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Abstract
Background—Carotid intima-media thickness (CIMT) is a subclinical measure for
atherosclerosis. Previously, we have mapped quantitative trait loci (QTLs) for CIMT to
chromosomes 7p (MLOD=3.1) and to 14q (MLOD=2.3). We sought to identify the underlying
genetic variants within those QTLs,

Methods and Results—Using the 100 extended Dominican Republican (DR) families
(N=1312) used in the original linkage study, we fine mapped the QTLs with 2031 tagging single
nucleotide polymorphisms (SNPs). Promising SNPs in the family dataset were examined in an
independent population-based subcohort comprised of DR individuals (N=553) from the Northern
Manhattan Study. Among the families, evidence for association (P<0.001) was found in multiple
genes (ANLN, AOAH, FOXN3, CCDC88C, PRiMA1, and an intergenic SNP rs1667498), with
the strongest association at PRiMA1 (P=0.00007, corrected P=0.047). Additional analyses
revealed that the association at these loci, except PRiMA1, was highly significant (P=
0.00004~0.00092) in families with evidence for linkage but not in the rest of families
(P=0.13~0.80) and the population-based cohort, suggesting the genetic effects at these SNPs are
limited to a subgroup of families. In contrast, the association at PRiMA1 was significant in both
families with and without evidence for linkage (P=0.002 and 0.019, respectively), and the
population-based subcohort (P=0.047), supporting a robust association.

Conclusions—We identified several candidate genes for CIMT in DR families. Some of the
genes manifest genetic effects within a specific subgroup and others were generalized to all
groups. Future studies are needed to further evaluate the contribution of these genes to
atherosclerosis.

Introduction
As with other common complex diseases, the pathogenesis of stroke and myocardial
infarction (MI) is heterogeneous, involving multiple genes, environmental exposures, and
their interactions. Carotid intima-media thickness (IMT) is a highly reproducible and
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quantitative phenotype that is widely accepted as a subclinical marker of vascular
disease1–3, with slightly greater relative risk for stroke than for MI4. Given the complexity
of the pathogenesis of stroke and MI, evaluation of carotid IMT rather than the ultimate
manifestation of diseases may reduce etiologic heterogeneity and increase statistical power
in genetic studies.

We and several groups reported the heritability of carotid IMT to range from 0.30 to 0.60 in
various populations, supporting a strong genetic contribution to carotid IMT5–8. In an
attempt to map the genetic determinants of carotid IMT, we have completed a genome-wide
linkage analysis in our Family Study of Stroke Risk and Carotid Atherosclerosis. Using 100
extended Dominican Republican (DR) families with an average of 13 individuals with
genotype and phenotype data per family, we have previously reported strong evidence for
linkage on chromosomes 7p for carotid bifurcation IMT (MLOD=3.1) and chromosome 14q
for total carotid IMT (MLOD=2.3)9. Two additional genome-wide linkage studies on carotid
IMT have been reported10, 11. In the Framingham Heart Study Offspring cohort10,
suggestive evidence for linkage (two point LOD=1.75) has also been reported at the same
peak marker D14S606 as in our study. The replication of evidence for linkage greatly
strengthens our linkage findings.

There have been other attempts to elucidate the genetic basis for carotid IMT using
candidate gene and genome-wide association study (GWAS) designs12. While there is some
consensus on the associations with apolipoprotein E (APOE), angiotensin converting
enzyme (ACE), and interleukin-6 (IL-6) genes, other findings have been conflicting13. In the
GWAS on carotid IMT in the Framingham Heart Study14, no SNP met criteria for genome-
wide significance. In a recent GWAS meta-analysis organized by the CHARGE consortium,
only one SNP rs11781551 near ZHX2 gene reached genome-wide significance in the
discovery stage. After conducting a second meta-analysis, two additional SNPs reached
genome-wide significance in the combined meta-analysis15. These studies suggest that the
association of carotid IMT and any specific common genetic variant is likely to be small and
highlight the challenges to elucidate the genetic architecture of this important precursor
phenotype for cardiovascular diseases. Indeed, although GWAS has led to interesting
findings in a number of complex traits, the associated SNPs only account for a small fraction
of the phenotypic variations, which has been referred as the “missing heritability”. Rare
variants that are underrepresented in the GWAS are believed to account for some of the
“missing heritability”. Family-based studies offer unique advantages in identifying rare
variants using a linkage and association combined approach. Herein, we sought to fine map
the quantitative trait loci (QTLs) identified in our original linkage study using a two-stage
design. First, we surveyed the QTLs using high-density tagSNPs in the 100 extended DR
families. Then, we evaluated the associations detected in the family data set in an
independent population-based DR sample.

Materials and Methods
Subjects

The design of the family study has been described in detail previously16. In brief, the family
study was derived from the Northern Manhattan Study (NOMAS)17. Probands were selected
from Caribbean Hispanic members of NOMAS with high risk for cardiovascular disease.
Families were enrolled if the proband was able to obtain the family members’ permission for
the research staff to contact them, and had at least 3 first-degree relatives able to participate.
The probands were initially identified in Northern Manhattan and family members were
enrolled in New York at Columbia University as well as in the Dominican Republic at the
Clinicas Corazones Unidos in Santo Domingo. Demographic, socioeconomic and risk factor
data were collected through direct interview18. All subjects provided informed consent and
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the study was approved by the Institutional Review Boards of Columbia University,
University of Miami, the National Bioethics Committee, and the Independent Ethics
Committee of Instituto Oncologico Regional del Cibao in the DR. The subset of DR subjects
in the NOMAS cohort who had carotid measurements and were not members of the Family
Study served as an independent validation sample.

Carotid Measurements
All family members and NOMAS subjects had high resolution B-mode ultrasound
measurement of carotid IMT. Carotid ultrasound was performed according to the standard
scanning and reading protocols by a trained and certified sonologist as detailed previously19.
In brief, the carotid IMT protocols yield measurements of the distance between lumen-
intima and media-adventitia ultrasound echoes, from which the IMT and arterial diameter
are derived for the 3 carotid segments. The carotid segments were defined as follows: (1) the
near and the far wall of the segment extending from 10 to 20 mm proximal to the tip of the
flow divider into the common carotid artery (CCA); (2) the near and the far wall of the
carotid bifurcation beginning at the tip of the flow divider and extending 10 mm proximal to
the flow divider tip (BIF); and (3) the near and the far wall of the proximal 10 mm of the
internal carotid artery (ICA).

IMT measurements were performed outside the areas of plaque as recommended by
consensus documents20. IMT was measured using an automated computerized edge tracking
software M’Ath (Intelligence in Medical Technologies, Inc., Paris, France) from the
recorded ultrasound clips which improves precision and reduces variance of the
measurements.17 Total IMT is calculated as a mean composite measure of the means of the
near and the far wall IMT of all carotid sites (IMTx), and of the maximum of the near and
the far wall IMT of all carotid sites (IMTm). We also examined carotid segment-specific
IMT phenotypes in the carotid bifurcation (BIF), the common carotid artery (CCA) and the
internal carotid artery (ICA) (BIFx, BIFm, CCAx, CCAm, ICAx, ICAm). Our carotid IMT
reliability statistics demonstrated excellent results.17 Among 88 subjects, inter-reader
reliability between 2 readers was demonstrated with a mean absolute difference in IMT of
0.11±0.09 mm, variation coefficient 5.5%, correlation coefficient 0.87, and the percent error
6.7%. Intra-reader mean absolute IMT difference was 0.07±0.04 mm, variation coefficient
5.4%, correlation coefficient 0.94, and the percent error 5.6%.

SNP Selection and Genotyping
We have completed a GWAS in a subcohort of NOMAS to study subclinical brain
phenotypes using the Human SNP Array 6.0 chip (AffyMetrix). Among the genotyped
individuals, about 400 samples were DR subjects, thus providing a unique database on SNP
allele frequency and linkage disequilibrium (LD) structure in the DR population. Using this
database, we selected SNPs with minor allele frequency greater than 0.05 and pairwise LD
(r2) less than 0.8 to cover the one-LOD-unit down regions on chromosomes 7p and 14q.
Assays for selected SNPs were manufactured on Infinium iSelectHD Custom BeadChips
(Illumina Inc). Genotyping results were analyzed using the Illumina GenomeStudio®
Genotyping module. To ensure high genotyping quality, samples with a GenTrain score less
than 0.15 were regarded as poorly performing samples and dropped from further analysis.
Then the genotype calling algorithm was re-run based on high quality DNA samples only.
Genotypes on SNPs with a GenCall score greater than 0.8 were automatically called by the
GenomeStudio® Genotyping module. SNPs with lower GenCall scores were manually
called. Upon completion of the association analysis in the family data set, SNPs that were
nominally significant (P<0.05) in more than one statistical model (see statistics section) or
were nominally significant in at least one statistical model and reside in an exon were
prioritized for follow-up in the independent population-based NOMAS subcohort of DR
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individuals. This set of SNPs were genotyped on OpenArray (Applied Biosystems) using
Taqman® Allelic Discrimination assays. Genotyping results were analyzed using Taqman
Genotyper software (ver.1.0.1).

All SNP genotyping was performed in the Genotyping Core of the Hussman Institute for
Human Genomics following manufacturer’s instruction. SNPs with less than 95% call rate
and DNA samples with genotyping efficiency <95% were removed from the statistical
analysis in both the family data set and population-based NOMAS subcohort. No SNP was
found to be severely deviated from Hardy-Weinberg equilibrium (p >10−3).

Statistics
In the family data set, SNP genotypes were used to verify and adjust family structure using
the program PREST21 and GRR22. Mendelian error checking was performed on the final
family structure using PLATO23.

In SOLAR24, an initial polygenic model for IMT at each carotid segment was used to
identify significant covariates as described before9. Covariates that were tested included age,
sex, waist hip ratio (WHR), body mass index (BMI), hypertension, hypercholesterolemia,
diabetes, and smoking (pack years). Only significant covariates (P<0.10) were adjusted in all
final analyses. The IMT measurements were nature-log transformed to ensure a normal
distribution in the overall data set as well as in the subsets of families (Kurtosis =-0.39
~0.17; Skewness=0.10~0.31).

For the association analysis in the family data set, the Quantitative Transmission-
Disequilibrium test (QTDT) was used as the primary analytical tool because it is designed to
evaluate association in the presence of linkage without inflating type I error. In addition,
QTDT is robust against population stratification and uses data from all available relatives in
a pedigree, which makes it more powerful in analyzing data sets with missing parental data,
a common problem in the study of complex traits such as carotid IMT. Three additional
analytical approaches, Measured Genotype (MG), Quantitative Trait Linkage-
Disequilibrium (QTLD), and family-based association (PBAT), were included to assess
consistency for the top associated SNPs identified by QTDT. Since MG, QTLD, and PBAT
are not used to determine significance in the peak-wide association mapping, we did not
adjust for multiple statistical methods used. In SOLAR, the QTDT, MG, and QTLD tests
were simultaneously generated using the qtld command. PBAT is a stand-alone software
package for the testing of family-based association
(http://www.biostat.harvard.edu/~clange/default.htm). For the association analysis in the
NOMAS DR subcohort, linear regression analysis was carried out using an additive genetic
model adjusting for the same covariates used in the family data set.

Stratified association analysis was performed based on family-specific LOD scores from the
original linkage analysis25. Families with a positive LOD score on the trait of interest were
used to construct the subset with evidence for linkage, while families with a negative LOD
score on the trait of interest were used to construct the subset without evidence for linkage.
Association tests were then carried out in each subset of families separately. To evaluate the
contribution of associated SNPs to linakge results, linkage analysis were re-run in SOLAR
including the genotype of SNPs as a covariate. We used a likelihood ratio test to determine
if there was a significant decrease in the LOD score after conditioning on the genotype. This
was done separately for each genotype as well as jointly for all associated SNPs on each
chromosome.

Although we have selected tagSNPs to perform the peak-wide association mapping, there is
still considerable LD between tested SNPs. To correct for the multiple testing in the
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presence of correlation between these SNPs, we used the “SNP effnum” command
implemented in the SOLAR to estimate the effective number of independent tests based on
the pairwise genotypic correlations between tested SNPs in our dataset. The peak-wide
significance threshold was defined as 0.05/effective number of tests under each linkage
peak.

Quanto was used estimate statistical power for the NOMAS cohort. We assumed
independence of individuals, minor allele frequency of 0.20, an additive genetic effect, a
two-sided alpha of 0.05, and a population mean (SD) of −0.096 (0.091) and −0.052 (0.106)
for the natural logarithm of total IMT and BIF IMT, respectively (estimated in our data set).
With our NOMAS cohort, we had over 80% power to detect an effect size of 0.0191 for
IMT and 0.0222 for BIF (corresponding to an approximate change of 0.0175 and 0.0213 mm
from the mean of IMT and BIF, respectively).

Results
Association mapping in the overall family data set

The one-LOD-unit-down region extends from 29 megabase (Mb) to 43 Mb on chromosome
7, and 77 Mb to 94 Mb on chromosome 14. To survey these linkage regions, 2211 highly
informative tagSNPs were selected for genotyping. 174 SNPs failed manufacturing and 6
SNPs did not pass genotyping quality controls. As a result, 2031 SNPs (846 on chromosome
7 and 1185 on chromosome 14) were available for the family-based association analysis
(Figure). The number of effective independent tests is 426 and 542 for chromosomes 7 and
14, respectively. Overall, 1312 subjects from the 1o0 DR families had complete genotype
and phenotype data for analysis.

Since genetic influences on carotid IMT may vary at different anatomical sites, we
examined maximum and mean IMT at CCA, ICA, BIF, as well as the total IMT (a
composite measure of IMT at all three sites) in our previous linkage study. The strongest
evidence for linkage was found on chromosome 7p for the maximum BIF IMT, and on
chromosome 14q for the maximum total IMT25. To fine map these QTLs, we first evaluated
associations within each QTL with the corresponding carotid IMT measurement that
provided the strongest evidence for linkage (Figure). Among the clinically relevant
covariants, age, sex, age2, BMI, WHR, and pack years were significantly associated with
both BIF IMT and total IMT. In addition, an age-sex interaction significantly contributed to
BIF IMT variations in our data set. All the significant covariants were adjusted in the
family-based association tests.

Table 1 displays the top associated SNPs (P<0.001, QTDT) in the fine mapping study. On
chromosome 7, SNPs in anillin (ANLN) and acyloxyacyl hydrolase (AOAH) are associated
with maximum BIF IMT; on chromosome 14, SNPs in forkhead box N3 (FOXN3), coiled-
coil domain containing 88C (CCDC88C), proline-rich membrane anchor (PRiMA1), and an
inter-genic region are associated with maximum total IMT. The strongest association was
found at rs7152362 in PRiMA1 (P=0.00007), which remained significant after correcting for
the multiple tests performed on chromosome 14 (corrected P=0.047). Three additional
analytical approaches, QTLD, MG, and FBAT, supported associations at those genes (Table
1).

Association tests with IMT in other carotid segments
To explore whether these top SNPs display a site-specific association with carotid IMT, we
then evaluated the associations between these top SNPs and other carotid IMT
measurements (i.e. total IMT, CCA, and ICA for chromosome 7 SNPs, and BIF, CCA, and
ICA for chromosome 14 SNPs). Since the maximum and mean IMT at each site are highly
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correlated with each other (Pearson correlation coefficient >0.90), we focused on the
maximum IMT in our analysis. On chromosome 7p, the top SNPs for BIF IMT (P=0.0002
for ANLN and 0.0009 for AOAH) were poorly associated with IMT in CCA and ICA
(P=0.03~0. 22, Table 2). These SNPs were modestly associated with total IMT (P=0.003 for
ANLN and 0.004 for AOAH), which is probably driven by the BIF IMT component. On
chromosome 14q, the top SNPs for total IMT (P=0.0007~0.0009) were modestly associated
with the carotid IMT measurement at all three carotid segments that make up the composite
measure of total IMT: BIF (P=0.001~0.03), CCA (P=0.002~0.04), ICA (P=0.002~0.1).

Association tests in families with and without evidence for linkage
As an intermediate phenotype, carotid IMT is expected to have less genetic heterogeneity in
comparison to the ultimate manifestation of the disease such as stroke or myocardial
infarction. There is, however, still substantial genetic heterogeneity in carotid IMT. To
further reduce genetic heterogeneity, we performed a subset analysis using families with and
without evidence for linkage based on family-specific LOD scores at each QTL. For the BIF
IMT QTL on chromosome 7p, there were 733 individuals from 53 families with positive
LOD scores, and 579 individuals from 47 families with negative LOD scores. For the total
IMT QTL on chromosom 14q, there were 739 individuals from 51 families with positive
LOD scores, and 570 individuals from 49 families with negative LOD scores. In the subset
of families with evidence for linkage, despite a smaller sample size (about half of the overall
analysis), the association to the top SNPs (except for the PRiMA1/rs7152362 and FOXN3/
rs10144627) became more significant (P=0.00004 ~0.0009) than in the overall analysis. In
the subset of families without evidence for linkage, the association to these SNPs were not
significant (P=0.13~0.79) anymore (Table 3). Therefore, the evidence for association at
these SNPs was mainly driven by the families with evidence for linkage, suggesting that
these SNPs could account for, at least partially, the studied QTLs. In contrast, PRiMA1/
rs7152362 and FOXN3/rs10144627 were significant in both subsets (P<0.05), suggesting
that variants at or linked to these two SNPs may contribute to the carotid IMT variations in
broader populations.

To determine if these SNPs contribute to the linkage signal, we performed a linkage analysis
including each significant SNP listed in Table 1 as covariant. The SNPs on chr 7 indeed
contribute to the linkage results significantly as evidenced by a significant decrease of LOD
score from 3.34 to 2.35, 2.92 and 1.89, for rs3815483, rs2001600, and the two SNPs
together, respectively (P<0.01 for each SNP individually, P<0.0005 for the two SNPs
together, Supplementary Table). The chr 14 SNPs have a smaller contribution to the linkage
signal (LOD decreased from 2.00 to 1.09, P=0.017, after adjusting for all chr 14 SNPs,
Supplementary Table).

Validation in the NOMAS DR subcohort
Based on the strength of association in the family data set and the locations of SNPs, we
prioritized 50 SNPs for further evaluation in the NOMAS DR subcohort (Supplementary
Table). To construct an independent validation data set, probands of the family study were
excluded from the NOMAS DR subcohort. As a result, 553 NOMAS DR subjects (213
males and 340 females) with carotid IMT measurements were included in the validation data
set. Supplementary Table displays results of the 50 SNPs in both the family data set and the
NOMAS DR cohort, including minor allele frequencies, regression coefficients for effect
size and p values. Among the top associated SNPs listed in Table 1, only PRiMA1/
rs7152362 was significant in the validation data set (P=0.047, Supplementary Table).
Furthermore, the effect size was in the same trend in both the discovery family data set and
the validation cohort data set (β= −0.0197 and −0.0098, respectively). Among those SNPs
with a nominal p value of less than 0.05 in the family data set, only GLi3/rs3801216 was
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significant in the validation data set (P=0.019, Supplementary Table). The effect size,
however, was opposite between the two data sets (β=0.0237 and-0.0146, respectively).

Discussion
In previous studies, we have established high heritability of carotid IMT. Using our
collection of extended Dominican families, we have also mapped QTLs for carotid IMT
measurements. In the current study, we have extended these observations to the
identification of susceptibility genes within the prominent QTLs. Our study design includes
a battery of family-based association tests and an independent DR subset from a population-
based cohort for follow up. Using the two-stage design and high-density tagSNPs, we
identified several potential novel candidate genes for carotid IMT in Dominicans, an
underrepresented population in genetic studies of cardiovascular diseases.

On chromosome 7, strong evidence for association with BIF IMT was found to SNPs in
ANLN and AOAH in the family data set, although they did not meet the peak-wide
significance. The two genes are located next to each other with no LD between the
significant SNPs in these two genes (Figure and Supplementary Figure), suggesting
independent associations. In AOAH, another SNP that is not in high LD with the top SNP
(r2 <0.01) was also associated with BIF IMT (P=0.006, QTDT) (Supplementary Table and
Supplementary Figure), further supporting a role of this gene in carotid atherogenesis.
AOAH encodes acyloxyacyl hydroxylase, a lipase that deactivates lipopolysaccharides
(LPS) on cell walls of gram-negative bacteria. Upon exposure to LPS, B-cells are stimulated
to proliferate and produce antibody through Toll-like receptor signaling. It has been shown
that AOAH modulates this Toll-like receptor mediated response to LPS in vivo26. Given that
inflammation is a major cellular process underlying atherogenesis, AOAH is a biologically
plausible susceptibility gene for carotid IMT. Interestingly, the QTL on chromosome 7p has
been linked to asthma, serum total IgE, osteoarthritis, and Hereditary hemorrhagic
telangiectasia (HHT)27–29. One molecular mechanism shared between these traits and
carotid IMT is inflammation and AOAH could be an underlying susceptibility gene for these
traits as well. Indeed, SNPs in AOAH have been reported to be associated with serum total
IgE30. Recently, higher serum IgE levels were observed in patients with MI in comparison
to patients without MI or with stable angina. Subsequent animal and cell culture studies
supported a role of IgE in atherogenesis, at least partially, through inducing cytokine
expression and apoptosis in marcrophage31. Our stratification and validation analyses
suggest that the association between AOAH variants and BIF IMT is restricted to a specific
subset of subjects. Further studies are needed to elucidate the environmental exposure and/or
genetic makeup required for the AOAH variants to manifest their effects. Within the
chromosome 7 QTL, we also found evidence for association at the GLi3 gene in both the
family and the population-based data sets but with different directions for association, which
could suggest a false positive finding.

The most interesting finding is within our chromosome 14 QTL with the peak marker of
D14S606. Suggestive evidence for linkage (two point LOD=1.75) with carotid IMT at
D14S606 has been reported in the Framingham Heart Study Offspring cohort10. This marker
has also been associated with arterial stiffness in African Americans in the Hypertension
Genetic Epidemiology Network study32. The replication of linkage evidence at D14S606 in
different ethnic groups not only strengthens the finding but also suggests that the genetic
variants within the chromosome 14 QTL have a more generalizable effect on
atherosclerosis. Within the QTL, the strongest association was found to PRiMA1/rs7152362,
which remained significant after adjusting for multiple testing. Furthermore, the association
was significant in all the family subsets, across all carotid IMT segments, and confirmed in
the population-based NOMAS DR subcohort. The consistent association in multiple data
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sets supports a robust effect of PRiMA1 variants on carotid IMT. The molecular
mechanisms whereby PRiMA1 confers genetic influence on carotid IMT remain elusive.
Since the gene was initially identified as the anchor for the acetylcholinesterase33, an
enzyme hydrolyzing the neurotransmitter acetylcholine, most of the studies on PRIMA1 and
its protein product have been conducted in the nervous system34–36. The expression of
PRIMA1 has been found in both neurons and muscle cells surrounding the basal lamina of
the neuromuscular junction where acetylcholinesterase is anchored. It is possible that
PRIMA1 contributes to carotid IMT by regulating the cellular activities of smooth muscle
cells in vessels but this hypothesis needs further investigation.

Genetic heterogeneity represents a daunting challenge in the study of complex traits as it
could wash out a true signal that may only manifest in a subset of subjects. In our original
linkage analysis, not all families showed evidence for linkage within the QTLs on
chromosomes 7p and 14q. This indicates genetic heterogeneity among families; some
families may carry genetic variants outside these QTLs that contribute to the inter-individual
IMT variations. Consistent with this notion, our subset analysis revealed that some SNPs,
such as the ones in AOAH, ANLN, and CCDC88C, are only significant in the families with
evidence for linage but not in the families without evidence for linkage, supporting that
other variants are yet to be identified for the families that are not linked to the QTLs. These
“private associations" could be related to the differential presence pattern of these variants in
different families, or the specific environmental exposures of a subgroup of families that are
required for the variants to display an association with IMT, or the combination of both. Our
data provided an example that subset analysis is useful in overcoming genetic heterogeneity
and facilitating discovery of private variants.

In our previous candidate gene study, we showed that different sets of genes influence IMT
indifferent carotid segments, e.g., the common carotid artery (CCA), the internal carotid
artery (ICA), and the carotid bifurcation (BIF)37. Consistent with that observation, in the
current study genetic variants within the chromosome 7p QTL are strongly associated with
IMT in BIF but to a lesser degree in CCA or ICA. Furthermore, the association of IMT with
vascular risk factors varies by carotid segment. In the NOMAS, we have reported that sex is
a strong risk factor for BIF and ICA IMT (β=2.8 and 2.3 respectively, P<0.01 for being
male) but not for CCA IMT (β=0.7, not significant). In contrast, hypertension is strongly
associated with IMT in CCA (β=2.9, P<0.01) but not BIF or ICA (β=0.4 and −0.7,
respectively, not significant)37. Therefore, separate analyses of IMT in different carotid
segments may increase the homogeneity of the IMT phenotype and enhance analytical
power. Other genetic studies on carotid IMT have mainly focused on CCA while ours
provides a comprehensive analysis on IMT in all carotid segments.

We acknowledge several limitations in the current study. First, we used a tagSNP approach
to conduct the fine mapping study. Such approach is cost-efficient for screening large
numbers of genes and individuals by capturing the majority of common variants in the
population. Additional follow up studies, however, are often required to identify the
functional variants responsible for the detected association. In addition, it is likely that the
inter-individual variations of carotid IMT result from many rare variants collectively, which
are not covered by the tagSNP approach. The recent advance of next-generation sequencing
technologies will exhaustively catalogue sequence variants and facilitate the evaluation of
rare variants in future studies. Second, to reduce heterogeneity and increase our power to
map the QTLs, we restricted our fine mapping and validation efforts to Dominican subjects
only. As a result, our findings may not be directly generalized to other populations.
However, our study provides the much needed knowledge on the rapidly growing Hispanic
population given that the majority of the genetic studies on carotid IMT have primarily
focused on non-Hispanic white populations. Finally, despite the successful validation of the
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association at PRiMA1, the statistical power of our validation data set is not optimal given
that the effect size of SNP for carotid IMT is less than 0.02 in general, as seen in our data set
(Supplementary Table) and in the CHARGE consortium15. Therefore, we cannot exclude
the possibility of other loci under chromosome 7p and 14q QTL contributing to carotid IMT.

In summary, using a unique collection of extended Dominican families, we have mapped
novel candidate genes for carotid IMT. Some of the genes manifest genetic effects within a
specific subset of families, such as the AOAH gene, and others demonstrate generalized
association, such as the PRiMA1 gene. Further studies are required to validate these
associations and functionally characterize these genes to examine their role in carotid
atherosclerosis.
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Figure 1.
Maximum multipoint linkage and fine mapping association results for maximum BIF IMT
on chromosome 7p (A) and for maximum total IMT on chromosome 14q (B). Multipoint
LOD score curve over the one-LOD unit down region is depicted as a solid line. Each
symbol represents an association test the Measured Genotype (MG), Quantitative
Transmission-Disequilibrium (QTDT), and Quantitative Trait Linkage-Disequilibrium
(QTLD), and Family-based association test (FBAT).
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Table 3

Subset analysis in families with and without evidence for linkage

SNP Gene
p-values

LOD>0 LOD<0

Association with BIF IMT on chromosome 7p

rs3815483 ANLN 0.00024 0.13153

rs2001600 AOAH 0.00017 0.41570

Association with total IMT on chromosome 14q

rs1667498 0 0.00034 0.34681

rs10144627 FOXN3 0.01615 0.00266

rs10151997 FOXN3 0.00010 0.43651

rs10151430 FOXN3 0.00092 0.17991

rs17803546 CCDC88C 0.00004 0.79038

rs7152362 PRIMA1 0.00169 0.01878

Each SNP was tested for association with the corresponding trait in a subset of DR families with (LOD>0) or without (LOD<0) evidence for
linkage. P values from the QTDT test are reported in the table.

Circ Cardiovasc Genet. Author manuscript; available in PMC 2013 April 01.


