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Abstract
BACKGROUND—Multiple genetic loci have been convincingly associated with the risk of type 2
diabetes mellitus. We tested the hypothesis that knowledge of these loci allows better prediction of
risk than knowledge of common phenotypic risk factors alone.

METHODS—We genotyped single-nucleotide polymorphisms (SNPs) at 18 loci associated with
diabetes in 2377 participants of the Framingham Offspring Study. We created a genotype score from
the number of risk alleles and used logistic regression to generate C statistics indicating the extent
to which the genotype score can discriminate the risk of diabetes when used alone and in addition to
clinical risk factors.

RESULTS—There were 255 new cases of diabetes during 28 years of follow-up. The mean (±SD)
genotype score was 17.7±2.7 among subjects in whom diabetes developed and 17.1±2.6 among those
in whom diabetes did not develop (P<0.001). The sex-adjusted odds ratio for diabetes was 1.12 per
risk allele (95% confidence interval, 1.07 to 1.17). The C statistic was 0.534 without the genotype
score and 0.581 with the score (P=0.01). In a model adjusted for sex and self-reported family history
of diabetes, the C statistic was 0.595 without the genotype score and 0.615 with the score (P=0.11).
In a model adjusted for age, sex, family history, body-mass index, fasting glucose level, systolic
blood pressure, high-density lipoprotein cholesterol level, and triglyceride level, the C statistic was
0.900 without the genotype score and 0.901 with the score (P=0.49). The genotype score resulted in
the appropriate risk reclassification of, at most, 4% of the subjects.

CONCLUSIONS—A genotype score based on 18 risk alleles predicted new cases of diabetes in the
community but provided only a slightly better prediction of risk than knowledge of common risk
factors alone.
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TYPE 2 DIABETES MELLITUS IS A MAJOR health problem worldwide.1 Fortunately, its
development can be prevented in many instances,2 and persons at risk can be readily identified
with the measurement of a few common risk factors.3-5 Type 2 diabetes is heritable, with a
risk for people with familial diabetes as compared with those without familial diabetes that is
increased by a factor of 2 to 6.6,7 Recent genetic association studies have provided convincing
evidence that several novel loci are associated with the risk of diabetes,8-13 each with a 5 to
37% increase in the relative odds of diabetes per risk allele.13 These loci may account for the
familial basis of diabetes, and their discovery may herald a new era in the prediction of the
disease, whereby individual loci might be combined into a genetic risk score for enhanced
detection of persons at risk for diabetes.14-17

In clinical practice, a few common risk factors that can be easily measured are powerful
harbingers of type 2 diabetes.5 Despite the intuitive appeal of a genetic risk score, it remains
an untested hypothesis that genetic information allows better prediction of the risk of diabetes
than knowledge of common risk factors alone.18,19 We tested this hypothesis in the framework
of three perspectives. First, we asked whether autosomal genetic information at birth, when
only sex (the combination of X and Y chromosomes) is known, improves the ability to identify
people who are at increased risk for the development of diabetes by middle age. Second, we
asked whether genotype information would add to knowledge of family history, which is
commonly considered to represent genetic risk. Finally, we asked whether adding genetic
information to information on risk factors that are commonly measured at a clinical
examination in adulthood improves the prediction of risk. We used this framework to test the
ability of a panel of 18 single-nucleotide polymorphisms (SNPs) that are known to have
associations with the risk of diabetes to predict new cases of type 2 diabetes in a large,
prospectively examined, community-based cohort.

METHODS
STUDY SAMPLE

The Framingham Heart Study commenced in 1948 with the enrollment of 5209 people of
European ancestry, 28 to 62 years of age, residing in Framingham, Massachusetts; the
participants were subsequently examined every 2 years. The Framingham Offspring Study
commenced in 1971 with the enrollment of 5124 offspring of the original cohort and the spouses
of the offspring; participants were 5 to 70 years of age at the first examination.20 Participants
were next examined 8 years later and then every 4 years thereafter through examination 7
(which took place in the period between 1999 and 2001). Of the 5124 participants in the
Framingham Offspring Study, 2776 were genotyped for 18 SNPs. For 2377 of these
participants, complete phenotypic and follow-up data over the course of one or more
observational periods were available, as well as complete information on at least 15 of 18
genotyped SNPs. The study was approved by the institutional review board at Boston
University, and written informed consent was obtained from all participants.

PHENOTYPIC RISK FACTORS AND DEFINITIONS OF DIABETES
Each examination consisted of a medical history taking, physical examination, and collection
of a fasting blood sample.21 In the sixth examination cycle (1995 through 1998), participants
completed a self-administered questionnaire that asked about family history of disease. We
defined a positive self-reported family history of diabetes as a report that one or both parents
had diabetes; this definition is more than 56% sensitive and 97% specific for confirmed parental
diabetes.22 Parental diabetes was confirmed by means of direct observation of the original
cohort, over the course of 46 years of observation after their enrollment in the Framingham
Heart Study, at the end of which time the mean age of surviving parents was 83 years. We
considered diabetes to be present in a parent when medication was prescribed to control the
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diabetes or when the casual plasma glucose level was 11.1 mmol per liter or higher or 200.0
mg per deciliter or higher at any examination. We defined diabetes to be present in an offspring
when treatment was prescribed to control the diabetes or when the fasting plasma glucose level
was 7.0 mmol per liter or higher or 126.0 mg per deciliter or higher at any examination. More
than 99% of the cases of diabetes among the participants in the Framingham Offspring Study
are type 2 diabetes.6

SELECTION OF RISK ALLELES, GENOTYPING, AND GENOTYPE-SCORE CONSTRUCTION
We used two recent diabetes genomewide association studies10,13 to select 17 SNPs confirmed
to be associated with type 2 diabetes in populations of European ancestry. We added one SNP,
rs689, in the INS locus, that we had previously found to be associated with diabetes (P=0.02)
in Framingham Offspring Study participants.23 Using these 18 SNPs, we constructed a
genotype score ranging from 0 to 36 on the basis of the number of risk alleles. Genotyping was
performed with the use of iPLEX (Sequenom).24 The minimum call rate was 96.9%, the
average consensus rate from 254 duplicates was 99.5%, and all SNPs were in Hardy-Weinberg
equilibrium (P>0.02).25

STATISTICAL ANALYSIS
We used mixed-effects models to compare the mean genotype score for persons in whom
diabetes developed with the score for those in whom diabetes did not develop. We estimated
the cumulative incidence of diabetes by dividing the number of persons in whom diabetes
developed as of the end of follow-up by the total number at risk. We used pooled logistic-
regression models with generalized estimating equations to examine the association between
the genotype score and the risk that diabetes would develop over the course of 28 years. The
use of generalized estimating equations accounts for the presence of related persons in the
sample,26 and the method of pooling person-examinations accounts for time-dependent risk
factors, providing valid estimates of effect similar to those obtained with the use of time-
dependent Cox analyses.27,28 We pooled three examination periods (examinations 1 and 2, 3
and 4, and 5 through 7) to test the 8-to-10-year risk of diabetes, as we did in our previous
diabetes prediction model.5 For these analyses, subjects with diabetes at the first examination
of each period were excluded, and new cases of diabetes were enumerated through the end of
the last examination in the period. We constructed a series of genotype-score models that were
adjusted for sex, for sex and self-reported family history of diabetes, and for risk factors
identified in our previously published and validated “simple clinical model,” including sex,
family history, age, body-mass index, fasting plasma glucose level, systolic blood pressure,
high-density lipoprotein cholesterol level, and triglyceride level.5,29 We had previously
estimated the precision of this model using bootstrap resampling.5 Since self-report is the
method by which information on family history is almost always collected, we used self-
reported family history of diabetes in the primary analysis.

We calculated odds ratios and 95% confidence intervals associated with each additional risk
allele for each SNP individually and in the genotype score. Using C statistics that were
compared with a nonparametric approach, we evaluated the discriminatory capability of the
models with the genotype score as compared with the models without the genotype score.30

We also evaluated risk reclassification with the use of the genotype score, according to the
method developed by Pencina et al. for determining net reclassification improvement.31 We
assessed model calibration using the Hosmer-Lemeshow chi-square test.32 We used categories
of genotype score to calculate likelihood ratios and posterior probabilities of diabetes.33

Statistical analyses were performed with the use of SAS software, version 8 (SAS Institute).
A two-tailed P value of less than 0.05 was considered to indicate statistical significance.
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RESULTS
CHARACTERISTICS OF THE SUBJECTS, RISK ALLELES, AND GENOTYPE SCORE

Characteristics of the 2377 subjects at the baseline of each of the three cross-sectional periods
are shown in Table 1. From the inception of the study in 1971 to the baseline of the third period
in 1987, subjects gained weight and levels of risk factors became more adverse. Through the
end of follow-up, 255 cases of diabetes accumulated over 6130 person-examinations.
Characteristics of 18 risk loci are shown in Table 2. The risk alleles were common (with a risk-
allele frequency of >10%), genotype frequencies were similar to those in other samples of
subjects of European ancestry, and in this population, few individual odds ratios were
significant. The mean (±SD) genotype score was 17.7±2.7 among subjects in whom diabetes
developed and 17.1±2.6 among those in whom diabetes did not develop (P<0.001), and the
cumulative incidence of diabetes increased significantly with increasing score (P<0.001) (Fig.
1, and Fig. 1 and 2 in the Supplementary Appendix, available with the full text of this article
at www.nejm.org). Of 2377 subjects, 2.7% were homozygous for any risk allele, 16.2% were
heterozygous for the risk allele, and 8.4% had no risk allele at half or more (≥9 of 18 SNPs)
of the loci.

GENOTYPE SCORE AND RISK OF DIABETES
Three regression models for predicting diabetes are shown in Table 3, and in Figure 3 in the
Supplementary Appendix. The C statistic for the sex-adjusted model was low (0.534) but
improved significantly with the addition of the genotype score (0.581, P=0.01), and the relative
risk for diabetes increased by 12% per risk allele. In a model adjusted for sex and self-reported
family history of diabetes, the C statistic was modest without the genotype score (0.595) and
did not improve significantly with the score. In a model adjusted for the risk factors included
in the simple clinical model, the C statistic was excellent without the genotype score (0.900)
and did not improve significantly with the score, and the genetic relative risk remained constant
at 11% per risk allele.

Net reclassification by means of the genotype score over the course of 8 to 10 years of follow-
up is shown in Table 4, and in Figure 4 in the Supplementary Appendix. In the model that was
adjusted for sex alone, the genotype score appropriately reclassified 4.1% of the participants
(P=0.004), primarily by reclassifying lower-risk persons into higher-risk categories. In the
models adjusted for sex and family history or for simple clinical risk factors, the genotype score
appropriately reclassified smaller proportions of participants (≤2.6%, P≥0.17).

Adjustment for age diminished the genotype score’s capacity to improve discrimination, with
a C statistic in the sex-adjusted model of 0.729 without the score and 0.741 with the score
(P=0.05) (Table 1 in the Supplementary Appendix). However, when the sample was stratified
by age (<50 years vs. ≥50 years), discrimination with the addition of the genotype score
appeared to be substantially better among younger subjects (C statistic, 0.532 to 0.609;
P=0.009; net reclassification improvement, 11.9%; P=0.009) than among older subjects (C
statistic, 0.530 to 0.558; P=0.20; net reclassification improvement, 0.47%; P=0.92). The
interaction of age with genotype score was not significant (P=0.37).

SUBSIDIARY ANALYSES OF THE GENOTYPE SCORE
C statistics for models classifying the genotype score into three groups were virtually identical
to those for models using the genotype score per risk allele. In the model adjusted for sex, the
odds ratio for the development of diabetes in the middle-score group (genotype score, 16 to
20) as compared with the low-score group (genotype score, ≤15) was 1.62 (95% confidence
interval [CI], 1.14 to 2.29), and the odds ratio for the development of diabetes in the high-score
group (genotype score, ≥21) as compared with the low-score group was 2.60 (95% CI, 1.68 to
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4.02) (Fig. 1, and Table 2 in the Supplementary Appendix). Positive likelihood ratios for
estimating the posterior probability of diabetes were 0.62, 1.04, and 1.73 in the low-score,
middle-score, and high-score groups, respectively (Table 3 in the Supplementary Appendix).
Models that used a weighted genotype score had discriminatory properties that were similar
to those in models that used the unweighted score (Tables 4, 5, and 6 in the Supplementary
Appendix). Sex-adjusted odds ratios for diabetes associated with directly observed parental
diabetes as compared with no parental diabetes were 1.91 (95% CI, 1.44 to 2.55) without the
genotype score and 1.82 (95% CI, 1.37 to 2.43) with the genotype score, and C statistics were
0.576 without the genotype score and 0.604 with the score (P=0.048). Models that used risk
factors in clinical categories had results that were similar to those of models that used
continuous risk factors (Tables 7 and 8 in the Supplementary Appendix).

DISCUSSION
In a community-based sample followed for 28 years, we found that a genotype score for type
2 diabetes, based on 18 loci, was associated with a very modest but significant 12% increase
in the relative risk of diabetes per risk allele. Adjustment for family history and common risk
factors did not diminish the size or significance of this association. Irrespective of clinical
variables, people with the highest genotype scores as compared with those with the lowest
scores had a risk that was increased by a factor of 2.6. Although the individual risk alleles were
common, only a small percentage of people had at least one risk allele at half or more of the
loci. It might be expected that a score based on common variants would not be an efficient
discriminator of risk, owing to weak effects for individual alleles.34 However, we found that
a combination of risk alleles was a strong risk factor with modest discriminatory ability when
sex alone was considered, especially among younger persons. This finding might be useful for
genetic screening at birth or in youth, before obvious risk factors have developed.

When familial diabetes or clinical risk factors that are typically documented at a periodic
examination in adulthood were considered, the genotype score did not improve risk
discrimination. A possible explanation for this finding is that some alleles might increase the
risk through these intermediate traits or that phenotypic risk factors are overwhelmingly
stronger determinants of the near-term risk of diabetes than are known genetic influences.
Findings were similar with use of a score in which loci were weighted according to previous
evidence of their association with diabetes. The results suggest that “personalized medicine”
that is made possible by the expanded understanding of genetics is not yet as useful for the
prediction of the risk of diabetes in adults as it is for other potential applications such as
pharmacogenetic analyses of drug toxicity or response.

A few other studies have examined the use of combinations of SNPs to predict the risk of
diabetes. In the Botnia study, people with risk alleles in both the gene encoding for the
peroxisome proliferator-activated receptor gamma (PPARG) and the gene encoding for the
cystein protease calpain 10 (CAPN10), as compared with people who had no risk alleles, had
a risk that was increased by a factor of 2.6,14 but the use of risk alleles as predictors did not
result in a better C statistic for diabetes (0.68) than did the use of fasting glucose level and
body-mass index.18 In a study from the United Kingdom, subjects with all six risk alleles in
the gene encoding for potassium inwardly-rectifying channel, subfamily J, member 11
(KCNJ11), PPARG, and the transcription factor 7-like gene (TCF7L2) (1% of the sample), in
comparison with subjects who had no risk alleles, had a risk that was increased by a factor of
5 to 7; the C statistic with the three loci as predictors was 0.58.15 In the Data from an
Epidemiological Study on the Insulin Resistance Syndrome (DESIR) study, carriers of at least
4 risk alleles in the genes encoding for glucokinase (GCK), interleukin 6 (IL6), and TCF7L2,
as compared with those who had one risk allele or none, had a risk that was increased by a
factor of 2.5.17 The C statistic with these three variants as predictors was 0.56, and the C statistic
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with these loci plus age, sex, and body-mass index as predictors was 0.82. The Genetics of
Diabetes Audit and Research Tayside (GoDARTS) study examined 18 risk loci.35 Carriers of
more than 24 risk alleles (1.2% of the sample), as compared with carriers of 10 to 12 risk alleles,
had a prevalence ratio of 4.2. The C statistic with all variants combined as predictors was 0.60;
the C statistic with age, body-mass index, and sex as predictors was 0.78; and the C statistic
with variants and risk factors as predictors was 0.80. Our data extend these studies to show
that individual per-allele effects are small; that people with more risk alleles are at greater risk
than those with fewer, no matter how many or which genes are considered; that groups with
an apparently greatly increased genetic risk can be identified but are not commonly found; and
that the marginal ability of genotype scores to discriminate risk is small, with minimal effect
after consideration of even a few common risk factors.

We found that the presence or absence of parental diabetes and the genotype score were
independently associated with the risk of diabetes. This suggests that family history as a risk
factor for diabetes conveys more than heritable genetic information; it probably includes
nongenetic familial behaviors and norms. The lower relative risks for diabetes associated with
observed parental diabetes as compared with those associated with self-reported family history
(approximately 1.8 vs. approximately 2.2) support the contention that family history contains
more risk information than is implied by inheritance of the diabetes phenotype alone.

One of the limitations of our study is that the 18 SNPs we included are probably insufficient
to account for the familial risk of diabetes. They account for a minority of diabetes heritability,
and the SNP array platforms from which they were chosen capture only approximately 80%
of common variants in Europeans. In addition, we have not considered structural variants that
might confer a risk of diabetes. It is possible that the addition of rare risk alleles with large
effects, or a much larger number of common risk alleles with small individual effects, could
improve discrimination.36 Indeed, as many as 500 loci may underlie the genetic risk of type 2
diabetes.16 Also, we did not study interactions among genes or between genes and the
environment that might alter the genetic risk in exposed persons. As more diabetes risk variants
become known, their incorporation into the genotype score may explain more of the genetic
risk implied by parental diabetes.

Our study has other limitations. There were few significant associations between individual
risk alleles and diabetes in the Framingham Offspring Study cohort, but this finding was
expected, given that alleles of small effect were tested in a community-based sample of modest
size, and the aggregate set of 18 SNPs was predictive of new cases of diabetes. The participants
in the Framingham Offspring Study are essentially all of European ancestry; allelic variation
may require that different SNPs be used to generate a genotype score in different ancestry
groups.37 Our genotype score gave all alleles the same weight; this may not be a true reflection
of the biologic basis of type 2 diabetes. We considered the marginal value of the genotype
score after accounting for only phenotypic risk factors, without consideration of behavioral
risk factors for diabetes.38 We expect that accounting for unhealthful behaviors associated with
the risk of diabetes would only further diminish the discriminatory capacity of a genotype
score. However, persons with relatively less healthful lifestyle behaviors might be more
susceptible to genetic risk than those with more healthful behaviors.39 Whether the genotype
score would have value in predicting the risk of diabetes in specific subgroups that have an
elevated risk on the basis of poor health habits remains to be tested.

In summary, a genotype score based on 18 risk alleles predicted new cases of diabetes in the
community but did not result in a substantially better prediction of risk than the knowledge of
common phenotypic risk factors alone. Although genetic information appeared to be useful
when only factors known in youth were considered, genetic information in the context of risk
factors measured in adulthood did not help to refine the prediction of diabetes risk. Our findings
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underscore the view that identification of adverse phenotypic characteristics remains the
cornerstone of approaches to predicting the risk of type 2 diabetes.19

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Distribution of Genotype Score and Cumulative Incidence of Type 2 Diabetes According
to Genotype Score among Participants in the Framingham Offspring Study
The panels were drawn on the basis of 2434 participants with complete genotypic data. (Data
on 2377 participants with complete genotypic and phenotypic data were included in the
remainder of the analysis reported in this article.) Panel A shows the distribution of participants
in the Framingham Offspring Study according to genotype score, stratified according to
persons in whom diabetes developed over a period of 28 years of follow-up and those in whom
diabetes did not develop. The minimum genotype score was 7, and the maximum was 27. The
P value is for the difference in the mean genotype score between the two groups, accounting
for the presence of related persons in the sample. Panel B shows the 28-year cumulative
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incidence of type 2 diabetes grouped according to whether the genotype score was low (≤15,
41 cases of diabetes among 605 participants at risk), medium (16 to 20, 169 cases among 1562
at risk), or high (≥21, 45 cases among 267 at risk). Overall, among the 2434 participants at
risk, 24.9% had a low genotype score, 64.2% had a medium score, and 11.0% had a high score.
The P value is for the difference in cumulative incidence across genotype-score groups,
accounting for the presence of related persons in the sample. I bars indicate standard errors.
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Table 1
Characteristics of Participants in the Framingham Offspring Study at the Baseline of Each of Three Examination Periods
in the Pooled Analysis*

Characteristic Examination Period

Period 1, Examinations 1 and 2
(1971-1983)

Period 2, Examinations 3 and 4
(1979-1991)

Period 3, Examinations 5-7
(1987-2001)

Duration of period (yr)† 7.9±0.5 7.8±0.6 10.6±0.9

No. of subjects 2188 1916 2026

Age (yr) 35±9.1 42±9.6 50±9.7

Female sex (%) 53.2 52.7 52.2

Self-reported family history of diabetes (%) 17.9 18.5 18.0

Body-mass index‡ 24.9±4.1 25.2±4.2 26.6±4.6

Systolic blood pressure (mm Hg) 120±14.7 121±17.3 128±21.5

High-density lipoprotein cholesterol (mg/dl)§ 51.2±14.4 49.0±13.0 50.2±14.6

Triglycerides (mg/dl)¶ 88±66.8 99±86.5 118±88.1

Fasting plasma glucose (mg/dl)∥ 91±8.0 91±9.0 91±8.9
*
The sample comprised 2377 participants for whom no data were missing, with 6130 person-examinations and 255 cases of diabetes observed over three

periods (35 cases in the first period, 40 in the second, and 180 in the third). This sample represents 1335 unrelated participants, 918 sibling pairs, 63
avuncular pairs, and 612 cousins from 279 pedigrees.

†
Duration of period is the mean number of years between the first and last examinations in each period.

‡
The body-mass index is the weight in kilograms divided by the square of the height in meters.

§
To convert the values for high-density lipoprotein cholesterol to millimoles per liter, multiply by 0.02586.

¶
To convert the values for triglycerides to millimoles per liter, multiply by 0.01129.

∥
To convert the values for glucose to millimoles per liter, multiply by 0.05551.
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Table 3
Risk of Incident Type 2 Diabetes Associated with Genotype Score, Family History of Diabetes, and Phenotypic Risk
Factors for Diabetes*

Model Prediction Model

Without Genotype Score With Genotype Score

Model 1: adjusted for sex

Male sex vs. female sex

 Odds ratio 1.31 1.31

 95% CI 1.02-1.68 1.02-1.69

Genotype score

 Odds ratio — 1.12

 95% CI — 1.07-1.17

Discriminatory capability

 C statistic 0.534 0.581

 95% CI 0.502-0.565 0.546-0.617

 P value for difference 0.01

Accuracy of calibration

 Chi-square 3.15

 P value 0.92

Model 2: adjusted for sex and self-reported family history

Male sex vs. female sex

 Odds ratio 1.35 1.35

 95% CI 1.05-1.74 1.05-1.74

Family history of diabetes vs. no family history of diabetes

 Odds ratio 2.26 2.16

 95% CI 1.72-2.97 1.64-2.85

Genotype score

 Odds ratio — 1.11

 95% CI — 1.06-1.16

Discriminatory capability

 C statistic 0.595 0.615

 95% CI 0.560-0.630 0.579-0.652

 P value for difference 0.11

Accuracy of calibration

 Chi-square 9.57

 P value 0.30

Model 3: adjusted for simple clinical risk factors

Age, per year

 Odds ratio 1.05 1.05

 95% CI 1.03-1.06 1.03-1.06

Male sex vs. female sex

 Odds ratio 0.66 0.66

 95% CI 0.48-0.91 0.48-0.92

Family history of diabetes vs. no family history of diabetes

 Odds ratio 1.72 1.64
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Model Prediction Model

Without Genotype Score With Genotype Score

 95% CI 1.24-2.38 1.18-2.27

Body-mass index, per unit increase†

 Odds ratio 1.14 1.14

 95% CI 1.10-1.17 1.11-1.18

Fasting plasma glucose level, per unit increase

 Odds ratio 1.14 1.13

 95% CI 1.12-1.16 1.11-1.15

Systolic blood pressure, per unit increase

 Odds ratio 1.01 1.01

 95% CI 1.00-1.02 1.00-1.02

High-density lipoprotein cholesterol, per unit increase

 Odds ratio 0.99 0.99

 95% CI 0.97-1.00 0.97-1.00

Fasting triglycerides, per unit increase

 Odds ratio 1.00 1.00

 95% CI 1.00-1.00 1.00-1.00

Genotype score

 Odds ratio — 1.11

 95% CI — 1.05-1.17

Discriminatory capability

 C statistic 0.900 0.901

 95% CI 0.880-0.919 0.881-0.920

 P value for difference 0.49

Accuracy of calibration

 Chi-square 1.87

 P value 0.99
*
Odds ratios, 95% confidence intervals (CIs), and C statistics for 255 cases of diabetes identified among 6130 person-examinations were calculated with

the use of pooled logistic regression with generalized estimating equations.

†
The body-mass index is the weight in kilograms divided by the square of the height in meters.
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Table 4
Reclassification of Risk According to the Genotype Score for Subjects in Whom Diabetes Developed and for Those
in Whom Diabetes Did Not Develop*

Model without Genotype Score Model with Genotype Score

0 to <2% Risk 2 to <8% Risk ≥8% Risk Total at Risk

number (percent)

Model 1: adjusted for sex

Subjects in whom diabetes developed

 0 to <2% risk 0 0 0 0

 2 to <8% risk 1 (0.4) 242 (94.9) 12 (4.7) 255

 ≥8% risk 0 0 0 0

 Total no. 1 242 12 255

Subjects in whom diabetes did not develop

 0 to <2% risk 0 0 0 0

 2 to <8% risk 65 (1.1) 5731 (97.6) 79 (1.3) 5875

 ≥8% risk 0 0 0 0

 Total no. 65 5731 79 5875

Net reclassification improvement — % 4.1

P value 0.004

Model 2: adjusted for sex and self-reported family history

Subjects in whom diabetes developed

 0 to <2% risk 0 0 0 0

 2 to <8% risk 2 (0.9) 202 (94.8) 9 (4.2) 213

 ≥8% risk 0 17 (40.5) 25 (59.5) 42

 Total no. 2 219 34 255

Subjects in whom diabetes did not develop

 0 to <2% risk 0 0 0 0

 2 to <8% risk 252 (4.6) 5102 (93.8) 87 (1.6) 5441

 ≥8% risk 0 218 (50.2) 216 (49.8) 434

 Total no. 252 5320 303 5875

Net reclassification improvement — % 2.60

P value 0.22

Model 3: adjusted for simple clinical risk factors

Subjects in whom diabetes developed

 0 to <2% risk 20 (83.3) 4 (16.7) 0 24

 2 to <8% risk 4 (7.4) 45 (83.3) 5 (9.2) 54

 ≥8% risk 0 2 (1.1) 175 (98.9) 177

 Total no. 24 51 180 255

Subjects in whom diabetes did not develop

 0 to <2% risk 3924 (97.5) 101 (2.5) 0 4025

 2 to <8% risk 156 (12.2) 1063 (83.4) 56 (4.4) 1275

 ≥8% risk 0 57 (9.9) 518 (90.1) 575

 Total no. 4080 1221 574 5875

Net reclassification improvement — % 2.13

P value 0.17
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*
Net reclassification improvement for 255 cases of diabetes among 6130 person-examinations was based on pooled logistic-regression models with

generalized estimating equations including or not including the genotype score. Net reclassification improvement is better if more people in whom diabetes
develops are reclassified as being at higher risk when the genotype score is added to the model and more people who remain free of diabetes are classified
as being at lower risk when the genetic score is added. The net reclassification improvement is worse when there is erroneous reclassification — for
example, if many people in whom diabetes develops are classified as being at lower risk when the genetic score is added to the model. The number and
proportion of people who were not reclassified by the genotype score are indicated by the bold font.

N Engl J Med. Author manuscript; available in PMC 2009 November 20.


