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Abstract
Background—Recent genome-wide association studies have identified multiple genetic loci that
increase the risk of chronic kidney disease (CKD) in the general population. We hypothesized that
knowledge of these loci might permit improved CKD risk prediction beyond that provided by
traditional phenotypic risk factors.

Study design—Observational cohort study

Setting and participants—Participants who attended the 15th (1977–1979) and 24th (1995–
1998) examination cycles of the Original cohort or the 6th (1995–1998) and 8th cycles (2005–
2008) of the Offspring cohort of the Framingham Heart Study (n=2,489).

Predictors—Single-nucleotide polymorphisms (SNPs) at 16 stage 3 CKD loci were genotyped
and used to construct a genetic risk score. Standard clinical predictors of incident stage 3 CKD
were also used.

Outcomes and Measurements—Incident stage 3 CKD was defined as eGFR <60 mL/min/
1.73m2 at follow-up. Participants with baseline stage 3 CKD were excluded. Logistic regression
was used to generate C statistics, which measured the power of the genetic risk score to
discriminate risk of incident CKD stage 3 with and without traditional risk factors.

Results—There were 270 new stage 3 CKD cases during an average of 10.8 years follow-up.
The mean (±SD) genetic risk score was 17.5±2.8 among those who developed stage 3 CKD and
17.3±2.6 among those who did not (P-value for genotype score difference=0.2). The odds ratio for
stage 3 CKD was 1.06 (95% CI, 1.01–1.11; p=0.03) per additional risk allele, adjusting for age
and sex. In the age and sex-adjusted model, the C statistic was 0.748 without the genotype score
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and 0.751 with the score (P-value for difference=0.3). The risk score was not statistically
significant in a multivariable model adjusted for standard stage 3 CKD risk factors (p=0.07).

Limitations—Participants all of European ancestry; genotype score may not be valid in different
ancestral groups.

Conclusions—A genetic score generated from 16 known CKD risk alleles did not predict new
cases of stage 3 CKD in the community beyond knowledge of common, clinical risk factors alone.

Chronic kidney disease (CKD) is a global public health epidemic, affecting populations of
European,1–3 Asian4–6 and African descent.7 It is a cause of considerable morbidity,8–10

excess mortality from both cardiovascular 11 and non-cardiovascular causes,12 as well as
predisposing to progressive kidney failure and end-stage renal disease.13 However, if
detected early, loss of kidney function may be slowed 14,15 or even reversed,16 and these
secondary complications may be averted. Fortunately, it may be possible to identify some at-
risk individuals from the measurement of common, clinical risk factors.17–20

CKD also aggregates in families, with a positive family history of kidney disease increasing
risk by a factor of 1.3 to 10.4.21 Recent genome-wide association studies have identified
several novel loci associated with risk of stage 3 CKD in the community,22–24 each
conferring a 4 to 25% increase in the relative odds of stage 3 CKD per risk allele. Although
these loci account for only a small fraction of the total familial basis of stage 3 CKD, it is
possible that they may be combined into a genetic risk score for enhanced detection of
persons at risk for stage 3 CKD.

The promise of personalized medicine and individualized risk prediction based on genetic
information has been proposed as a potential benefit from this phase of genetic discovery.25

However, the extent to which a comprehensive panel of genotypes will help in predicting
incident stage 3 CKD beyond what is already achievable using known clinical risk factors is
not known. To answer this question, we tested the ability of a genetic risk score, constructed
from a panel of 16 single-nucleotide polymorphisms (SNPs) associated with stage 3 CKD
risk,26 to predict new cases beyond information provided by known CKD risk factors in a
large, prospectively examined, community-based cohort.

Methods
Study participants

Study participants were derived from the Framingham Heart Study (FHS) Original and
Offspring cohorts. FHS is a population-based cohort study that began in 1948 in
Framingham, Massachusetts. The original cohort comprised 5,209 individuals aged between
28 and 62 years at the first examination, and these participants have been examined every 2
years since study inception. In 1971, 5124 children of the original cohort and their spouses
were invited to participate in the Framingham Offspring Study. Participants in the offspring
cohort were re-examined 8 years after the first examination and every 4 years thereafter.
Each such visit incorporates a detailed medical history, physical examination including
blood pressure (BP) measurements, anthropometry, and laboratory assessment of risk
factors. Detailed descriptions of the FHS Original and Offspring cohorts have been
published previously.27,28

Participants who attended the 15th (1977–1979) and 24th (1995–1998) examination cycles of
the Original cohort or the 6th (1995–1998) and 8th cycles (2005–2008) of the Offspring
cohort were included in the present analysis. Of a total of 4,598 participants that attended
their respective baseline and follow-up examinations, 2,934 had CKD status assessed on
both occasions and were included in the CKD genomewide associationi study (GWAS).
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Following this, 236 were excluded due to baseline stage 3 CKD, resulting in a study sample
of 2,698, of whom 2528 were brought forward for genotyping. Of these, 39 had more than 2
SNPs missing and were excluded, resulting in a final study sample of 2,489 (354 from the
original cohort and 2,135 from the offspring cohort). All participants gave written, informed
consent and the institutional review board of the Boston Medical Center, Boston,
Massachusetts approved the study.

Outcome definition
The definition of stage 3 CKD from the KDOQI clinical practice guidelines of the National
Kidney Foundation was used (estimated glomerular filtration rate (eGFR) <60 ml/min/
1.73m2).29 Incident stage 3 CKD was defined as cases of stage 3 CKD present at exam cycle
24 (original cohort) and exam cycle 8 (offspring cohort) in individuals with eGFR > 60 ml/
min/1.73m2 at the earlier respective baseline exam (i.e. exam 15 for the original cohort and
exam 6 for the offspring cohort). GFR was estimated using the 4-variable Modification of
Diet in Renal Disease (MDRD) Study equation.30 Serum creatinine in FHS was measured
using a modified Jaffé reaction. A 2-step calibration process for serum creatinine was used
to reduce potential inter-laboratory variability.19 Determinations of serum creatinine were
made in a central laboratory, although the laboratories used for Original cohort and
Offspring participants were not the same.

Covariate assessment
Covariates obtained at the baseline examination were used in the analyses. Two blood
pressure measurements were taken using a mercury sphygmomanometer after 5 minutes
rest, and the average was recorded. Hypertension was defined as a systolic BP ≥ 140 mm Hg
or a diastolic BP ≥ 90 mm Hg, and/or the use of medications. Diabetes mellitus was defined
as a fasting plasma glucose level of 126 mg/dL (7 mmol/L) or higher or the use of
hypoglycemic medications in the Offspring and by a random glucose of at least 200 mg/dl or
treatment in the Original Cohort. Proteinuria was assessed both by urine dipstick assay
(Ames Labstix in Elkhardt, Indiana) and considered present when “trace or higher” was
recorded.

Selection of Risk Alleles, Genotyping, and Genotype-Score Construction
We used the recent CKDGen GWAS26 to select 16 SNPs confirmed as being associated
with eGFR and stage 3 CKD in populations of European ancestry. Details of these SNPs are
presented in Table S1 (available as online supplementary material). Direct genotyping of
these SNPs was performed at KBiosciences (www.kbioscience.com) using a TaqMan
(Applied Biosystems, www.appliedbiosystems.com) real-time PCR assay. We constructed a
single-point genotype score using these 16 loci, ranging from 0 to 32 on the basis of the
number of risk alleles. Construction of the risk score is dependent on a full set of SNP data
on all individuals in order to maintain the integrity of the distribution. Thus, individuals with
1 or 2 SNPs of the 16 SNPs missing (n=193) had the missing SNPs imputed in order to
preserve the components of the risk score. Missing genotypes for each SNP were replaced
by the population mean genotype value estimated using genotyped individuals.31 For
example, if a SNP genotype frequency was 0.16, 0.48, 0.36 for genotypes 0, 1, 2, then all
missing genotypes for that SNP were imputed with the value 1.2 (i.e.
0*0.16+1*0.48+2*0.36).

Statistical analyses
The cumulative incidence of stage 3 CKD was estimated by dividing the number of new
stage 3 CKD cases as of the end of follow-up by the total number at risk. We analyzed two
examination periods (Original cohort examinations 15 to 24, and Offspring examinations 6
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to 8) to determine risk of stage 3 CKD over an average of 10.8 years of follow-up. Logistic-
regression models, with generalized estimating equations to account for relatedness in the
sample,32 were used to examine the association between the genotype score and the risk of
incident stage 3 CKD during the follow-up period. Participants with stage 3 CKD at the
baseline examination of each period were excluded, and new cases of stage 3 CKD were
enumerated at the end of the last examination in the respective period. Two regression
models were applied to test for association, the first adjusted for age and sex and the second
adjusted for CKD risk factors identified in previous reports:33 age, sex, cohort status,
baseline eGFR, hypertension, diabetes and proteinuria. Adjustments for hypertension,
diabetes and proteinuria were done at baseline. Model discrimination was estimated by C
statistic, which is the probability that a scoring system successfully ranks 2 randomly
selected observations in terms of an outcome of interest.34 We tested the relative
discriminatory capability of the models with the genotype score compared with models
without the genotype score by comparing the respective C statistics using a nonparametric
approach.35. Statistical analyses were performed using R and SAS version 9.1 (SAS
Institute). A two-tailed P-value of 0.05 was the chosen threshold for statistical significance.

Secondary analyses
We performed 5 secondary analyses. First, as the risk of stage 3 CKD may not be identical
for all genetic markers, we constructed an allele-weighted genetic risk score, which weights
each of the 16 renal loci by the magnitude of its respective beta-coefficient, and examined
the ability of this model to predict incident stage 3 CKD as per the primary analysis. Second,
to investigate the possibility of improved performance of the genetic score in younger
participants, we performed an analysis stratified by age above and less than or equal to 60
years. Third, as the CKD-EPI equation may perform better than the MDRD Study equation
at higher levels of GFR,36 we examined the performance of the risk score in predicting
eGFR < 60 ml/min/1.73m2 by CKD-EPI. Fourth, we examined the performance of the score
in participants free of diabetes. Finally, to assess whether a using a higher definition of
proteinuria would improve specificity, we performed our primary analysis using proteinuria
≥1+ as the cut-off.

Results
Genetic Risk Score and Incident Stage 3 CKD

Baseline characteristics of the 2,489 participants are shown in Table 1. There were 270 cases
(10.8%) of incident stage 3 CKD that developed over a mean of 10.8 years of follow-up.
The mean (±SD) genetic risk score was 17.5±2.8 among those who developed stage 3 CKD
and 17.3±2.6 among those who did not (P-value for genotype score difference=0.2; Figure
1).

Logistic regression models for predicting incident stage 3 CKD are presented in Table 2.
The age-sex adjusted odds ratio for stage 3 CKD was 1.06 per risk allele (95% CI, 1.01–
1.11; p=0.03). The C statistic for this model was 0. 751, which offered no discriminatory
improvement over the age-sex model without the genetic risk score (C statistic, 0.748; p-
value for comparison of C statistics, 0.3). The genetic risk score was not a significant
predictor of incident stage 3 CKD (p=0.07) in a multivariable model adjusted for known
CKD risk factors (age, sex, baseline eGFR, hypertension, diabetes and proteinuria).

Secondary analyses
We also considered whether the genotype score might perform better in younger participants
by stratifying by age above or below 60 years. Among those aged ≤60 years, there were
1,530 participants with 77 cases of stage 3 CKD (5.0%). There were 959 participants aged
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over 60 years, with 193 cases of CKD (20.1%). We found no evidence of improved
performance of the genotype score in younger participants, in whom the risk score was non-
significant (age-sex adjusted odds ratio for stage 3 CKD in participants ≤60 years, 1.04 per
risk allele; 95% CI, 0.95–1.14; p=0.4). The risk score was also not statistically significant in
participants over 60 years of age (age-sex adjusted odds ratio in > 60 years, 1.06 per risk
allele; 95% CI, 0.99–1.13; p-value=0.1).

There were 2,323 participants without diabetes at baseline and 232 (10.0%) developed stage
3 CKD during follow-up. Although not statistically significant, the age- and sex-adjusted
odds ratio was of comparable to the primary analysis (OR, 1.05 per copy; 95% CI, 0.99–
1.11; p=0.09). The risk score did not improve discrimination in the age- and sex-adjusted (C
statistic without genetic score, 0.749; C statistic with genetic score, 0.751; p-value for
comparison of C statistics, 0.4) and multivariable-adjusted models (C statistic without
genetic score, 0.780; C statistic with genetic score, 0.780; p-value for comparison of C
statistics = 0.2) in this diabetes-free subgroup.

We performed our primary analysis using eGFR < 60ml/min/1.73 m2 by the CKD-EPI
equation to define stage 3 CKD.36 The mean (±SD) genetic risk score was 17.4±2.7 among
those who developed CKD and 17.3±2.6 among those who did not (P-value for genotype
score difference=0.4). The age- and sex-adjusted odds ratio for stage 3 CKD was 1.04 per
additional risk allele (95% CI, 0.99–1.09). Although the β–coefficient was comparable to
that derived from the MDRD Study equation, it was not significant for the CKD-EPI
equation (p=0.09). Furthermore, the risk score was not statistically significant in a
multivariable model adjusted for standard CKD risk factors (p=0.2).

We modeled an additional risk score with each SNP weighted in proportion to the
magnitude of its respective β-coefficient from our primary meta-analysis.24 The mean (±SD)
weighted genetic risk score was 18.2 among those who developed stage 3 CKD and 17.7
among those who did not (P-value for genotype score difference=0.01). The age- and sex-
adjusted odds ratio for stage 3 CKD was 1.08 per 1-point increase in the score (95% CI,
1.03–1.13; p=0.002), comparable in magnitude to our primary analysis using a single-point
SNP risk score. However, addition of the risk score did not improve discrimination in
models including age and sex (p-value for difference in C statistics = 0.2) or standard CKD
risk factors (p-value for difference in C statistics = 0.4).

To assess whether a using a higher cut-off for the proteinuria covariate would improve
specificity, we performed our primary analysis using proteinuria ≥1+ as the cutoff. This
captured 1.4% of our sample (n=36). The results were similar to the primary analysis, but
did not reach statistical significance (OR, 1.05; 95% CI, 1.00–1.11; p=0.07).

Discussion
The findings of the present study are twofold. First, we found that a genetic risk score for
incident stage 3 CKD, comprising 16 risk variants, was associated with a 6% increase in the
relative risk of stage 3 CKD per risk allele, after adjusting for age and sex. Second, the
genetic risk score did not offer improved discrimination over what can be achieved from
knowledge of existing clinical CKD risk factors.

Although this is the first study to construct and assess a genotype score for kidney disease,
our findings are consistent with similar studies that have been performed for other
phenotypes. For example, several studies have attempted to predict incident type 2 diabetes
using combinations of SNPs. In a prior FHS study, a risk score based on 18 type 2 diabetes-
associated genotypes did predict new cases, but provided a negligible improvement in risk
prediction over knowledge of common, clinical risk factors alone.37 Similarly, in a
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subsequent study from the United Kingdom, a panel of 20 risk alleles for type 2 diabetes
was inferior to the Cambridge and Framingham offspring clinical type 2 diabetes risk scores
in discriminating incident cases of type 2 diabetes, and inclusion of the genetic panel failed
to improve discrimination, calibration, or reclassification when added to these models.38

Similar attempts to use genotype-based risk modeling for the prediction of incident
myocardial infarction,39 coronary heart disease40 or coronary artery disease, myocardial and
stroke in women41 have also failed to improve on risk predictions based on traditional risk
factors.

There are several possible reasons for the lack of improvement in discriminatory power
provided by our genotype score. For example, the 16 SNPs we included account for only a
minority of eGFR heritability. Taken together, all of the genetic loci explain only 1.43% of
population variability in eGFR.26 As more CKD risk variants are uncovered, including them
in the genotype score may explain more of the genetic risk implied by heritability studies
and could therefore improve discrimination.42 However, as yet-to-be identified common
variants would be expected to have smaller effect sizes, the scope for dramatic
improvements in predictive power is limited. As such, rare variants may explain more of the
“missing heritability” and are currently the focus of ongoing discovery efforts. Alternatively,
it is possible that acquired risk factors are substantially more powerful determinants of the
near-term stage 3 CKD risk than are genetic influences.

These results argue against the idea of genetic fatalism. They suggest that personalized
medicine, or individualized disease prediction based on genetic information, are unlikely to
be a major translational application of this phase of genetic discovery. Instead, the utility of
recently identified stage 3 CKD and GFR-associated genotypes is more likely to stem from
the insight they provide into disease pathogenesis and potential novel therapeutic targets.

Our study has several strengths, including the large, community-based sample, the long
duration of follow-up and the rigorous and detailed assessment of risk factors including
measures of baseline kidney function and proteinuria. A few limitations also warrant
mention. First, Framingham participants are of European ancestry, and our genotype score
may not be valid in different ancestral groups due to allelic variation. Also, a potential
reason for the failure of the genetic risk score may relate to the heterogeneity of underlying
conditions that may result in stage 3 CKD.

A genetic risk score generated from 16 known CKD risk alleles did not predict new cases of
stage 3 CKD in the community beyond knowledge of common, clinical risk factors alone.
These findings suggest that a continued focus on the early identification of adverse clinical
risk factors should remain the cornerstone of kidney disease risk prediction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genotype Score Distribution among FHS Participants with and without stage 3 CKD
Figure shows distribution of participants according to genotype score, stratified according to
persons in whom stage 3 CKD developed over the follow-up period (n = 270) and those in
whom stage 3 CKD did not develop (n = 2219).
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Figure 2. Comparison of receiver-operating characteristic curves for models with and without
the genetic risk score and incident stage 3 CKD
Panel A is adjusted for age and sex; panel B is adjusted for standard CKD risk factors.
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