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A bs tr ac t

Background

Multiple genetic loci have been convincingly associated with the risk of type 2 dia-
betes 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 gener-
ate 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 reclassi-
fication 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 com-
mon 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 convinc-
ing 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 harbin-
gers of type 2 diabetes.5 Despite the intuitive 
appeal of a genetic risk score, it remains an un-
tested 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 repre-
sent genetic risk. Finally, we asked whether add-
ing 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, com-
munity-based cohort.

ME THODS

Study Sample

The Framingham Heart Study commenced in 
1948 with the enrollment of 5209 people of Euro-
pean ancestry, 28 to 62 years of age, residing in 
Framingham, Massachusetts; the participants were 
subsequently examined every 2 years. The Fram

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 sam-
ple 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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ingham Offspring Study commenced in 1971 with 
the enrollment of 5124 offspring of the original 
cohort and the spouses of the offspring; par-
ticipants 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 par-
ticipants in the Framingham Offspring Study, 
2776 were genotyped for 18 SNPs. For 2377 of 
these participants, complete phenotypic and fol-
low-up data over the course of one or more ob-
servational periods were available, as well as com-
plete information on at least 15 of 18 genotyped 
SNPs. The study was approved by the institu-
tional 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 

Table 2. Genetic Loci, Genotype Frequencies, and Individual Associations with Diabetes among Participants in the Framingham Offspring 
Study for 18 Single-Nucleotide Polymorphisms (SNPs) Associated with Type 2 Diabetes in Previous Studies.*

SNP Locus Chromosome
Locus 

Relative to Gene Risk Allele
Published  

Odds Ratio
Published 
 P Value Source

rs10923931 NOTCH2 1 Intron 5 T 1.13 6.7×10−6 Zeggini et al.13

rs10490072 BCL11A 2 3' of gene T 1.05 4.9×10−5 Zeggini et al.13

rs7578597 THADA 2 Missense, exon 24 T 1.15 1.1×10−4 Zeggini et al.13

rs1470579 IGF2BP2 3 Intron 2 C 1.14 8.9×10−16 Saxena et al.10

rs1801282 PPARg 3 Intron 1 C 1.14 1.7×10−6 Saxena et al.10

rs4607103 ADAMTS9 3 Intron 2 C 1.09 3.1×10−4 Zeggini et al.13

rs7754840 CDKAL1 6 Intron 5 C 1.12 4.1×10−11 Saxena et al.10

rs9472138 VEGFA 6 3' of gene T 1.06 4.1×10−5 Zeggini et al.13

rs864745 JAZF1 7 Intron 1 T 1.10 4.6×10−5 Zeggini et al.13

rs13266634 SLC30A8 8 Missense, exon 8 C 1.12 5.3×10−8 Saxena et al.10

rs10811661 CDKNA/2B 9 5' of gene T 1.20 7.8×10−15 Saxena et al.10

rs1111875 HHEX 10 3' of gene C 1.13 5.7×10−10 Saxena et al.10

rs12779790 CDC123,CAMK1D 10 3' of gene G 1.11 4.7×10−5 Zeggini et al.13

rs7903146 TCF7L2 10 Intron 6 T 1.37 1.0×10−48 Saxena et al.10

rs5219 KCNJ11 11 Missense, exon 1 T 1.14 6.7×10−11 Saxena et al.10

rs689 INS 11 Intron 1 T 1.93 2.0×10−2 Meigs et al.23

rs1153188 DCD 12 5' of gene A 1.08 3.2×10−5 Zeggini et al.13

rs7961581 TSPAN8, LGR5 12 5' of gene C 1.09 3.7×10−5 Zeggini et al.13

*	P values and odds ratios for type 2 diabetes associated with individual risk SNPs are estimated from additive pooled logistic-regression 
models with generalized estimating equations adjusted for age, age squared, and sex.

†	Genotype frequencies may not add to 100% owing to missing genotypes for some SNPs.
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the original cohort, over the course of 46 years of 
observation after their enrollment in the Framing-
ham 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 diabe-
tes or when the casual plasma glucose level was 
11.1 mmol per liter or higher or 200.0 mg per deci-
liter or higher at any examination. We defined dia-
betes 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 dia-
betes 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 asso-
ciation studies10,13 to select 17 SNPs confirmed 
to be associated with type 2 diabetes in popula-
tions 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 Us-
ing 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 mini-
mum 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

Genotype Frequencies†

Risk-Allele Frequency 
in Those without 

Diabetes

Odds Ratio per Risk 
Allele for Diabetes  

in Framingham  
Offspring Study  

Participants  
(95% CI) P Value

No Risk Allele 1 Risk Allele 2 Risk Alleles

No Diabetes Diabetes No Diabetes Diabetes No Diabetes Diabetes

no. of patients (%) %

1716 (80.9) 206 (80.8) 379 (17.9) 44 (17.3) 26 (1.2) 5 (2.0) 10.2 1.11 (0.83–1.48) 0.48

129 (6.1) 15 (5.9) 788 (37.3) 102 (40.0) 1197 (56.6) 137 (53.7) 75.3 0.94 (0.77–1.16) 0.57

17 (80.0) 2 (0.8) 372 (17.6) 36 (14.1) 1730 (81.6) 217 (85.1) 90.4 1.30 (0.93–1.83) 0.12

971 (46.1) 103 (40.4) 896 (42.5) 120 (47.1) 240 (11.4) 31 (12.2) 32.7 1.20 (1.00–1.44) 0.054

21 (1.0) 5 (2.0) 411 (19.5) 38 (14.9) 1681 (79.6) 210 (82.4) 89.3 1.13 (0.83–1.55) 0.43

161 (7.6) 11 (4.3) 802 (37.8) 103 (40.4) 1157 (54.6) 141 (55.3) 73.5 1.11 (0.90–1.36) 0.32

990 (47.0) 111 (43.5) 890 (42.2) 104 (40.8) 227 (10.8) 37 (14.5) 31.9 1.15 (0.96–1.39) 0.14

1098 (51.7) 122 (47.8) 849 (40.0) 106 (41.6) 175 (8.3) 27 (10.6) 28.3 1.15 (0.95–1.39) 0.16

575 (27.3) 69 (27.1) 1011 (47.9) 110 (43.1) 524 (24.8) 76 (29.8) 48.8 1.04 (0.87–1.23) 0.68

175 (8.3) 19 (7.5) 851 (40.1) 97 (38.0) 1094 (51.6) 139 (54.5) 71.7 1.08 (0.89–1.33) 0.43

79 (3.7) 4 (1.6) 630 (29.7) 48 (18.8) 1410 (66.5) 202 (79.2) 81.4 1.76 (1.33–2.33) <0.001

339 (16.0) 44 (17.3) 1031 (48.7) 126 (49.4) 748 (35.3) 85 (33.3) 59.7 0.98 (0.81–1.17) 0.78

1449 (68.4) 162 (63.5) 589 (27.8) 85 (33.3) 80 (3.8) 8 (3.1) 17.7 1.08 (0.86–1.35) 0.52

1028 (48.9) 94 (36.9) 868 (41.3) 123 (48.2) 207 (9.8) 37 (14.5) 30.5 1.34 (1.12–1.61) 0.002

897 (42.5) 108 (42.4) 950 (45.0) 108 (42.4) 266 (12.6) 39 (15.3) 35.1 1.09 (0.91–1.31) 0.35

1101 (51.9) 124 (48.6) 857 (40.4) 106 (41.6) 164 (7.7) 25 (9.8) 27.9 1.16 (0.95–1.41) 0.14

1176 (55.5) 138 (54.1) 784 (37.0) 99 (38.8) 161 (7.6) 18 (7.1) 26.1 1.04 (0.85–1.27) 0.73

1038 (49.0) 116 (45.5) 870 (41.1) 110 (43.1) 210 (9.9) 28 (11.0) 30.5 1.08 (0.90–1.31) 0.40
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Statistical Analysis

We used mixed-effects models to compare the 
mean genotype score for persons in whom diabe-
tes developed with the score for those in whom 
diabetes did not develop. We estimated the cumu-
lative incidence of diabetes by dividing the num-
ber 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 pool-
ing person-examinations accounts for time-depen-
dent 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 pre-
diction 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 exami-
nation in the period. We constructed a series of 
genotype-score models that were adjusted for sex, 
for sex and self-reported family history of diabe-
tes, and for risk factors identified in our previ-
ously published and validated “simple clinical 
model,” including sex, family history, age, body-
mass index, fasting plasma glucose level, systolic 
blood pressure, high-density lipoprotein choles-
terol level, and triglyceride level.5,29 We had pre-
viously estimated the precision of this model us-
ing 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 geno-
type 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 Pen
cina 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 calcu-
late likelihood ratios and posterior probabilities 
of diabetes.33 Statistical analyses were performed 
with the use of SAS software, version 8 (SAS In-
stitute). A two-tailed P value of less than 0.05 was 
considered to indicate statistical significance.

R esult s

Characteristics of the Subjects, Risk Alleles, 
and Genotype Score

Characteristics of the 2377 subjects at the base-
line 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 ances-
try, and in this population, few individual odds 
ratios were significant. The mean (±SD) genotype 
score was 17.7±2.7 among subjects in whom dia-
betes developed and 17.1±2.6 among those in 
whom diabetes did not develop (P<0.001), and the 
cumulative incidence of diabetes increased sig-
nificantly 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 homozy-
gous 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 Sup-
plementary 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 sim-
ple clinical model, the C statistic was excellent 
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without the genotype score (0.900) and did not 
improve significantly with the score, and the ge-
netic 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 ap-
propriately 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 appro-
priately reclassified smaller proportions of par-
ticipants (≤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 with-
out the score and 0.741 with the score (P = 0.05) 
(Table 1 in the Supplementary Appendix). How-
ever, when the sample was stratified by age (<50 
years vs. ≥50 years), discrimination with the ad-
dition of the genotype score appeared to be sub-
stantially better among younger subjects (C statis-
tic, 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 com-
pared 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 4.02) (Fig. 1, and Table 2 
in the Supplementary Appendix). Positive likeli-
hood ratios for estimating the posterior probabil-
ity of diabetes were 0.62, 1.04, and 1.73 in the 
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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 in-
cluded in the remainder of the analysis reported in this 
article.) Panel A shows the distribution of participants 
in the Framingham Offspring Study according to geno-
type score, stratified according to persons in whom dia-
betes developed over a period of 28 years of follow-up 
and those in whom diabetes did not develop. The mini-
mum 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 pres-
ence of related persons in the sample. Panel B shows 
the 28-year cumulative 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). Over-
all, 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 cumu-
lative incidence across genotype-score groups, account-
ing for the presence of related persons in the sample.  
I bars indicate standard errors.
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low-score, middle-score, and high-score groups, 
respectively (Table 3 in the Supplementary Ap-
pendix). Models that used a weighted genotype 
score had discriminatory properties that were 
similar to those in models that used the unweight
ed score (Tables 4, 5, and 6 in the Supplementary 

Appendix). Sex-adjusted odds ratios for diabetes 
associated with directly observed parental diabe-
tes 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 with-

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
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Table 3. (Continued.)

Model Prediction Model

Without Genotype  
Score

With Genotype 
 Score

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

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

*	Net reclassification improvement for 255 cases of diabetes among 6130 person-examinations was based on pooled lo-
gistic-regression models with generalized estimating equations including or not including the genotype score. Net re-
classification 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 re-
classification — 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.
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out the genotype score and 0.604 with the score 
(P = 0.048). Models that used risk factors in clini-
cal 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. Adjust-
ment for family history and common risk factors 
did not diminish the size or significance of this 
association. Irrespective of clinical variables, peo-
ple 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 ex-
amination in adulthood were considered, the 
genotype score did not improve risk discrimina-
tion. 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 accord-
ing to previous evidence of their association 
with diabetes. The results suggest that “person-
alized 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 dia-

betes. 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 in-
creased 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 po-
tassium inwardly-rectifying channel, subfamily J, 
member 11 (KCNJ11), PPARG, and the transcrip-
tion factor 7–like gene (TCF7L2) (1% of the sam-
ple), 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 com-
pared 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 pre-
dictors was 0.56, and the C statistic with these 
loci plus age, sex, and body-mass index as pre-
dictors 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 stud-
ies 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 diabe-
tes. This suggests that family history as a risk 
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factor for diabetes conveys more than heritable 
genetic information; it probably includes nonge-
netic familial behaviors and norms. The lower 
relative risks for diabetes associated with ob-
served parental diabetes as compared with those 
associated with self-reported family history (ap-
proximately 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 ac-
count for a minority of diabetes heritability, and 
the SNP array platforms from which they were 
chosen capture only approximately 80% of com-
mon variants in Europeans. In addition, we have 
not considered structural variants that might con-
fer a risk of diabetes. It is possible that the addi-
tion of rare risk alleles with large effects, or a 
much larger number of common risk alleles with 
small individual effects, could improve discrimi-
nation.36 Indeed, as many as 500 loci may under-
lie the genetic risk of type 2 diabetes.16 Also, we 
did not study interactions among genes or be-
tween genes and the environment that might 
alter the genetic risk in exposed persons. As more 
diabetes risk variants become known, their incor-
poration into the genotype score may explain 
more of the genetic risk implied by parental dia-
betes.

Our study has other limitations. There were 
few significant associations between individual 
risk alleles and diabetes in the Framingham Off-
spring Study cohort, but this finding was expect
ed, 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 geno-
type 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 mar-
ginal value of the genotype score after account-
ing for only phenotypic risk factors, without con-
sideration of behavioral risk factors for diabetes.38 
We expect that accounting for unhealthful behav-
iors associated with the risk of diabetes would 
only further diminish the discriminatory capacity 
of a genotype score. However, persons with rela-
tively less healthful lifestyle behaviors might be 
more susceptible to genetic risk than those with 
more healthful behaviors.39 Whether the geno-
type 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 under-
score the view that identification of adverse phe-
notypic characteristics remains the cornerstone of 
approaches to predicting the risk of type 2 dia-
betes.19
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CORRECTION

Genotype Score in Addition to Common Risk Factors
for Prediction of Type 2 Diabetes

Genotype Score in Addition to Common Risk Factors for Prediction

of Type 2 Diabetes . In Table 2, the footnote symbol next to the P

Value column head should be deleted, and in the data for rs864745,

the value under Published P Value should read 4.6×10−5. In Figure

1, Panel A, the curves are incorrect relative to the y axis. We re-

gret the errors. Both the table and the figure have been corrected at

NEJM.org.
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