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Abstract
Although GWAS have been performed in longitudinal studies, most used only a single trait measure.
GWAS of fasting glucose have generally included only normoglycemic individuals. We examined
the impact of both repeated measures and sample selection on GWAS in ARIC, a study which
obtained four longitudinal measures of fasting glucose and included both individuals with and
without prevalent diabetes. The sample included Caucasians and the Affymetrix 6.0 chip was used
for genotyping. Sample sizes for GWAS analyses ranged from 8372 (first study visit) to 5782
(average fasting glucose). Candidate SNP analyses with SNPs identified through fasting glucose or
diabetes GWAS were conducted in 9133 individuals, including 761 with prevalent diabetes. For a
constant sample size, smaller p-values were obtained for the average measure of fasting glucose
compared to values at any single visit, and two additional significant GWAS signals were detected.
For four candidate SNPs (rs780094, rs10830963, rs7903146, and rs4607517), the strength of
association between genotype and glucose was significantly (p-interaction < .05) different in those
with and without prevalent diabetes and for all five fasting glucose candidate SNPs (rs780094,
rs10830963, rs560887, rs4607517, rs13266634) the association with measured fasting glucose was
more significant in the smaller sample without prevalent diabetes than in the larger combined sample
of those with and without diabetes. This analysis demonstrates the potential utility of averaging trait
values in GWAS studies and explores the advantage of using only individuals without prevalent
diabetes in GWAS of fasting glucose.
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Several genome-wide association studies (GWAS) of fasting blood glucose have been
published. All found SNPs in one or more of three gene regions (MTNR1B, G6PC2, and
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GCK) to be significantly (p < 5 × 10−8) associated with fasting glucose [Prokopenko et al.,
2009, Chen et al., 2008, Bouatia-Naji et al., 2009, Bouatia-Naji et al., 2008, Chambers et al.,
2009]. A recent meta-analysis performed in MAGIC (the Meta-Analysis of Glucose and Insulin
traits Consortium) including over 100,000 individuals in discovery and replication samples
has identified 13 additional SNPs significantly associated with fasting blood glucose [Dupuis
et al., 2010]. However, previous GWAS of fasting glucose have typically restricted the study
sample to include only normoglycemic or non-diabetic individuals. Additionally, although
many prospective studies with multiple trait measures have published GWAS papers or
participated in large GWAS consortia, there has been little investigation of the consistency of
GWAS results over multiple study measures or the utility of using average measures in GWAS.

We aimed to address the following questions: (1) Are fasting glucose GWAS results consistent
for multiple longitudinal measures of fasting glucose? (2) Does using averaged glucose levels
over time provide additional information to single glucose measures in genetic analyses? (3)
Are associations between SNPs and fasting glucose different in normoglycemic and diabetic
individuals? To address these questions, we used the population-based Atherosclerosis Risk
In Communities (ARIC) study. In the ARIC study, four measures of fasting glucose were taken
over a period of approximately nine years. Additionally, the ARIC study included individuals
with the complete distribution of fasting glucose values (normoglycemic, impaired fasting
glucose, and those with diabetes). To evaluate consistency of results across the four time points
and explore the potential advantage of having repeated measures, we conducted genome-wide
association analyses of fasting glucose values for each of the four time points as well as for
the average value. To evaluate the potential impact of sample selection (i.e. including or
excluding subjects with diabetes), we analyzed, at a single time point, associations between
fasting glucose and 22 candidate SNPs identified through GWAS of fasting glucose or type 2
diabetes in other study populations [Dupuis et al., 2010, Zeggini et al., 2008, Lango et al.,
2008]

Materials and Methods
Study Sample

The ARIC study is a multi-center prospective cohort study focused on cardiovascular disease
[The Atherosclerosis Risk in Communities (ARIC) Study: design and objectives. The ARIC
investigators. 1989]. Men and women aged 45–64 years at baseline were recruited from four
communities: Forsyth County, North Carolina; Jackson, Mississippi; suburban areas of
Minneapolis, Minnesota; and Washington County, Maryland. A total of 15,792 individuals
participated in the baseline examination in 1987–1989. There were three triennial follow-up
examinations in 1990–1992 (93% return rate), 1993–1995 (86% return rate), and 1996–1998
(81% return rate). The study was approved by the institutional review board at each field center
and all participants gave informed consent.

Phenotypic Measurements
Blood samples were drawn from an antecubital vein into tubes containing a serum separator
gel. Blood samples were shipped to a central lab for analysis. For visits 1 and 2, blood samples
were analyzed at a central lab in Minneapolis, MN. For visits 3 and 4, blood samples were
analyzed at a central lab in Houston, TX. Glucose was measured by a hexokinase/glucose-6-
phosphate dehydrogenase method on a Coulter DACOS device (Beckman Coulter, Fullerton,
CA). BMI was calculated from participants' heights and weights measured in scrub suits.

Genotyping
In the ARIC Study, genotyping was performed using the Affymetrix Genome-Wide Human
SNP Array 6.0. Subjects who disallowed DNA use, unintentional duplicates with higher
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missing genotype rates, suspected mixed/contaminated samples, scans from one problem plate,
samples with a mismatch between called and phenotypic sex, samples with genotype mismatch
with 39 previously genotyped SNPs, suspected first-degree relative of an included individual,
and genetic outliers based on average IBS statistics and principal components analysis using
EIGENSTRAT were excluded. SNPs were excluded due to no chromosome location, being
monomorphic, having call rate <95%, MAF < 1% or HWE-p < 10-5. After the filtering, 669,450
SNPs were used in the imputation to 2,543,887 autosomal SNPs from HapMap Phase II CEU
samples using MACH v1.0.16. A more detailed description can be found in the supplementary
methods in the online appendix. We restricted all analyses to Caucasians with cleaned genotype
information available from the Affymetrix Genome-Wide Human SNP Array 6.0 (n = 9345).

GWAS Analysis of repeated fasting glucose measures
For GWAS analyses of fasting glucose, we excluded participants not fasting at least 8 hours
at the relevant study visit and participants with prevalent diabetes at the relevant study visit to
be consistent with previous GWAS analyses. Prevalent diabetes was defined as the presence
of any of the following: a fasting serum glucose of ≥ 126 mg/dl (7.0mmol/L); a non-fasting
serum glucose level of ≥200 mg/dl (11.1mmol/L); self-reported physician diagnosis of
diabetes; or self-reported pharmacologic treatment of diabetes in the past two weeks.
Individuals missing data critical to the definition of prevalent diabetes were also excluded from
the analysis. After exclusions, there were 8372, 7871, 7099, and 6421 subjects included at
visits 1–4 respectively. We also performed GWAS analyses for fasting glucose measured at
visits 1–4 and the average of these four measures excluding all individuals missing a glucose
measurement at any visit or having prevalent diabetes at any visit (n=5782).

GWAS analyses were performed in ProbABEL. Untransformed fasting glucose was regressed
linearly on genotype adjusted for age, sex, and ARIC study center. Genotypes were modeled
additively. For imputed genotypes, a genotype dose was used that accounted for the certainty
with which the genotypes were estimated. To test whether the association of some SNPs with
fasting glucose differed between measures at different visits, or between visit 1 and the average
of fasting glucose, we used a repeated measures regression model implemented in SAS Proc
Mixed v 9.1 (Cary, NC) and tested the significance of a measurement * SNP interaction term
in the model. To define a significant association for GWAS, we followed the guidance of
Frayling et al. [Frayling, 2007] and used a p-value cut-off of p < 5 × 10 −8. Post-hoc power
analyses were performed using the computer program Quanto [Gauderman and Morrison,
2009, Gauderman, 2002].

Candidate SNP analysis of fasting glucose measured at visit 1 in different study samples
For candidate SNP analyses, individuals were excluded if they were not fasting at least 8 hours
prior to the visit 1 examination, missing diabetes status at visit 1, or had a visit 1 fasting glucose
value greater than 22 mmol/L (in order to exclude outliers). After these exclusions there were
9133 individuals available for candidate SNP analyses.

Type 2 diabetes candidate gene regions and SNPs were selected from Lango et al [Lango et
al., 2008]. Fasting glucose candidate gene regions and SNPs were selected from the MAGIC
meta-analysis results [Dupuis et al., 2010]. Using these selection techniques, there was only
one overlapping region between the diabetes and fasting glucose candidate SNPs (SNPs near
the SLC30A8 gene). Candidate SNPs and gene regions are listed in Supplementary Table 1 in
the online appendix. The estimated r2 between the imputed genotype and the actual genotype
was only .29 for SNP rs757210 so this SNP was excluded. SNP rs5219 was not genotyped or
imputed in our sample, so SNP rs5215 was substituted. This SNP was the top signal detected
in the KCNJ11 region in a diabetes GWAS meta-analysis reported by Zeggini [Zeggini et al.,
2008]. For typed SNPs, missing genotypes were imputed by the MACH program, such that all
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individuals had complete genotyping for all candidate SNPs. For imputed genotypes, most
likely estimated genotypes were used.

Tests of association for candidate SNP analyses were performed using linear regression
implemented in SAS Proc GLM with SNPs modeled additively. For some analyses in
individuals with prevalent diabetes or in the combined (diabetic and non-diabetic) population,
glucose was log transformed to account for the skewed distribution of glucose. To test whether
the association between candidate SNPs and fasting glucose differed between individuals with
and without prevalent diabetes at visit 1, a diabetes * SNP interaction term was included in
linear regression models of log-transformed fasting glucose in the combined sample. Because
of concerns that use of glucose-lowering medication use among those with prevalent diabetes
might bias regression analyses involving fasting glucose, analyses were also conducted
excluding all individuals reporting the use of glucose-lowering medications (n = 242). We used
a significance cut-off of p < .002 (.05/21) for candidate SNP analyses.

Results
GWAS of repeated fasting glucose measures

Table 1 shows the sample characteristics at each study visit for ARIC participants eligible for
GWAS analyses. Because of losses to follow-up and the increase in the prevalence of diabetes
as the cohort aged, the number of eligible participants for fasting glucose GWAS analyses
decreased across visits. There was a small consistent increase in BMI from the visit 1 to visit
4 samples. Mean fasting glucose increased slightly between visit 1 and visit 2 samples and
again between visit 3 and visit 4. Mean fasting glucose decreased between the visit 2 and visit
3 samples; the central laboratory responsible for this measurement changed between visits 2
and 3 and this reduction may thus be due to slight variations in the lab assay. The rank order
of glucose values remained fairly consistent across visits; the spearman correlation coefficients
with visit 1 fasting glucose were r = .56, .49, and .52 for fasting glucose measured at visits 2–
4, respectively. The standard deviation for the average (v1–v4) fasting glucose measure was
smaller than the standard deviations for the visit 1, 2, 3, or 4 measures of fasting glucose.

Figure 1 shows Manhattan plots representing all p-values for SNP associations in the GWAS
of visits 1, 2, 3, and 4 fasting glucose and average fasting glucose. These plots include only
the individuals who both had measures of fasting at all four study visits and did not have
prevalent diabetes at all four study visits (n = 5782). Supplementary Figure 1 shows similar
Manhattan plots for v1–v4, but includes all individuals with a glucose measurement and
without prevalent diabetes at the relevant visit, thus including more individuals than for the
plots presented in Figure 1. There were five regions where SNPs exceeded the threshold for
significance (p < 5 × 10−8) in at least one GWAS. These regions were in or near genes
GCKR (chromosome 2), G6PC2 (chromosome 2), GCK (chromosome 7), SLC30A8
(chromosome 8), and MTNR1B (chromosome 11). Supplementary Figure 2 in the online
appendix shows the QQ plots for all GWAS analyses presented in Figure 1. For all GWAS
analyses, the distribution of p-values was as expected under the null, until the p-values dropped
below p < 10−5 at which point there was an excess of p-values compared to what would be
expected in the absence of any SNP associations.

Table 2 lists the SNP with the smallest p-value in each of the five regions from the GWAS of
visits 1–4 fasting glucose and the average measure. In some cases, the SNP with the smallest
p-value in each region varied by visit. However, as shown in Supplementary Table 2, there
was considerable LD (r2 > .7) between the SNPs with the smallest p-values across visits within
these regions. There were significant SNP associations detected in or near GCK, G6PC2, and
MTNR1B for all GWAS. We found significant associations for SNPs near GCKR and
SLC30A8 only for the GWAS of average fasting glucose. Post-hoc power calculations of SNP
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rs13266634 in the gene region SLC30A8 for a sample size of 5782 individuals revealed 74.3%
power to detect a p-value of 5 * 10−8 for average fasting glucose, but only 28.4% power to
detect a p-value of 5 * 10−8 for visit 1 fasting glucose.

To further examine heterogeneity in the strength of association between SNPs and fasting
glucose measured at multiple visits, one SNP was chosen to represent each region (GCKR—
rs780094, G6PC2—rs560887, GCK—rs4607517, MTNR1B—rs10830963, SLC30A8—
rs13266634). Mixed regression models including measurement*SNP interaction terms
indicated no significant difference in the strength of association between SNPs and fasting
glucose across visits 1–4 or when comparing visit 1 to average fasting glucose for any of these
5 SNPs. To illustrate this consistency across visits, the five above SNPs are highlighted in the
Manhattan plots presented in Figures 1A–1E.

The standard errors for SNP associations with average fasting glucose were smaller than for
those with individual visit fasting glucose measures due to the smaller standard deviation of
the trait. For each region the most significant SNP associations were seen with average fasting
glucose. Supplementary Table 3 is similar to Table 2, but includes all individuals with a fasting
glucose measurement and without prevalent diabetes at the relevant visit, thus including more
individuals than for Table 2. Although the visit 1 fasting glucose GWAS in Supplementary
Table 3 includes almost 2600 more individuals that the average fasting glucose GWAS in Table
2, smaller p-values were observed in the GWAS of average fasting glucose for all but one of
the five gene regions. When all 8372 individuals without prevalent diabetes at visit 1 were
included in a post-hoc power calculation for SNP rs13266634, there was only 66.3% power to
detect a p-value of 5 * 10−8 for visit 1 fasting glucose. This is less power than was found in
the similar post-hoc analysis for average fasting glucose with a sample size of 5782 (power =
74.3%).

Candidate SNP analysis of fasting glucose in different study samples
Table 3 shows the characteristics of ARIC participants included in candidate SNP analyses.
Mean BMI and fasting glucose were greater in those with prevalent diabetes at visit 1 than in
those without. Excluding individuals taking glucose-lowering medications at visit 1 reduced
both the mean and standard deviation of fasting glucose in those with prevalent diabetes and
in combined study sample. Supplementary Figure 3 in the online appendix shows the
distributions of fasting glucose at visit 1 among subjects without diabetes, subjects with
diabetes, and the combined sample after excluding those taking glucose lowering medications.

Table 4 shows all significant (p < .002) candidate SNP associations with visit 1 fasting glucose
in three subgroups: subjects without prevalent diabetes, subjects with prevalent diabetes, and
a combined sample of all subjects regardless of diabetes status. Results are also shown for the
diabetes and combined subgroups after excluding subjects taking glucose lowering
medications. Associations with only six of 22 SNPs achieved the pre-set level of significance
in any subgroup. Log-transforming glucose values for those with prevalent diabetes and the
combined sample did not increase the number of SNPs achieving significance (p-values for
SNPs not achieving this level of significance are presented in Supplementary Table 4).

Effect sizes (betas) for 4 of the 5 fasting glucose candidate SNPs (rs560887 of G6PC2,
rs4607517 of GCK, rs780094 of GCKR, and rs13266634 of SLC30A8) were larger in the
combined sample than in subjects without prevalent diabetes, but p-values were larger due to
the larger standard errors in the combined sample. In contrast, SNP rs7903146 of TCF7L2 had
larger effect sizes and lower p-values in the combined sample compared to the sample without
prevalent diabetes. No associations reached the pre-set level of significance in the smaller sub-
sample with prevalent diabetes. The strength of association between SNP and fasting glucose
was found to be significantly different between those with and those without prevalent diabetes
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for rs10830963 (p-interaction, 3.3 E −11), rs780094 (p-interaction, .0067), rs4607517 (p-
interaction, .02), and rs7903146 (p-interaction, .0050). In general, associations in the combined
sample became more significant after excluding subjects taking glucose lowering medications.

Discussion
This study had two distinct, but related aims: (1) to conduct a GWAS of fasting glucose to
evaluate consistency of results across multiple time points and explore the potential advantage
of having repeated measures of the trait; and (2) to conduct candidate SNP association analyses
with fasting glucose to evaluate the potential impact of sample selection, particularly the
inclusion or exclusion of subjects with prevalent diabetes. Our results may have general
implications beyond the specific gene variants and phenotypes investigated here.

Impact of Repeated Measures
In this GWAS of fasting glucose in the ARIC study, SNPs in five regions of the genome
achieved genome-wide levels of significance for an average measure of fasting glucose. All
five regions also reached genome-wide levels of significance in the recent MAGIC meta-
analysis, for which the ARIC Study provided results for selected SNPs from visit 1 as an in
silico replication sample [Dupuis et al., 2010].

The results presented in this paper represent one of the first attempts to conduct GWAS on
multiple or average trait measures. The use of average and multiple measures in this analysis
has demonstrated the potential utility of using average trait measures in GWAS analyses; the
average fasting glucose trait had a smaller standard deviation than any single visit measure of
fasting glucose which resulted in smaller standard errors in regression with average glucose
and, accordingly, smaller p-values, despite the smaller sample size for average analyses
(compared to individual visit analyses). In our data, for a set sample size (n = 5782), two regions
(GCKR and SLC30A8) were detected with a threshold of p < 5 * 10−8 in a GWAS of average
glucose, that were not detected in GWAS analyses of any single visit measures of glucose.
Additionally, post-hoc power calculations demonstrated that models using the average measure
of fasting glucose had considerably greater power than models using a single measure of fasting
glucose. Clearly, some caution must be taken in averaging traits which could change
meaningfully over long-term follow-up, but when a trait can be expected to maintain relatively
stable ranks across visits, the use of an average measure may represent an important tool for
detecting GWAS signals not otherwise possible in smaller samples.

Impact of Sample Selection
The absence of significant associations between measured fasting glucose and type 2 diabetes
candidate SNPs in the combined sample was interesting, given our relatively low threshold for
significance (p < .002). Although Dupuis et al. previously reported only very modest
associations between diabetes candidate SNPs and fasting glucose in a large GWAS meta-
analysis [Dupuis et al., 2010] of non-diabetic individuals, we hypothesized we might observe
more robust associations in the combined sample with the full range of fasting glucose values.
The lack of association between most diabetes candidate SNPs and fasting glucose in the
combined sample may reflect the absence of an association between the SNPs and fasting
glucose in the normal range. Rather than promote a small increase in fasting glucose across
the entire range of glucose values, many of these SNPs may increase the likelihood of
conversion to diabetes without altering glucose levels in the normal range for most individuals.
This hypothesis is supported by the pattern of association seen with TCF7L2 SNP rs7903146,
the only diabetes SNP significantly associated with fasting glucose in this analysis; the
association of this SNP and fasting glucose was much stronger in the entire study sample, when
those with prevalent diabetes were included, than in the subset of the sample without prevalent
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diabetes. Additionally, the association was stronger when glucose-lowering medication users
(who, on average, had higher levels of glucose) were included. For some other diabetes
candidate SNPs with smaller effects on diabetes risk, the association with diabetes may not be
sufficient to produce a significant association with fasting glucose in the combined sample
absent a measureable effect of glucose in the normal range, where most individuals in the
population are found.

The results of the fasting glucose candidate SNP associations with fasting glucose in different
study sub-samples were surprising. Initially, we assumed that associations between fasting
glucose candidate SNPs and fasting glucose would be most significant in the entire study
sample where the full range of glucose values was present, but this was not the case for any
fasting glucose candidate SNPs. Effect (beta) estimates were generally larger in the entire study
sample with the complete trait distribution, but the increase in standard errors driven by the
increase in the standard deviation of glucose in the entire sample overwhelmed the increased
beta estimates such that p-values for association with fasting glucose candidate SNPs were
larger in the entire sample, even after log transformation of the trait. When medication users
were removed, this generally attenuated the beta estimate the in the combined study sample,
possibly because medication users had higher fasting glucose levels, on average, then those
with prevalent diabetes not on medication.

Another intriguing explanation for the lack of association in the combined sample is the
possibility of different associations between candidate SNPs and fasting glucose in the sub-
sample with prevalent diabetes. Interestingly, for four SNPs (rs10830963, rs780094,
rs4607517, and rs7903146) there was a statistically significant difference in the strength of the
association between SNP and fasting glucose in those with and without prevalent diabetes. For
three of the four SNPs (all but rs780094) associations between SNP and genotype were either
attenuated or in the opposite direction (i.e. minor allele decreasing rather than increasing
glucose) among those with prevalent diabetes compared to those without. This suggests
perhaps other metabolic derangements associated with diabetes overwhelm or alter the effects
of the variants in some individuals with prevalent diabetes. The number of individuals with
prevalent diabetes at visit 1 in ARIC was relatively low (n = 761) and still smaller after
individuals reporting glucose-lowering medication use were excluded (n = 519), and no
candidate SNP associations with fasting glucose were even nominally significant (p < .05) in
those with prevalent diabetes. Nonetheless, the significance of the interaction terms testing the
difference of strength association between those with and without prevalent diabetes is
compelling and warrants further study.

Previous GWAS studies of fasting glucose have been conducted only in normogylcemic
individuals to allow the use of some case-control samples [Prokopenko et al., 2009, Bouatia-
Naji et al., 2009], to investigate variation in the normal range, and to eliminate potential
confounding by treatment effects [Dupuis et al., 2010]. The results of this study seem to validate
this approach, as the associations of fasting glucose candidate genes are less significant in the
combined sample than when restricted non-diabetic subjects. However, it is of interest to
further examine the association of both type 2 diabetes and fasting glucose candidate genes
with measured fasting glucose in those with prevalent diabetes, given the significant interaction
p-values for diabetes status found in our candidate gene analysis. Cases from type 2 diabetes
case-control studies excluded from initial GWAS examinations of fasting glucose would be
logical populations for study. Such analyses will require careful consideration of medication
effects in these populations.

Conclusions
In conclusion, the analyses reported herein suggest that the use of average traits in GWAS
analyses may be advantageous in appropriate situations. Additionally, SNPs identified in
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previous fasting glucose GWAS were more significantly associated with fasting glucose in
those without prevalent diabetes than in those with prevalent diabetes or those in a combined
sample, demonstrating the critical importance of sample selection in genetic association
studies. Strengths of the analysis include relatively comprehensive coverage of the genome,
with 2.5 million imputed and typed SNPs, large sample size, and a population-based study with
long-term follow-up and excellent retention. Weaknesses include the restriction to Caucasians,
and small sample size in the sub-sample with prevalent diabetes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Manhattan plots for GWAS of fasting glucose, ARIC study. Plots display the p-values for the
association of approximately 2.5 million SNPs with fasting glucose; each dot represents a single
SNP association plotted by chromosome position (x-axis) and log(10)-transformed p-value (y-
axis). P-values are from regression equations with SNPs modeled additively, adjusted for age,
sex, and study center. For all plots only individuals without prevalent diabetes at all four study
visits included (n = 5782). A) GWAS of fasting glucose measured at visit 1, B) GWAS of
fasting glucose measured at visit 2, C) GWAS of fasting glucose measured at visit 3, D) GWAS
of fasting glucose measured at visit 4, E) GWAS of average fasting glucose (visit – visit 4).
To demonstrate the consistency of certain SNPs associations across the trait measures, p-values
for five SNPs are highlighted with black diamonds across all five plots. From left to right, the
highlighted SNPs are: rs780094 (GCKR gene region), rs560887 (G6PC2 gene region),
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rs4607517 (GCK gene region), rs13266634 (SLC30A8 gene region), rs10830963 (MTNR1B
gene region).
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Table 3

Characteristics of ARIC participants included in candidate SNP analyses

visit 1 without prevalent
diabetes

visit 1 with prevalent
diabetes

visit 1 combined sample*

n 8372 761 9133

age (years) 54.1 (5.7) 56.2 (5.6) 54.3 (5.7)

% male 46.4 52.8 46.9

BMI (mg/kg/m2) 26.7 (4.6) 30.4 (5.5) 27.0 (4.8)

fasting glucose 5.47 (.50) 9.24 (3.42) 5.79 (1.51)

fasting glucose with those on medication
excluded†

8.37 (2.78) 5.64 (1.07)

*
this column contains all individuals in the “visit 1 without prevalent diabetes” column, and the “visit 1 with prevalent diabetes” column, combined

†
users of glucose-lowering medication excluded as described in the methods section; n excluded= 242
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