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Abstract
Aims/hypothesis Genotype does not change over the life
course and may thus facilitate earlier identification of indi-
viduals at high risk for type 2 diabetes. We hypothesised that
a genotype score predicts incident type 2 diabetes from
young adulthood and improves diabetes prediction models
based on clinical risk factors alone.
Methods The Coronary Artery Risk Development in Young
Adults (CARDIA) study followed young adults (aged 18–
30 years, mean age 25) serially into middle adulthood. We
used Cox regression to build nested prediction models for
incident type 2 diabetes based on clinical risk factors
assessed in young adulthood (age, sex, race, parental history
of diabetes, BMI, mean arterial pressure, fasting glucose,

HDL-cholesterol and triacylglyercol), without and with a
38-variant genotype score. Models were compared with
C statistics and continuous net reclassification improvement
indices (NRI).
Results Of 2,439 participants, 830 (34%) were black and
249 (10%) had a BMI ≥30 kg/m2 at baseline. Over a mean
23.9 years of follow-up, 215 (8.8%) participants developed
type 2 diabetes. The genotype score significantly predicted
incident diabetes in all models, with an HR of 1.08 per risk
allele (95% CI 1.04, 1.13) in the full model. The addition of
the score to the full model modestly improved reclassification
(continuous NRI 0.285; 95% CI 0.126, 0.433) but not dis-
crimination (C statistics 0.824 and 0.829 in full models with
and without score). Race-stratified analyses were similar.
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Conclusions/interpretation Knowledge of genotype pre-
dicts type 2 diabetes over 25 years in white and black young
adults but may not improve prediction over routine clinical
measurements.
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Introduction

Type 2 diabetes can be delayed or prevented with lifestyle
modification [1–3]. If clinicians could identify type 2 dia-
betes risk earlier in life, they might reduce lifetime morbid-
ity through targeted prevention in high-risk individuals.
Young adulthood might be the opportune time to make an
early intervention on any health-related behaviour that
might predispose an individual to type 2 diabetes later in
life. Of the many prediction models for incident type 2
diabetes in adulthood, few have included adequate numbers
of young adults [4]. In addition, type 2 diabetes prediction
models developed in cohorts of middle-aged adults may
have inferior performance in younger adults [5].

Type 2 diabetes is heritable [6, 7]. Large genome-wide
association studies have identified at least 40 single-
nucleotide polymorphisms (SNPs) independently associated
with the disease, mostly among individuals of European
ancestry [8–10]. The physiology underlying the relationship
between most of these SNPs and type 2 diabetes is un-
known. Genotype scores consisting of combinations of
these SNPs predict incident type 2 diabetes in middle-aged
adults but do not meaningfully improve prediction models
consisting of traditional risk factors such as family history
and BMI [11–13] . It is unknown whether such a genotype
score might improve type 2 diabetes prediction from young
adulthood. Young adults may not yet fully demonstrate
clinically identifiable risk factors, such as overweight/obe-
sity, dyslipidaemia, or family history, which would allow
clinicians to assess their future diabetes risk. Moreover, no
prospective study has assessed whether a genotype score
predicts incident type 2 diabetes exclusively among individ-
uals of African ancestry. We used data from the Coronary
Artery Risk Development in Young Adults (CARDIA)
study to test whether the addition of a genotype score

improves type 2 diabetes prediction from young adulthood
in whites and blacks.

Methods

Study design The CARDIA study is a multicentre prospec-
tive study of 5,115 white and black individuals recruited
from four cities across the USA in 1985–1986 [14, 15].
Study participants were 18–30 years old at the baseline
examination and were invited to participate in serial
follow-up examinations and surveys up to 25 years after
the initial study visit. Retention of the original cohort was
72% at the year 25 examination. Informed consent was
obtained from all participants, and the institutional review
board at each participating centre approved the study.

Inclusion and exclusion criteria We limited the present
analyses to unrelated study participants who attended at
least one follow-up examination and for whom genotype
information and baseline data were available for all predic-
tors of interest. We excluded any participant with diabetes or
pregnancy at the baseline examination. Participants who
reported diabetes treatment exclusively with insulin during
the observation period were considered to have type 1
diabetes and were also excluded from analyses.

Incident type 2 diabetes We identified cases of type 2 dia-
betes according to the World Health Organization definition
[16]: fasting plasma glucose ≥7.0 mmol/l (≥126 mg/dl) or
report of taking oral diabetes medications with or without
insulin injections. Time to event was calculated from the
date of the baseline examination to the date of the first
follow-up examination meeting our criteria for incident type 2
diabetes (cases) or to the date of the last CARDIA examination
for each participant without incident type 2 diabetes (censored
individuals).

Measurement of covariates Data collection protocols have
been described previously [15]. The baseline survey in
1985–1986 assessed self-reported race (black or white)
and parental history of diabetes; it did not specify diabetes
type. Weight, height, systolic blood pressure (SBP) and
diastolic blood pressure (DBP) were measured using stan-
dard protocols with participants wearing light clothing and
no shoes. BMI was calculated as weight (kg) divided by
height (m) squared. Mean arterial pressure (MAP) was
calculated as 1/3(SBP)+2/3(DBP). Morning venous blood
samples were obtained after an overnight fast of at least
8 h. Fasting plasma glucose and insulin were measured
with the hexokinase–ultraviolet and radioimmunoassay meth-
ods, respectively (Linco Research, St Charles, MO, USA).
The details of the measurement of HDL-cholesterol and
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triacylglyercol have been reported previously [17]. Baseline
smoking status, alcohol intake and tertile of physical activity
were determined as previously reported [18].

Genotyping and genotype risk score CARDIA samples
were genotyped with the Affymetrix Genome-Wide Human
SNP Array 6.0 (Santa Clara, CA, USA) as described previ-
ously [19, 20]. To calculate the genotype score, we used 38
SNPs associated with type 2 diabetes at the genome-wide
significant level (see electronic supplementary material
[ESM] Table 1). The score was the unweighted sum of the
number of risk alleles (0, 1 or 2) at each of the 38 SNP loci.
Genotyped or imputed data were available for the 38 SNPs
in all white participants, but no genotyped or imputed value
for rs757210 was available for any black participant. Black
individuals were thus given a score of 1 for that missing
value, equivalent to being heterozygous at that locus, the
most common genotype at those loci among whites. Details
of the imputation and quality of CARDIA genotyping have
been published previously [19, 20]. Principal components
used for supplemental analyses of ancestry were calculated
as previously described [20].

Statistical analyses We used Cox proportional hazards re-
gression to build nested models for time to incident type 2
diabetes. Models sequentially included: (1) demographics
(age, sex and self-reported race); (2) parental history of
diabetes (yes vs no); (3) physical examination (BMI and
MAP) and (4) routine laboratory predictors (fasting glucose,
natural log-transformed HDL-cholesterol, and natural log-
transformed triacylglyercol)—all as assessed at the baseline
examination. We based this prediction model on a clinical
prediction model validated in the Framingham Offspring
Study [21]. Ties were handled with the exact method. To
test the validity of the proportional hazards assumption, we
included a time-dependent interaction term with each vari-
able in every model. We rejected the proportional hazards
assumption for a given variable if its interaction term with
time had p<0.05. All variables met the proportional hazards
assumption in every model unless otherwise stated. In black
participants, sex did not meet the proportional hazards as-
sumption, and thus models in blacks are sex-stratified. If a
continuous predictor did not meet the proportional hazards
assumption in a model over the entire follow-up period, an
HR was calculated as the highest integer value of follow-up
time in years for which it did meet the proportional hazards
assumption (see footnotes in Tables 2 and 3) [22]. We
assessed model calibration with a Hosmer–Lemeshow χ2

statistic comparing observed and expected event counts in
deciles of event probability [23].

The 38-SNP genotype score was then added to each of
these models, and model improvement was assessed. The fit
of nested models was compared with likelihood ratio tests.

We calculated C statistics and continuous net classification
improvement (NRI) indices for survival data and their 95%
CIs using the methods described by Pencina et al [24, 25].
Unlike categorical NRI indices, the continuous NRI does
not require discrete risk categories and relies, rather, on the
proportions of cases correctly assigned a higher model
probability and non-cases correctly assigned a lower model
probability by a second model compared with the first [25].
Continuous NRI values of 0.2 correspond to weak improve-
ment in reclassification, while values of 0.4 correspond to an
intermediate effect [26]. Hosmer–Lemeshow statistics,
C statistics and NRI were calculated at 25 years of follow-
up. We estimated 95% CIs around the NRI using 999
bootstrap replications [25, 27].

We performed the above analyses in the overall cohort
and in each race separately. To identify potential differences
by parental history or BMI in the effect of genotype score on
diabetes risk, we tested the statistical significance of inter-
action terms in the full model: parental history (yes vs no)
by genotype score and BMI (<25 vs ≥25 kg/m2) by geno-
type score. One set of supplemental models additionally
included baseline smoking status, alcohol consumption
and tertile of physical activity and a second set included
the first two principal components of ancestry in the model
instead of self-reported race. To compare risks associated
with continuous variables (age, BMI, MAP, glucose, log-
transformed HDL-cholesterol, log-transformed triacylglyercol
and genotype score), we additionally calculated standardised
HRs corresponding to the increased hazard associated with a
1-SD increase in each variable. All analyses were performed
with SAS v. 9.3 software (SAS Institute, Cary, NC, USA).

Results

Baseline characteristics Of 2,439 eligible individuals, 830
(34%) were black and 1,364 (56%) were women (Table 1).
At baseline, 6.5% of the white and 17.4% of the black
participants had a BMI ≥30 kg/m2. On average, each
participant had 41 risk alleles across the 38 loci, with blacks
having significantly more than whites (42.6 vs 40.2, p<0.001).

Incident type 2 diabetes Over a mean follow-up of 23.9 (SD
2.8) years, 215 (8.8%) participants developed type 2 diabe-
tes. The incidence rate of type 2 diabetes was 3.8, 2.5 and
6.4 per 1,000 person-years in the overall cohort, in white
participants and in black participants, respectively. The
mean age at type 2 diabetes detection was 44.1 (SD 6.6)
years.

Genotype and incident type 2 diabetes After adjustment for
age, sex and race, each additional risk allele of the 38-SNP
genotype score was associated with a 9% (95% CI 5, 13)
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greater hazard of incident type 2 diabetes over the study
period (p<0.001). Each one-SD increase in genotype score,
BMI and fasting glucose was associated with an HR of 1.56
(95% CI 1.36, 1.79), 1.98 (95% CI 1.83, 2.15), and 1.54
(95% CI 1.36, 1.75), respectively, in age- and sex-adjusted
models. Genotype score remained a significant predictor of
incident type 2 diabetes in all sequentially more complex
prediction models (all p<0.05; Table 2). After adjustment
for demographics, parental history, physical examination
and laboratory analyses, genotype score had an HR of
1.08 (95% CI 1.04, 1.13) for each additional risk allele.

In the fully adjusted model, those in the highest tertile of
genotype score (43–53 risk alleles) had an HR of 1.77 (95%
CI 1.23, 2.54) for type 2 diabetes compared with the lowest
tertile (29–39 risk alleles). In contrast, the tertile with the
highest BMI (25–53 kg/m2) had an HR of 4.37 (95% CI
2.68, 7.12) compared with the lowest tertile (14–22 kg/m2;
Fig. 1). When the fully adjusted analyses were stratified by
baseline BMI <25 or ≥25 kg/m2, each one-allele increase in
genotype score had an HR of 1.07 (95% CI 1.02, 1.11) in
those with BMI ≥25 kg/m2 and 1.13 (95% CI 1.05, 1.21) in
those with BMI <25 kg/m2. This difference was significant
when tested as an interaction term in the fully adjusted
model in the overall cohort (p<0.001) but not in each racial
group analysed separately (p>0.05). The effect of genotype
score did not differ among those with and without a parental
history of diabetes (p>0.05 for interaction term).

Comparison of prediction models without and with genotype
score The addition of genotype score did not significantly
increase the C statistics of any of the four sequentially
nested clinical prediction models, although the absolute
increase in the C statistics of the models with demographics
or with demographics and parental history suggested im-
proved discrimination (Table 2). As assessed by the contin-
uous NRI, genotype score resulted in modest improvement

in model reclassification (NRI range 0.206–0.285) (Table 2).
Neither the addition of baseline smoking status, alcohol
consumption and tertile of physical activity (ESM Tables 2
and 3) nor the inclusion of ancestry principal components
instead of self-reported race (ESM Table 4) changed these
results.

Race-stratified analyses When white and black participants
were analysed separately, genotype score was associated
with incident type 2 diabetes in all models in both racial
groups (Table 3). In the full model, each additional risk
allele had an HR of 1.07 (95% CI 1.01, 1.13) in whites
and 1.09 (95% CI 1.04, 1.15) in blacks. In both whites and
blacks, the absolute increases in C statistics indicated im-
provement in model discrimination with the addition of
genotype score to models consisting of demographics and
parental history but no improvement in more complex
models. The addition of genotype score achieved modest
improvement in reclassification, which did not appear to differ
by race.

Discussion

The early identification of individuals at risk for future type 2
diabetes may enable targeted prevention efforts. We have
shown that genotype information, combined as an aggre-
gate risk score, predicts incident type 2 diabetes over
25 years of follow-up from young adulthood. Genotype
score remained a significant predictor after adjustment for
other type 2 diabetes risk factors routinely assessed in
clinical care, including parental history. Although most of
the variants comprising the 38-variant genotype score were
discovered in populations of predominantly European ancestry,
the score was a significant predictor of diabetes risk among
both white and black young adults.

Table 1 Baseline characteristics
and follow-up of CARDIA
study participants

Data are presented as means±
SD unless otherwise noted

Analyses exclude participants
with diabetes mellitus
(type 1 or 2) or pregnancy at
baseline examination, or no
follow-up examination

Characteristic All (n02,439) Whites (n01,609) Blacks (n0830)

Age (years) 25.1±3.5 25.5±3.3 24.3±3.8

Female, n (%) 1,364 (55.9) 857 (53.3) 507 (61.1)

Parental diabetes history (% yes) 304 (12.5) 156 (9.7) 148 (17.8)

BMI (kg/m2) 24.3±4.7 23.6±4.0 25.6±5.7

MAP (mmHg) 82.4±9.0 82.0±8.8 83.3±9.2

Fasting glucose (mmol/l) 4.5±0.5 4.6±0.4 4.5±0.5

Triacylglyercol (mmol/l) 0.8±0.6 0.9±0.6 0.7±0.4

HDL-cholesterol (mmol/l) 1.4±0.3 1.3±0.3 1.4±0.3

38-SNP genotype risk score (alleles) 41.0±3.7 40.2±3.7 42.6±3.3

Follow-up (years) 23.9±2.8 24.1±3.2 24.1±2.5

Incident type 2 diabetes, n (%) 215 (8.8) 96 (6.0) 119 (14.3)

Total person-years 56,990 38,271 18,719

Cumulative incidence (per 1,000 person-years) 3.8 2.5 6.4
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Table 2 HRs for incident type 2 diabetes from sequential nested Cox proportional hazards models from young adulthood in the CARDIA study

Model HR (95% CI) p value

Without genotype With genotype

Demographic model

Age (per year) 1.06 (1.02, 1.11) 1.06 (1.02, 1.11)

Sex (male vs female) 1.25 (0.96, 1.64) 1.27 (0.97, 1.66)

Race (black vs white) 3.04 (2.31, 4.00) 2.50 (1.88, 3.34)

Genotype risk score (per allele) – 1.09 (1.05, 1.13) <0.001

Calibration χ2 15.03 6.86

C statistic 0.654 (0.614, 0.694) 0.674 (0.636, 0.712)

ΔC statistic – 0.020 (−0.001, 0.042) 0.07

Continuous NRI – 0.215 (0.068, 0.359)

Demographic and parental history model

Age (per year) 1.06 (1.02, 1.10) 1.06 (1.02, 1.10)

Sex (male vs female) 1.26 (0.97, 1.65) 1.28 (0.98, 1.67)

Race (black vs white) 2.78 (2.11, 3.67) 2.31 (1.56, 2.92)

Parental history (yes vs no) 2.14 (1.57, 2.93) 2.13 (1.56, 2.92)

Genotype risk score (per allele) – 1.09 (1.05, 1.13) <0.001

Calibration χ2 14.73 8.10

C statistic 0.679 (0.641, 0.718) 0.694 (0.657, 0.731)

ΔC statistic – 0.015 (−0.004, 0.034) 0.13

Continuous NRI – 0.206 (0.055, 0.350)

Demographic, parental history, and exam model

Age (per year) 1.01 (0.97, 1.05) 1.01 (0.98, 1.05)

Sex (male vs female) 1.30 (0.97, 1.76) 1.27 (0.94, 1.71)

Race (black vs white) 1.77 (1.32, 2.38) 1.49 (1.10, 2.02)

Parental history (yes vs no) 1.97 (1.44, 2.69) 2.00 (1.46, 2.73)

BMI (per kg/m2) 1.13b (1.11, 1.15) 1.12 (1.10, 1.14)

MAP (mmHg) 1.04 (1.02, 1.05) 1.04 (1.02, 1.06)

Genotype risk score (per allele) – 1.09 (1.05, 1.13) <0.001

Calibration χ2 19.44 20.72

C statistic 0.810 (0.779, 0.841) 0.816 (0.786, 0.846)

ΔC statistic – 0.006 (−0.007, 0.019) 0.36

Continuous NRI – 0.251 (0.095, 0.391)

Demographic, parental history, exam, and lab model

Age (per year) 1.02 (0.98, 1.06) 1.02 (0.98, 1.06)

Sex (male vs female) 0.97 (0.71, 1.32) 0.97 (0.71, 1.32)

Race (black vs white) 2.25 (1.66, 3.05) 1.91 (1.40, 2.61)

Parental history (yes vs no) 2.04 (1.48, 2.79) 2.04 (1.49, 2.80)

BMI (per kg/m2) 1.09 (1.06, 1.11) 1.09 (1.06, 1.11)

MAP (mmHg) 1.03 (1.01, 1.04) 1.03 (1.01, 1.05)

Glucose (per mmol/l) 1.86b (1.37, 2.51) 1.70b (1.26, 2.29)

HDL-cholesterola (per mmol/l) 0.27 (0.14, 0.51) 0.26 (0.14, 0.50)

Triacylglyercola (per mmol/l) 1.38 (1.03, 1.85) 1.35 (1.00, 1.81)

Genotype risk score (per allele) – 1.08 (1.04, 1.13) <0.001

Calibration χ2 8.76 10.72

C statistic 0.824 (0.795, 0.852) 0.829 (0.801, 0.857)

ΔC statistic – 0.006 (−0.004, 0.016) 0.26

Continuous NRI – 0.285 (0.126, 0.433)

HRs (95% CI) from Cox regression models for incident type 2 diabetes

C statistics and continuous NRI calculated at 25 years
a Log-transformed to improved model fit
b BMI and glucose did not meet proportional hazards assumption in some models over complete follow-up period; where indicated, HRs are
truncated at 25 years
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The addition of the genotype score to a full clinical
prediction model for type 2 diabetes did not, however,
significantly increase model C statistic. Because the C sta-
tistic may not be a suitable assessment of a prediction
model’s clinical utility [28], we also calculated continuous
NRI indices comparing prediction models with and without
the genotype score. The addition of genotype score to the
full clinical prediction model resulted in an NRI of 0.285,
indicating modest improvement in model reclassification
[26].

A few prospective studies have demonstrated that geno-
type risk scores predict incident type 2 diabetes, but most of
these studies have consisted only of middle-aged or older
adults of European ancestry, followed on average for
10 years or less [11–13, 29–32]. In general, these studies
have shown that genotype scores do not improve prediction
models consisting of routine clinical risk factors including
family history, BMI and fasting glucose. One exception, the
Malmö Preventive Project, showed that the addition of an
11-variant genotype score to clinical prediction models for
type 2 diabetes significantly improved model discrimination
over a median 24.8 years of follow-up among middle-aged
Swedish adults [11]. In that study, the performance of a
genetic prediction model improved with increasing duration
of follow-up relative to a clinical prediction model. More-
over, stratified analyses from the Framingham Offspring
Study have demonstrated that genotype information may
significantly improve diabetes risk reclassification in adults
younger than 50 years old but not older [13]. Outside these
data, young adulthood has not been a focus of the applica-
tion of genotype information to type 2 diabetes risk predic-
tion. The present findings in young adults are consistent
with prior evidence in older adults and demonstrate that
genotype information may achieve modest improvement
over clinical predictionmodels for type 2 diabetes over 25years
of follow-up from young adulthood. We hypothesised that

genotype information in young adulthood might have greater
predictive value over clinical risk predictors than it does later in
life. Genotype does not change over the life course, while
routine risk factors for type 2 diabetes, including overweight,
dyslipidaemia, elevated fasting glucose and even parental his-
tory of diabetes, may not manifest until later in adulthood.
However, our results do not support the idea that genotype
testing earlier in adulthood results in clinically meaningful
improvement in type 2 diabetes risk prediction over the risk
factors already measured in clinical practice.

A reasonable next question, then, is whether genotype
information might improve type 2 diabetes prediction even
earlier in the life course, before young adulthood. In a cohort
of white and black adolescents followed for an average of
26 years into adulthood, we have found that a 38-SNP score
also predicts incident type 2 diabetes [33]. Similarly, how-
ever, this score did not improve prediction over other clin-
ical risk factors measured at baseline between ages 12 and
18 years, as assessed by the continuous NRI. Nonetheless,
the predictive accuracy of these genotype models may be a
conservative estimate, if certain of the individual loci repre-
sented in our summary SNP score exert their effects on
diabetes risk at different ages. The present analyses would
not detect such genotype-by-age interaction effects. Indeed,
although this study was not powered to detect the small
effect of each SNP individually, 13 of the 38 individual
SNP effects were in the opposite direction from the pub-
lished associations (ESM Table 1). Studies in larger cohorts
with the power to model age-varying effects of individual
risk variants and summary scores should be undertaken.

No previous study has reported a prospective association
between genotype score and incident type 2 diabetes in a
cohort of exclusively African-Americans. In a case–control
study of middle-aged and older African-American adults,
Palmer recently showed that each additional risk allele in an
unweighted 17-SNP score was associated with an OR of
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Table 3 Race-stratified sequentially nested Cox proportional-hazards regression models for incident adult type 2 diabetes from young adulthood in
the CARDIA study

Model HR (95% CI), whites (n01,609) p value HR (95% CI), blacks (n0830)a p value

Without genotype With genotype Without genotype With genotype

Demographic model

Age (per year) 1.04 (0.98, 1.11) 1.04 (0.98, 1.11) 1.08 (1.03, 1.13) 1.08 (1.03, 1.13)

Sex (male vs female) 1.91 (1.27, 2.88) 1.94 (1.29, 2.93) – –

Genotype score (per allele) – 1.10 (1.04, 1.16) 0.001 – 1.08 (1.03, 1.14) 0.004

Hosmer–Lemeshow χ2 14.11 6.52 3.91 4.25

C statistic 0.614 (0.547, 0.681) 0.646 (0.583, 0.709) 0.576 (0.519, 0.632) 0.606 (0.552, 0.660)

ΔC statistic – 0.032 (−0.016, 0.081) – 0.030 (−0.008, 0.069)

Continuous NRI – 0.261 (0.028, 0.489) – 0.189 (−0.036, 0.413)

Demographic and parental
history model
Age (per year) 1.03 (0.97, 1.10) 1.04 (0.97, 1.11) 1.07 (1.02, 1.12) 1.07 (1.02, 1.13)

Sex (male vs female) 1.98 (1.31, 2.99) 2.01 (1.33, 3.04) – –

Parental history (yes vs no) 2.84 (1.75, 4.62) 2.75 (1.69, 4.48) 1.81 (1.21, 2.71) 1.83 (1.22, 2.74)

Genotype score (per allele) – 1.09 (1.03, 1.15) 0.002 – 1.09 (1.03, 1.15) 0.003

Hosmer–Lemeshow χ2 14.31 9.73 4.49 6.94

C statistic 0.651 (0.585, 0.718) 0.679 (0.617, 0.740) 0.610 (0.554, 0.665) 0.629 (0.575, 0.683)

ΔC statistic – 0.027 (−0.010, 0.064) – 0.019 (−0.013, 0.052)

Continuous NRI – 0.220 (−0.011, 0.451) – 0.204 (−0.017, 0.425)

Demographic, parental history,
and exam model
Age (per year) 1.02 (0.96, 1.09) 1.02 (0.96, 1.09) 1.02 (0.97, 1.07) 1.02 (0.97, 1.08)

Sex (male vs female) 1.75 (1.11, 2.74) 1.73 (1.10, 2.73) – –

Parental history (yes vs no) 2.49 (1.53, 4.07) 2.39 (1.46, 3.91) 1.59 (1.06, 2.38) 1.66 (1.10, 2.48)

BMI (per kg/m2) 1.24 (1.19, 1.28) 1.24 (1.19, 1.28) 1.08 (1.05, 1.10) 1.08 (1.05, 1.10)

MAP (per mmHg) 1.01 (0.98, 1.03) 1.00 (0.98, 1.03) 1.05 (1.03, 1.07) 1.05 (1.03, 1.08)

Genotype score (per allele) – 1.09 (1.03, 1.16) 0.003 – 1.10 (1.04, 1.16) <0.001

Hosmer–Lemeshow χ2 12.36 11.09 4.88 12.11

C statistic 0.828 (0.778, 0.878) 0.834 (0.785, 0.883) 0.743 (0.693, 0.793) 0.754 (0.706, 0.802)

ΔC statistic – 0.006 (−0.010, 0.022) – 0.011 (−0.009, 0.031)

Continuous NRI – 0.240 (0.011, 0.480) – 0.238 (0.018, 0.462)

Demographic, parental history,
exam, and lab model
Age (per year) 1.03 (0.97, 1.10) 1.03 (0.97, 1.10) 1.02 (0.97, 1.07) 1.02 (0.97, 1.07)

Sex (male vs female) 1.09 (0.68, 1.77) 1.16 (0.72, 1.87) – –

Parental history (yes vs no) 2.95 (1.80, 4.85) 2.84 (1.72, 4.67) 1.57 (0.15, 2.36) 1.63 (1.09, 2.45)

BMI (per kg/m2) 1.18 (1.13, 1.23) 1.18 (1.13, 1.23) 1.06 (1.03, 1.09) 1.06 (1.03, 1.09)

MAP (per mmHg) 1.01 (0.98, 1.03) 1.01 (0.98, 1.03) 1.04 (1.02, 1.07) 1.05 (1.02, 1.07)

Glucose (per mmol/l) 1.89 (1.22, 2.94) 1.68 (1.07, 2.62) 1.83d (1.22, 2.74) 1.71d (1.14, 2.56)

HDL-cholesterolb (per mmol/l) 0.07 (0.02, 0.22) 0.08 (0.03, 0.23) 0.54 (0.24, 1.23) 0.51 (0.22, 1.14)

Triacylglyercolb (per mmol/l) 0.91c (0.58, 1.42) 0.89c (0.57, 1.38) 1.29 (0.85, 1.97) 1.26 (0.83, 1.93)

Genotype score (per allele) – 1.07 (1.01, 1.13) 0.02 – 1.09 (1.04, 1.15) 0.001

Hosmer–Lemeshow χ2 3.09 2.53 5.35 13.46

C statistic 0.848 (0.804, 0.892) 0.851 (0.808, 0.895) 0.760 (0.713, 0.806) 0.768 (0.722, 0.813)

ΔC statistic – 0.004 (−0.005, 0.012) – 0.008 (−0.011, 0.028)

Continuous NRI 0.163 (−0.076, 0.401) – 0.290 (0.070, 0.524)

HRs (95% CI) from Cox regression models for incident type 2 diabetes

Hosmer–Lemeshow χ2 statistics, C statistics and continuous NRI calculated at 25 years
a Because sex did not meet the proportional hazards assumption in blacks, models presented are sex-stratified
b Log-transformed to improved model fit
c HR truncated at 24 years
d HR truncated at 25 years
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1.04 (95% CI 1.01, 1.08) for prevalent type 2 diabetes [34].
Although most type 2 diabetes-related SNPs were discov-
ered in genome-wide association studies consisting predom-
inantly of individuals of European ancestry, emerging
evidence suggests that these loci, if not the specific SNPs
themselves, are associated with type 2 diabetes risk in other
ancestral groups [20, 35]. Our results suggest that a geno-
type score consisting of risk SNPs discovered in European
cohorts may predict incident type 2 diabetes equally well in
African-Americans.

Our study has certain limitations. First, the follow-up
duration of 25 years is a strength of the present analyses,
yet it may not be sufficiently long to allow accrual of an
adequate number of cases of type 2 diabetes among those
aged 18–30 years, now followed only to ages 43–55. A
greater number of cases of type 2 diabetes will develop in
the CARDIA cohort after even longer follow-up and may
further strengthen the association between genotype score
and diabetes risk. Second, our genotype score included
common SNP variants associated with type 2 diabetes at
the genome-wide significant level. The majority of these
SNPs are not believed to be causal mutations and, indeed,
are in intronic or intergenic regions of the genome [36]. As
sequencing efforts identify the causal mutations for which
most of these 38 SNPs are imperfect proxies, the incorporation
of updated genetic information into such a risk score should
strengthen its association with type 2 diabetes. Third, we
summed all risk alleles across the 38 loci to calculate our
genotype risk score, not accounting for the different effect
size that each locus has with type 2 diabetes risk. While
previous efforts have used genotype scores weighted for these
different effect sizes [12, 13], we did not because the effect
sizes between the majority of these loci and type 2 diabetes
risk in blacks is unknown. Nonetheless, we demonstrated a
significant association between the genotype score and type 2
diabetes, even after adjustment for clinical risk factors.

It remains unclear what threshold genotype information
must reach to be clinically useful for type 2 diabetes predic-
tion and prevention. For the prevention of CHD, a clinician
can use the discrete 10-year risk categories of the Framing-
ham Risk Score [37] to inform the LDL-cholesterol target
and aspirin administration for an individual patient. No such
paradigm exists for type 2 diabetes prevention. Moreover,
the maintenance of a healthy weight, the mainstay of type 2
diabetes prevention, is advisable for everyone regardless of
genotype [38]. However, the targeting of more resource-
intensive preventive lifestyle modification programmes only
to individuals at greatest risk might be warranted in a health-
care environment of finite resources. Still, our results do not
conclusively demonstrate that genotype is the most appropri-
ate measurement of that risk, even among young adults who
may not yet have fully manifested their ultimate clinically
measurable risk phenotypes.

In summary, a genotype risk score consisting of 38 com-
mon SNPs predicts incident type 2 diabetes among whites
and blacks from young adulthood into the fifth and sixth
decades of life. Young adulthood is an important period for
type 2 diabetes prevention; during this time there is the
potential to modify health-related behaviours that may in-
fluence risk later in life. At present, however, it is unclear
whether genotype gives clinically actionable information for
young adults.
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