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OBJECTIVES—Prolongation of the electrocardiographic QT
interval is a risk factor for sudden cardiac death (SCD). Diabetic
individuals are at increased risk for prolonged QT interval and
SCD. We sought to replicate the finding that genetic variants in
the nitric oxide synthase 1 adaptor protein (NOS1AP) gene are
associated with QT interval duration in a type 2 diabetes–
enriched sample of European ancestry.

RESEARCH DESIGN AND METHODS—Two single nucleo-
tide polymorphisms (SNPs) in NOS1AP were genotyped in 624
European Americans and 127 African Americans from 400 pedi-
grees enriched for type 2 diabetes. An additive genetic model was
tested for each SNP in ancestry-specific analyses in the total
sample and the diabetic subset (European Americans, n � 514;
African Americans, n � 115), excluding from the analyses
individuals taking QT-altering medications.

RESULTS—In European Americans, rs10494366 minor homozy-
gotes had a 9.3-ms-longer QT interval compared with major
homozygotes (P � 5.7 � 10�5); rs10918594 minor homozygotes
had a 12.5-ms-longer QT interval compared with major homozy-
gotes (P � 1.5 � 10�6). Restricting analyses to the diabetic
European Americans strengthened the effect despite the reduc-
tion in sample size (11.3-ms difference, P � 5.1 � 10�5; 13.9-ms
difference, P � 1.6 � 10�6, respectively). No association between
the NOS1AP SNPs and QT interval duration was observed in the
limited number of African Americans.

CONCLUSIONS—Two NOS1AP SNPs are strongly associated
with QT interval duration in a predominately diabetic European-
American sample. Stronger effects of NOS1AP variants in dia-
betic individuals suggest that this patient subset may be
particularly susceptible to genetic variants that influence myo-
cardial depolarization and repolarization as manifest in the QT
interval. Diabetes 57:1108–1114, 2008

S
udden cardiac death (SCD) claims �300,000 lives
per year in the U.S. (1). Numerous community-
based studies have established QT interval as an
independent risk factor for SCD (2–5). Moreover,

QT interval prolongation and resultant arrhythmia on
exposure to cardiac and noncardiac medications is a
major barrier to drug development (6). Genetic factors
contribute significantly to both SCD risk and QT duration
(7–10). However, with the exception of rare monogenic
forms of congenital long or short QT syndromes, the
precise genetic variants that account for the heritability of
these traits in the general population have not been
established.

Data from a recently staged genome-wide association
study of 200 German women from the extremes of the QT
interval distribution identified an association between
common variants in the nitric oxide synthase 1 adaptor
protein (NOS1AP) gene and adjusted QT interval duration
(11). This association was replicated in two other popula-
tion-based studies (11), an elderly population (12) and the
genetically more homogeneous Old Order Amish popula-
tion (13). However, the propensity for false-positive
reports in genetic association studies warrants replica-
tion in additional cohorts: especially cohorts with high
risk for prolonged QT interval and SCD due to compet-
ing factors, such as diabetes and coronary disease. In
addition, because the common variants at the NOS1AP
locus are highly differentiated across continental ances-
tral groups, the extension of findings into samples of
non-European ancestry is important (14) (http://
www.hapmap.org/cgi-perl/gbrowse/hapmap_B36/).

In the current study, we attempted to replicate the
association of two previously implicated NOS1AP single
nucleotide polymorphisms (SNPs), rs10494366 and
rs10918594, with adjusted QT interval duration in the
Diabetes Heart Study, a sample of European-American and
African-American pedigrees enriched for type 2 diabetes.
The extent to which QT interval is influenced by genetic
variants will expand our understanding of myocardial
electrical activity and could facilitate the development of
new clinical therapies to reduce the risk of SCD.

RESEARCH DESIGN AND METHODS

The study sample consists of 624 European-American individuals (514 type 2
diabetes–affected individuals and 110 unaffected individuals from 331 fami-
lies) and 127 African-American individuals (115 type 2 diabetes–affected
individuals and 12 unaffected individuals from 69 families) from the Diabetes
Heart Study. Ascertainment and recruitment have been described previously
(15–17). Briefly, siblings concordant for type 2 diabetes and lacking advanced
renal insufficiency were recruited. Type 2 diabetes was defined clinically as
diabetes developing after the age of 35 years treated with insulin and/or oral
agents, in the absence of historical evidence of ketoacidosis.

All protocols were approved by the institutional review board of Wake
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Forest University School of Medicine, and all participants gave informed
consent. Participant examinations were conducted in the General Clinical
Research Center of the Wake Forest University Baptist Medical Center and
included interviews for medical history and health behaviors, anthropometric
measures, resting blood pressure, fasting total cholesterol, electrocardiogra-
phy, and spot urine collection. Not all measurements were available for all
participants. Excluded from these analyses were 94 European-American
individuals (9.5%) and 5 African-American individuals (2.8%) from the total
Diabetes Heart Study population who were identified by the Minnesota Code
(18) as having had a myocardial infarction. Individuals were scored as using
QT-altering medications if they were on at least one of the following medications:
1) a medication known to prolong QT interval as listed at http://qtdrugs.org
(http://www.arizonacert.org/medical-pros/drug-lists/drug-lists.htm); 2) digoxin
(known to shorten QT interval duration); or 3) hormone replacement therapy
(personal communication, D.M.H., MD, MHS), resulting in the exclusion of 346
European-American individuals (34.7%) and 50 African-American individuals
(28.1%) from analysis.
QT interval measurement. A resting 12-lead electrocardiogram (ECG) was
obtained for each study participant using a Marquette MAC 5000 ECG
instrument (Marquette Electronics, Milwaukee, WI) using a standardized
protocol with special attention to precise placement of the electrodes. All
ECGs were performed in the General Clinical Research Center at Wake Forest
University School of Medicine and were electronically transmitted to a central
reading center (EPICARE). Each ECG was visually analyzed for recording
errors and graded for quality. The ECGs were then analyzed using the
Marquette 12-SL Program, 2001 version (GE Healthcare, Waukesha, WI) (19).
QT interval duration was defined as the duration in milliseconds from the
initial deflection of the QRS complex until the return of the T-wave to the
electrical baseline. The QT duration was measured in each of the 12 ECG
leads, and the longest QT duration was selected as the trait for analysis.

The heart rate–corrected QT interval (QTc) was calculated using Bazett’s
formula: QTc � QT�HR � 60 (20). The QTc is commonly interpreted as the
QT interval adjusted to a standard heart rate of 60 beats per minute.
Genetic analysis. Total genomic DNA was purified from whole-blood sam-
ples obtained from subjects using the PUREGENE DNA isolation kit (Gentra,
Minneapolis, MN). DNA concentration was quantified using standardized
fluorometric readings on a Hoefer DyNA Quant 200 fluorometer (Hoefer
Pharmacia Biotech, San Francisco, CA). Each sample was diluted to a final
concentration of 5 ng/�l.

Genotypes for rs10494366 and rs10918594 were determined using a Mass-
ARRAY SNP Genotyping System (Sequenom, San Diego, CA) (21). This
genotyping system uses single-base extension reactions to create allele-
specific products that are separated and scored in a matrix-assisted laser
desorption ionization/time of flight mass spectrometer. Primers for PCR
amplification and extension reactions were designed using the MassARRAY
Assay Design Software (Sequenom).
Statistical analysis. Maximum likelihood allele and genotype frequencies for
each SNP were calculated from unrelated probands and were tested for
departures from Hardy-Weinberg equilibrium using both �2 and exact tests.
Estimates of linkage disequilibrium between SNPs were determined by
calculating pairwise D� and r 2 statistics in unrelated individuals. As previously

reported, the microsatellite markers from a 10-cM genome scan were used to
examine and correct self-reported familial relationships (16). Association
between each SNP and the phenotype under an additive genetic model was
tested using variance components methods implemented in SOLAR (22). Tests
of statistical significance for the additive genetic model were based on the
likelihood ratio statistic incorporating the familial correlation structure.
Despite the strong a priori nature of the hypothesis, we used two-sided tests
of significance. All analyses were performed separately in European Ameri-
cans and African Americans. Within each ethnic group, analyses were
performed in all participants and in diabetic subjects only, excluding subjects
using any QT-altering medication.

The following procedure was used to estimate the ethnicity-specific
magnitude of the effect of each polymorphism while adjusting for the
covariates. First, the residuals from the variance components model adjusting
for familial relationships and containing the covariates but not the polymor-
phisms were computed. Second, using the above variance components model
without the polymorphisms, the predicted value of a woman, diagnosed with
diabetes, with the mean RR interval (European American � 0.0147, African
American � 0.0144, European American with diabetes � 0.0145, and African
American with diabetes � 0.0142), the mean age (European American � 61.5,
African American � 58.6, European American with diabetes � 61.9, and
African American with diabetes � 58.8 years), and mean BMI (European
American � 31.8, African American � 33.8, European American with
diabetes � 32.5, and African American with diabetes � 34.0 kg/m2) was
added to the residuals. Third, the genotypic means of the residuals scaled
to the predicted value of the above “individual” were computed to give a
sense of the observed differences between the three genotypes for the
respective polymorphisms.

To estimate the ethnicity-specific genetic contribution to QT interval
duration, a series of heritability analyses were computed using SOLAR (22). In
these analyses, the overall phenotypic variation was partitioned into individ-
ual variance components due to polygenic effects (multiple unmeasured genes
under an additive variance), covariates (e.g., RR interval, age, sex, diabetes
affection status, and BMI), and random environmental effects. The estimated
heritability (h2) is defined as the ratio of the genetic variance component to
the residual phenotypic variance and is an estimate of the familiality of the
trait. To estimate the heritability and the proportion of variation explained by
each polymorphism while adjusting for the above covariates, the heritability
and proportion of variation in QT interval duration were computed with and
without each individual polymorphism.

RESULTS

The clinical characteristics of the 624 European-American
men and women in 331 families and 127 African-American
men and women in 69 families are presented in Table 1. As
expected, the Diabetes Heart Study participants carry a
high burden of coronary artery disease risk factors with
elevated BMI, rates of hypertension, and current and past
smoking (Table 1).

TABLE 1
Clinical characteristics of 624 European-American and 127 African-American Diabetes Heart Study participants after exclusion of
individuals with history of myocardial infarction or on QT-altering medications

European-
American men

European-
American women

African-
American men

African-
American women

n 333 291 50 77
Age (years) 62.2 	 9.4 60.9 	 10.4 59.1 	 8.5 59.6 	 9.7
BMI (kg/m2) 30.6 	 5.3 32.5 	 7.4 31.4 	 6.3 34.5 	 7.3
Total cholesterol (mg/dl) 178.2 	 38.6 198.9 	 44.3 178.9 	 33.0 194.5 	 35.7
Smoking

Current 17.2 (57) 17.6 (51) 42.0 (21) 13.3 (10)
Past 59.0 (197) 23.8 (69) 46.0 (23) 33.3 (26)
Never 23.8 (79) 58.6 (171) 12.0 (6) 53.3 (41)

Diabetes diagnosis 85.3 (284) 79.0 (230) 96.0 (48) 87.0 (67)
Duration of diabetes (years) 10.6 	 7.6 9.5 	 6.1 11.0 	 8.2 11.2 	 8.3
Hypertension 79.9 (266) 83.2 (242) 78.0 (39) 87.0 (67)
RR interval 0.0152 	 0.0027 0.0143 	 0.0024 0.0151 	 0.0026 0.0143 	 0.0023
Unadjusted QT interval duration (ms) 394.0 	 34.2 392.3 	 32.1 398.0 	 34.7 392.8 	 30.0
QRS duration (ms) 94.3 	 10.6 87.5 	 9.7 93.9 	 12.7 85.7 	 8.8

Data are means 	 SD.
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DNA from these participants was genotyped for two
SNPs (rs10494366 and rs10918594) selected a priori based
on the original report of association with QT interval
duration (11). For both SNPs, the genotyping success rate
was 
90%, and the genotyping consensus rate for dupli-
cate DNA samples within and across DNA plates was
100%. In the European-American individuals, genotype
frequencies were consistent with those expected under
Hardy-Weinberg equilibrium (P 
 0.01). The two SNPs
(minor allele frequency for G allele 0.35 and G allele 0.33,
respectively) were in strong linkage disequilibrium (D� �
0.85) and were correlated (r2 � 0.65). In the African-
American individuals, rs10494366 genotypes (major allele
frequency for G allele 0.54) were consistent with Hardy-
Weinberg expectations. However, rs10918594 (major allele
frequency for G allele 0.55) did not conform to Hardy-
Weinberg expectations because of a deficiency in the
observed number of heterozygotes (P � 0.001), possibly
due to admixture of chromosomes of African and Euro-
pean ancestry, in which substantial frequency differences
exist. In African Americans, the two SNPs showed less
linkage disequilibrium with each other (D� � 0.31) and
substantially less correlation (r2 � 0.08).

In European-American individuals not taking any medi-
cation known to alter QT interval (n � 624), the minor
allele G at each locus was strongly associated with QT
interval duration in an additive genetic model adjusting for
RR interval, age, sex, diabetes affection status, and BMI
(Table 2). There were 5.3- and 6.4-ms differences in
adjusted QT interval duration for each additional minor
allele for the two SNPs, respectively (P � 5.7 � 10�5, P �
1.5 � 10�6). Minor homozygotes of rs10494366 had a
9.3-ms difference in QT interval duration, and rs10918594
minor homozygotes had a 12.5-ms difference in a QT
interval duration compared with major homozygotes. In
analyses restricted to the diabetic subsample of 514 Euro-
pean-American men and women, there was a 5.9- and
7.1-ms difference in adjusted QT interval duration for each
additional minor allele for the two SNPs, respectively (P �
5.1 � 10�5, P � 1.6 � 10�6). Minor homozygotes for the
two SNPs had longer QT interval duration compared with
major homozygotes (11.3- and 13.9-ms difference, respec-
tively). Statistical significance was retained for both SNPs
in the European-American and European-American dia-
betic individuals when analysis of the heart rate–corrected
QTc was performed (additive model P values of 0.02 and
0.01 for rs10494366 and rs10918594, respectively; data not
shown). When individuals with atrial fibrillation or bundle
branch blocks were excluded, there were no appreciable
differences in the point estimates or statistical significance
(additive model P values of 1.2 � 10�4 and 1.3 � 10�5 in
European-American individuals; additive model P values
of 9.6 � 10�5 and 9.9 � 10�6 in European-American
diabetic subjects). In addition, similar effects were ob-
served when analyses were performed on the excluded
sample of European-American individuals known to be
taking a QT-prolonging medication (P � 0.05; data not
shown).

In the entire European-American sample, rs10494366
and rs10918594 explained 1.2 and 2.0% of the variation in
QT interval duration, and in the diabetic European-Amer-
ican sample, these SNPs explained 1.5 and 2.2% of the
variation in QT interval duration, respectively (Table 3).
The heritability of QT interval duration adjusted for RR
interval, age, sex, diabetes affection status, and BMI was
0.476 	 0.14 in the total sample and 0.323 	 0.18 in the

diabetic subsample. A formal test of interaction of diabe-
tes affection and SNP-QT interval effect in the European-
American sample was not significant (P � 0.252 for
rs10494366; P � 0.345 for rs10918594) but was underpow-
ered because of the small number of individuals free of
overt diabetes.

In African-American individuals not taking any QT-
altering medications, there was no evidence of association
between rs10494366 and QT interval duration in the total
sample (n � 127; P � 0.24) or in the diabetic subsample
(n � 115; P � 0.14). However, rs10918594 exhibited a
trend toward association with QT interval in both the total
African-American sample (two-sided P � 0.08; one-sided
P � 0.04) and the diabetic African-American subsample
(two-sided P � 0.04; one-sided P � 0.02). The results for
rs10918594 should be interpreted with caution, however,
because this SNP did not conform to Hardy-Weinberg
expectations in African-American individuals. In the Afri-
can-American sample, the G allele for each polymorphism
is the major allele, but the observed effect is in the same
direction as in the European-American sample with GG
homozygotes having a longer QT interval duration than the
alternate homozygotes. Power in the African-American
sample was limited to detect an effect of NOS1AP SNPs
due to small sample size. Specifically, under an additive
model, the African-American sample provides �0.80
power at � � 0.05 to detect a difference of 7.4 ms in QT
interval per major allele copy; here, the difference of 7.4
ms is obtained by multiplying the approximate within-
genotype SD for QT interval in African Americans of �20
ms by the proportion of SD detectable of 0.37 (i.e., 20 �
0.37 � 7.4) (Supplemental Table, available in the online
appendix at http://dx.doi.org/10.2337/db07-1365).

DISCUSSION

These data strongly replicate the findings from three
previous studies that common noncoding variants at the
NOS1AP locus are associated with QT interval duration
(11–13). The two SNPs evaluated—rs10918594, located
in the promoter region upstream of NOS1AP, and
rs10494366, located in intron 1 of NOS1AP—are separated
by 55 Kb genomic DNA, have no known biological func-
tion, and are not highly correlated with any known func-
tional polymorphisms. Taken together, these observations
suggest that a causal untyped variant exists that is highly
correlated with rs10918594 and rs10494366.

The data reported in the current study extend the prior
findings to a cohort of families aggregating type 2 diabetes,
which are known to be at increased risk for disordered
myocardial repolarization and increased risk of ventricular
arrhythmias (23,24). In diabetic patients, the magnitude of
the estimated effect () of NOS1AP SNPs on QT interval
duration was larger than that observed in the total sample
of diabetic and nondiabetic subjects or in the prior reports
of community-based samples (11–13). Although the formal
test of interaction of diabetes affection and SNP-QT inter-
val effect was not significant (P � 0.25 for rs10494366, P �
0.35 for rs10918594 in European-American individuals),
the test was underpowered due to the small number of
nondiabetic individuals in the study population. It should
be noted that the nondiabetic subjects were also relatively
obese, with many of these individuals having hypertension
and metabolic syndrome (many were likely pre-diabetic).
However, when comparing the estimated effect sizes ob-
served in our European-American diabetic subjects to
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those in the subjects of the community-based Rotterdam
Study and the Old Order Amish, our estimates are statis-
tically larger (rs10494366 European-American diabetic
subjects  � 5.85, Rotterdam Study  � 3.8, P value �
0.15; rs10494366 European-American diabetic subjects  �
5.85, Old Order Amish  � 2.60, P value � 0.02; and
rs10918594 European-American diabetic subjects  � 7.07,
Rotterdam Study  � 3.6, P value � 0.02). In addition, a
test comparing diabetic and nondiabetic individuals sug-
gests that there is a significant difference in QT interval
duration between the two groups (two-sided P values of
0.029 and 0.088 for rs10494366 and rs10918594, respec-
tively) in our study population. We observed modest
association of one NOS1AP variant in the African-Ameri-
can sample, in whom the minor QT-prolonging allele in
European Americans is the major allele, but power was
limited to detect an effect because of the small sample
size. Notably, the variant modestly associated with QT
interval in the African Americans did not conform to
Hardy-Weinberg expectations because of a deficiency in
the observed number of heterozygotes compared with the
expected number. However, because the genotyping suc-
cess rate was 
91.6% and the genotyping consensus rate
for duplicate DNA samples within and across DNA plates
was 100%, it is unlikely that this deviation from Hardy-
Weinberg expectations is due to genotyping error. For
variants such as these NOS1AP SNPs with substantial
frequency differences between chromosomes of African
and European ancestry, deviation from Hardy-Weinberg
expectations due to a deficiency of heterozygotes can be
observed simply because of admixture of chromosomes of
different ancestry, as is found in the African Americans
(25).

Genetic association studies have been plagued by lack
of reproducibility of reported associated variants (26). In
large part, inappropriately permissive thresholds for de-
claring statistical significance and samples underpowered
to detect modest effects underlie the previously chaotic
field of genetic associations. The problem was previously
more modest in scope because genotyping platforms lim-
ited association tests to a handful of variants in candidate
genes that have higher prior probabilities of harboring
functional alleles. In the era of genome-wide association
studies, the problem is compounded by the availability of
hundreds of thousands of tests of variants with generally
lower prior probability for association with a trait. Use of
appropriately rigorous statistical thresholds and replica-
tion in multiple independent samples is critical to assure
that apparent associations are true-positive results. Thus,
our finding that the previously reported association of

common variants in NOS1AP with QT interval duration is
strongly replicated is an important validation of the origi-
nal report.

Diabetes is a potent risk factor for SCD (8,9,27). QT
interval prolongation is known to be associated with both
type 1 and type 2 diabetes (23,24,28–33). QT interval
prolongation is also known to predict increased risk of
SCD and coronary heart disease death in the general
population (5) and is a particularly potent risk factor in the
diabetic population (23). Whether the relationship of dia-
betes to QT prolongation is through acquired autonomic
dysfunction (34), which presumably might have a nonge-
netic basis or reflects some fundamental interaction with
genetic factors of the diabetic host, is unknown. However,
the demonstration that genetic variants in NOS1AP repro-
ducibly alter QT interval duration in families aggregating
diabetes demonstrates that genetic effects are not
swamped out by the strong effect of diabetes on repolar-
ization. Rather, the opposite appears to be true: the
reduced repolarization reserve of diabetes (35,36) shows a
synergistic interaction with genetic variants that alter
myocardial repolarization. It is thus notable that the
strength of the effect of NOS1AP SNPs in European-
American diabetic subjects in the current report, 11.3- to
13.9-ms differences between alternate homozygotes, is
much greater than that observed in the previous reports by
Arking et al. (11) (4–8 ms) Aarnoudse et al. (12), (6.3–7.2
ms) and Post et al. (13) (0.2–6.1 ms). Of additional
interest, 34% (n � 264) of all European-American diabetic
subjects (n � 778) in the Diabetes Heart Study is using a
QT-altering medication (data not shown). It is therefore
possible that this medication use in the diabetic popula-
tion, in concert with the presence of QT-prolonging alleles
of NOS1AP, may increase the risk for arrhythmias and
SCD in this patient subset. This is an important issue to
address in the future.

Strengths of our study include the well-phenotyped
study sample, the precise electrocardiographic measures,
the ability to adjust for multiple potential confounders,
and the modest heritability of QT interval in the study
population. In fact, our heritability results in European
Americans (h2 � 0.48) are notably higher than the esti-
mates in the Framingham Heart Study (h2 � 0.35) (10) or
in female (h2 � 0.25) (37) or male (h2 � 0.36) (38) twins. In
addition, the availability of detailed medication information
allowed exclusion of individuals on QT-altering medications.

Some limitations apply. Our study had better power to
detect NOS1AP effects on QT interval duration in individ-
uals of European ancestry but was clearly underpowered
to demonstrate convincingly whether NOS1AP variants

TABLE 3
Proportion of variance in QT interval duration explained by covariates and estimates of heritability in the European-American sample
with and without each SNP individually under an additive genetic model

Covariates
Proportion of variance

attributable to covariates
Proportion of variance

attributable to each SNP h2
r

All European Americans
RR interval, age, sex, diabetes, and BMI 0.631 0.476 	 0.14
Covariates plus rs10494366 0.643 0.012 0.468 	 0.14
Covariates plus rs10918594 0.651 0.020 0.418 	 0.14

Diabetic European Americans only
RR interval, age, sex, and BMI 0.624 0.323 	 0.18
Covariates plus rs10494366 0.639 0.015 0.294 	 0.18
Covariates plus rs10918594 0.646 0.022 0.266 	 0.17

h2
r data are means 	 SE. h2

r represents the residual heritibility after adjusting for covariates and each SNP individually.
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influence QT interval duration in individuals of African
ancestry. Ultimately, testing in large numbers of African
Americans will be required to establish whether common
genetic variants at NOS1AP are related to QT interval
duration. Differences in the genetic architecture of QT
interval duration or in patterns of linkage disequilibrium
between individuals of European and African ancestry
could contribute to lack of association in African Ameri-
cans. The small number of SCDs and difficulty in its
ascertainment precluded an analysis of the influence of
NOS1AP variants on SCD risk.

In summary, these data provide convincing replication
of the association with continuous QT interval duration of
NOS1AP variants in families of European ancestry aggre-
gating diabetes. Further studies in diabetic individuals will
be needed to test the hypothesis raised here that genetic
variants influencing QT interval duration are particularly
important with regard to the burden of SCD among
diabetic subjects. Genetic studies of QT interval variation
in diabetic individuals, who have reduced repolarization
reserve, may be particularly fruitful in identifying variants
contributing to risk of arrhythmia.
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