GFR, calculated using the simplified Modification of Diet
in Renal Disease (MDRD) Study equation.lzv13 Our definition of CKD was based on the
National Kidney Foundation Disease Outcome Quality Initiative working group definition of
kidney disease, which defines CKD as GFR <60 mL/min per 1.73 m2.12

Serum creatinine was measured using the modified Jaffe method. Because the measurement
of creatinine can vary across various laboratories, our creatinine values were calibrated using
a 2-step process. First, National Health and Nutritional Examination Survey Il creatinine
values were calibrated to the Cleveland Clinic Laboratory, requiring a correction factor of 0.23
mg/dL (20.3 umoI/L).14 Second, age- and sex-specific (20-39, 40-59, 60-69, >70 years)
creatinine values were aligned with the corresponding corrected National Health and Nutrition
Examination Survey Il age- and sex-specific means, as previously described.1>
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Covariate data were obtained during the 7th examination cycle (1998 -2001) of the
Framingham Heart Study off-spring study. Details regarding the methods of risk factor
measurement and laboratory analysis have been previously described.16

The 95! percentile cut-point for CysC was generated based on the healthy referent sample.
“High” CysC refers to persons at or above the reference 95t percentile, and “normal” CysC
refers to those below the reference 95t percentile. Next, we tested for significance of CVD
risk factors associated with high CysC using analysis of variance model for continuous
variables or logistic regression model for dichotomous variables, adjusting for age and sex.
Covariates that were significant in univariate analyses were entered into a stepwise logistic
regression model, with age and sex forced in to determine the best set of parsimonious
covariates associated with high CysC. In secondary analyses, we excluded the subset of persons
with CKD and reassessed relations between CysC and CVD risk factors and MA. We assessed
the prevalence of major CVD risk factors and MA for each of the 4 categories: no CKD/normal
CysC, CKD/normal CysC, no CKD/high CysC, and CKD/high CysC. We compared the age-
and sex-adjusted prevalence of CVD risk factors only among the following 2 groups: CKD/
normal CysC and no CKD/high CysC. Statistical analyses were performed using SAS statistical
software version 8.1 (SPSS, Inc., Chicago, Illinois). 7 A 2-tailed value of p <0.05 was
considered statistically significant.

Among the 3,241 participants, mean age was 61 + 9 years and 54% were women. The mean
estimated GFR of the study sample was 85 mL/min per 1.73 m2; 8.6% of participants had CKD
(based on the definition of less than 60 mL/min per 1.73 m2). Significant correlation between
CysC and GFR was observed (age- and sex-adjusted Spearman correlation coefficient = - 0.53,
p <0.001).

The 95™ percentile cut-point for CysC was 1.07 mg/L. Most CVD risk factors were associated
with high CysC in age- and sex-adjusted analyses (Table 1). In stepwise multivariable
regression, age, sex, hypertension treatment, low diastolic blood pressure, body mass index,
low high-density lipoprotein (HDL) cholesterol, and smoking were associated with high CysC
(Table 2). In multivariable models of the subset of participants without CKD (n = 2,981),
diastolic blood pressure was no longer significantly associated with high CysC (Table 2). When
the analysis was repeated excluding participants with MA (n = 2,304; Table 2), results were
similar.

There was a strong and highly statistically significant association between CKD and high CysC
(odds ratio = 10.1, 95% confidence interval 7.1 to 14.4), p <0.0001). When CysC was modeled
as a continuous variable, the overall R? of the final stepwise model explained 22.0% of the
CysC variation. When GFR was added, the CVD risk factors and GFR explained 39.2% of the
variability of CysC.

Among study participants with CKD (n = 260), 22.7% (n = 59) did not have high CysC. Among
the 720 with high CysC, 72.1% (n = 519) did not have CKD. Rates of hypertension and obesity
were higher among persons with no CKD but high CysC compared with those with CKD but
with normal CysC (Figure 1). There were no differences in rates of diabetes, low HDL
cholesterol, triglycerides, total cholesterol, and MA among persons with no CKD but high
CysC compared with persons with CKD and normal CysC.

Heritability was performed in a subset of the overall study sample (n = 1188). Mean age of the
subset was 59 years, 52% were women, and mean GFR was 87 mL/min per 1.73 m2. The age-
and sex-adjusted heritability of CysC was 0.40 (standard error = 0.07; value of p <0.001). The
multivariable-adjusted heritability of CysC was 0.35 (standard error = 0.07; value of p <0.001).
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Discussion

High CysC is associated with most major CVD risk factors, and these associations persisted
with the additional exclusion of persons with CKD or with microalbuminuria. The examination
of discordant categories among participants with either CKD or high CysC demonstrated fairly
similar age- and sex-adjusted CVD risk factor prevalence rates with the exception of
hypertension and obesity, which had higher prevalence rates in participants with high CysC
alone compared with participants with CKD alone. These findings may help interpret previous
studies that demonstrate that CysC is a better marker of CVD risk compared with eGFR,8 as
well as why CysC is associated with CKD or CVD, even in the absence of CkD.9

Overall, the R? of our set of covariates in addition to eGFR to explain variation in CysC levels
was modest (39.2%), suggesting that other factors also play a role in determining CysC
variation. We examined the heritability of CysC and found that CysC is moderately heritable.

A recent investigation in community-dwelling elderly residents found that CysC greater than
or equal to 1.0 mg/L represented increased risk for CVD and progression to CKD.9 Based on
our results, a CysC cut-point of 1.0 mg/L would fall within 2 SDs from the mean value in a

healthy referent subset, suggesting that it may be slightly too low to be considered abnormal.

Our finding that low diastolic blood pressure is associated with CysC may be the result of the
association between CysC and pulse pressure;18 low diastolic blood pressures are associated
with arterial stiffness, a phenomenon which is common to aging, CVD, and kidney disease.
6,19,20 The association between low HDL cholesterol and high CysC levels are consistent
with previous findings.15 Further, an association between CysC and cigarette smoking has
been reported previously.6

Whereas CysC was related to most major CVD risk factors in our study, in multivariable models
the presence of diabetes mellitus was no longer associated with CysC. This is particularly
surprising given the strong relations between DM and ESRD as well as well-documented
significant relation between DM and CKD.21 The lack of association between CysC and
diabetes in our analysis has been noted in a previous study.6

Overall, the risk factor profiles between the discordant groups were statistically similar,
although persons with high CysC/no CKD had higher rates of obesity and hypertension
compared with persons with normal CysC/CKD. These findings can be interpreted in various
ways. First of all, persons with high CysC/no CKD may have preclinical ckD? and an
associated elevated risk factor burden that is similar to persons with CKD. Because of
measurement error involved in the quantification of eGFR, it is also possible that persons with
high CysC but GFR that is not in the CKD range are more accurately classified by CysC levels.
Alternatively, high CysC in persons without CKD may be the result of extra-renal sources of
CysC variability. For instance, previous studies have suggested that CysC may be a marker of
thyroid22 and liver dysfunction23 or obesity.24 However, studies comparing CysC with gold-
standard measures of GFR are necessary to best elucidate this relationship.

Our results thus provide complementary evidence to several previous studies demonstrating
that CysC is a robust marker of kidney dysfunction and a correlate of CVD risk factors. We
extend previous findings by demonstrating that the association of CysC with CVD risk factors
remains significant, even in the absence of clinical CKD as well as microalbuminuria.

The Framingham Heart Study is a community-based sample not selected for CKD, thus
reducing the risk of referral or selection bias. We have detailed assessment and documentation
of cardiovascular risk factors and treatment. Several limitations should be acknowledged as
well. Our study sample is primarily white, of European descent, and therefore our CysC cut-
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points may not apply to other ethnic/racial groups. However, a recent investigation in the
National Health and Nutrition Examination Survey revealed that CysC was associated with
CVD risk factors in nonwhite persons.25 Our definition of CKD may be inaccurate in that it
is limited to a single measurement of serum creatinine on 1 occasion and not measured over a
period of 3 months or greater, as has been defined by the National Kidney Foundation.12 We
used the simplified MDRD study equation to estimate GFR instead of measuring it directly.
To improve the validity and accuracy of the MDRD equation, we indirectly calibrated our
creatinine values. Because we do not have a gold-standard measure of GFR, we cannot assess
whether CysC is a better measure of GFR compared with creatinine-based estimating
equations. A small study has demonstrated the superiority of CysC to serum creatinine
compared with invasively measured GFR among elderly persons,26 and a recent publication
from the MDRD study did demonstrate that CysC performed as well compared with invasively
measured GFR with respect to kidney failure and CVD mortality.27 We did not use
transforming equations to estimate GFR from CysC.

Elevated CysC, present in one-fifth of our study participants, was associated with
cardiovascular risk factors and CKD. These relations with CVD risk factors persisted even in
the absence of CKD or MA. Our study provides novel evidence that serum CysC is heritable.
The strong associations between CysC and CVD risk factors may explain why CysC is a strong
predictor of incident CVD.
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Table 1
Burden of cardiovascular risk factors in study participants with normal and high Cystatin C >95" percentile cut-
point™
Cystatin C Level p valuet
Normal (n = 2521) High (n =720)

Age (yrs) 59.2+8.8 67.9+85 <.001
Women 1403 (55.7%) 338 (46.9%) <.001
Range GFR (mL/min/1.73 m?) 89.2+17.2 69.2+17.9 <.001
Range GFR (mL/min/1.73 mz) 34.4-182.3 6.2-143.8 -

Diastolic blood pressure (mm Hg) 126 +18.2 133+19.8 0.28
Diastolic blood pressure (mm Hg) 74695 72.1+10.3 0.02
Pulse pressure (mm Hg) 509+ 154 60.8+18.4 0.004
Fasting blood glucose (mg/dI) 103 +25.0 110+ 30.3 0.003
Total cholesterol (mg/dl) 202 £ 36.5 193 +36.9 <.001
HDL cholesterol (mg/dl) 121 +32.7 115+ 324 0.002
HDL cholesterol (mg/dl) 55+17.2 47.6+14.8 <.001
Triglycerides (mg/dl) 132+87.1 153 +88.9 <.001
Body mass index (kg/m?) 27.7+5.1 29.9+57 <.001
Waist circumference (cm) 98.2+13.7 106 + 13.9 <.001
Hypertension 997 (39.6%) 486 (56.0%) <.001
Hypertension treatment 697 (27.7%) 403 (19.4%) <.001
Diabetes mellitus 219 (8.7%) 140 (19.4%) <.001
BMI >30 kg/m? 663 (26.3%) 306 (42.5%) <.001
Central obesityi 1431 (56.8%) 521 (72.4%) <.001
Low HDL cholesterol§ 685 (27.2%) 330 (45.8%) <.001
Triglycerides > 150 mg/dl 742 (29.4%) 280 (38.9%) <.001
Total cholesterol >240 mg/dl 384 (15.4%) 72 (14.2%) <.001
Smoking 314 (12.4%) 102 (14.2%) <.001
Moderate alcohol intake!! 471 (18.7%) 89 (12.4%) 0.001
Chronic kidney disease 59 (2.3%) 219 (30.4%) <.001
Prevalent cardiovascular disease 240 (9.5%) 185 (25.7%) <.001

Values represent mean + SD or n where indicated; % in parentheses.

LDL = low density lipoprotein, BMI = body mass index, CKD = chronic kidney disease.

*CysC gsth percentile cut-point is 1.07 mg/L.

7Lp Value is age- and sex-adjusted, except for age, which is sex-adjusted, and sex, which is age-adjusted.
iWaist circumference >88 cm in women or >102 cm in men.

§<40 mg/dl in men or <50 mg/dl in women.

>7 drinks per week in women and >14 in men.
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