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Abstract
Aim—Since inflammation is an important contributor to atherosclerosis, gene variants mediating
inflammation are of interest. We investigated gene variants in acute phase serum amyloid-A (SAA),
a sensitive indicator of inflammatory activity, and their associations with cardiovascular disease
(CVD) and HDL cholesterol. Interaction of the SAA genes with genetic variants of their regulators,
IL-1, IL-6 and TNF-α in influencing CVD was also explored.

Methods—SNPs characterizing common variation in the SAA1 and SAA2 genes were genotyped in
European-(EA) and African-American (AA) participants (n=3969 and n=719) of the Cardiovascular
Health Study. Using linear and Cox proportional hazards regression, we assessed associations of
SNPs with baseline carotid artery intima-media thickness (cIMT) and risk of incident myocardial
infarction, ischemic stroke, total CVD events or mortality during ~14 years of follow-up.

Results—No associations between SAA SNPs and outcomes were observed in EA, with the
exception of total CVD events; each rs4638289 minor allele was associated with an increased risk
in obese individuals, HR=1.2 (95%CI: 0.98-1.4; p=0.086) and decreased risk among non-obese,
HR=0.9 (95%CI: 0.8-0.99; p=0.026). In AA, we observed modest associations between SAA SNPs
and cIMT, potentially modified by HDL. SAA SNPs were also associated with lower HDL in EA
and AA. Suggestive gene-gene interaction findings for cIMT in AA and CVD mortality in EA were
not significant in subsequent model selection tests.

Conclusion—Associations of SAA SNPs with cIMT, HDL and total CVD events were identified,
unadjusted for multiple testing. These findings should be regarded as hypothesis-generating until
confirmed by other studies.
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Background
Similar to C-reactive protein, serum amyloid-A (SAA) is a sensitive marker of the acute
inflammatory state and its plasma concentrations markedly increase in response to infection,
trauma or stress.[1] As the precursor to amyloid protein-A, the small apolipoprotein SAA is
required for the amyloidosis disease process, but also has reported functions in tissue factor
expression in endothelial cells,[2] lipid metabolism and transport, chemotaxis and regulation
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of the inflammatory process.[1] During the acute phase response, SAA proteins associate with
high density lipoprotein cholesterol (HDL), displacing its apolipoprotein A-I/II components.
[3] Sustained high expression of SAA may contribute to atherogenesis through its interference
with the cholesterol transport and anti-oxidant functions of HDL.[1,4] Indeed, elevated SAA
level is associated with increased progression of atherosclerosis[5,6] and an increased risk of
cardiovascular disease (CVD) events,[7,8] though it is unclear whether it acts as a mediator or
a marker of atherosclerosis.[9]

The heritability of SAA has been estimated as 49-67%[10] and two genes on chromosome 11
(SAA1 and SAA2) encode for the acute phase SAA proteins SAA1 and SAA2, respectively.
[11] SAA synthesis is regulated by interleukin-6 (IL-6), interleukin-1 (IL-1) family, and tumor
necrosis factor-α (TNF-α cytokines and primarily occurs in the liver, but extra-hepatic
expression in atherosclerotic lesions as well as in epithelial cells of normal tissues has been
reported.[1] Because cytokine regulation of SAA and other acute phase reactants determines
the magnitude and duration of the immune system response, genetic variation in cytokines and
acute phase reactants may be related to the development of age-related inflammatory diseases
such as CVD,[12], [13] yet few studies have described the relation between genetic variants
in SAA1/2 and CVD.

In this exploratory study, we investigated the association between common genetic variants in
SAA1/2 and sub-clinical atherosclerosis as well as incident CVD events (broadly-defined),
myocardial infarction (MI), ischemic stroke (IS), and CVD mortality in participants of the
Cardiovascular Health Study. Because SAA has the propensity to affect HDL concentration
and composition, we also examined whether the relationship between SAA genetic variants
and CVD is modified by HDL concentration. Using the data reduction method, logic regression
[14] we assessed whether genetic variants in cytokines involved in acute phase SAA regulation
may interact with SAA1/2 genetic variants to influence risk of CVD.

Methods
Study Population

The Cardiovascular Health Study (CHS) is a prospective population-based cohort study of men
and women aged 65 and older at recruitment.[15] Participants were randomly selected from
Medicare eligibility files at four different sites in the U.S. between 1989-90 (primarily
European-Americans) and 1992-3 (primarily African-Americans) for a total n=5888. In these
analyses, we excluded participants who did not consent to DNA testing, for whom DNA was
not available or whose self-reported race was not White (EA) or Black (AA). Additionally,
individuals with a history of stroke or MI (n=698) at baseline were excluded, for totals of 3969
EA and 719 AA participants.

Data collection
Demographic, lifestyle, medical history and physical examination information were collected
at baseline. Lipids (triglycerides, total, HDL, and LDL cholesterol) were measured in fasting
blood samples; blood collection procedures and laboratory methods have been reported
previously.[16] BMI was calculated as weight in kg divided by the square of height in meters
(kg/m2) and obesity was defined as body mass index >30 kg/m2. Blood pressure (BP) was
determined from the average of two seated measurements; hypertension was defined as systolic
BP>=140mmHg or diastolic BP>=90mmHg or having history of hypertension with concurrent
use of anti-hypertensive medication. C-reactive protein (CRP) was measured on stored EDTA
plasma from the baseline examination using a high-sensitivity enzyme-linked immunosorbent
assay (coefficient of variation, 6.2%).[17] Maximum carotid artery intima-media thickness
(cIMT) in mm was determined at the baseline examination using high-resolution B-mode
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ultrasonography.[18] cIMT measures were calculated for the common and internal carotid
arteries by averaging maximum wall thicknesses obtained from scans of the near and far walls
on the left and right sides. Non-normally distributed measurements were ln-transformed.

Participants were followed for events through June 2005. Censoring date was defined by death,
loss to follow-up, study drop out or event date. Incident, non-procedure-related (not occurring
during surgery or re-vascularization) MI, ischemic stroke and CVD events and CVD mortality
were included in the current analyses. MI was defined using standard CHS criteria: history of
chest pain, cardiac enzyme levels, and characteristic changes on serial electrocardiograms.
Stroke was validated based on criteria that included onset of symptoms, duration of deficits,
and findings on computed tomography or magnetic resonance imaging. Strokes were further
classified by subtype: ischemic, hemorrhagic, or unknown. CVD events included incident MI,
angina, stroke, transient ischemic attack, claudication, and atherosclerotic causes of death.
CVD mortality included fatal MI, stroke and coronary heart disease. Participants with multiple
incident events were censored on the date of the first event. All events were adjudicated by
CHS committee as reported previously.[19]

Genotyping
Genomic sequence variation data were available for the IL6, TNF, and 2 IL-1 family genes,
IL1B (coding for IL-1β protein) and IL1RN (coding for IL-1 receptor antagonist (IL-1RA)
protein) through the SeattleSNPs Program for Genomics Applications (PGA).[20] Using the
LDselect algorithm of Carlson et al.[21] we selected a set of tagSNPs capturing common race-
specific patterns of genetic variation within each gene, using minor allele frequency (MAF)
≥5% and linkage disequilibrium patterns with r2>0.64 as a cutoff. For genes not re-sequenced
by the PGA (SAA1/SAA2), we used data available from the International HapMap project to
select race-specific tagSNPs across the two genes including potential regulatory areas in the
5′ regions of both genes. IL1RN and the majority of SAA2 SNPs were genotyped using the
Illumina GoldenGate platform by the Center for Inherited Disease Research, Johns Hopkins
University (Baltimore, Maryland, USA). SAA1/2, IL1B and TNF SNPs were typed at the
Laboratory for Clinical Biochemistry Research, University of Vermont with the ABI TaqMan
platform under standard conditions (TaqMan® SNP Genotyping Assays Protocol, Rev. B, Part
#4332856b, Applied Biosystems, Foster City, CA).

Race-specific minor allele frequencies of SNPs were calculated and consistency of observed
genotype frequencies with Hardy-Weinberg equilibrium (HWE) was assessed by performing
Fischer’s exact chi-squared test. Of the 12 SAA1/2 SNPs genotyped, two SAA1 SNPs were not
in HWE in EA and one was not in HWE for AA, with p<0.05. Genotyping errors were found
for rs2045272 which was in not in HWE in either racial group. Re-genotyping efforts failed
and it was dropped from further analyses. No evidence of genotyping error was found for the
other SNP out of HWE in EA, rs4638289 and it was retained in analyses. SNPs with MAF <
5% in our study population were not included in the analyses of main effects leaving a total of
8 SAA1/2 tagSNPs in EA and 10 in AA.

Using pair-wise linkage disequilibrium statistics (r2), we tested for intra-gene correlation of
SNPs and for inter-gene correlation between SNPs of IL1RN and IL1B which are located
approximately 300kb apart on chromosome 2. In EA, correlations among SAA1/2 SNPs were
generally low, with r2= 0.0-0.18 with the exception of two pairs of SNPs: r2=0.24 for rs7113375
and rs7130337; and r2=0.33 for rs2460824 and rs2468844. In AA, correlations among
SAA1/2 SNPs ranged from 0.0-0.17, with the exception of two pairs of SNPs: r2 =0.25 for
rs7130337 and rs10832911; and r2 =0.56 for rs7130337 and rs7933280. These modestly
correlated pairs were retained in analyses. In EA, a few highly correlated (r2>0.6) SNPs within
IL1RN and IL6 were found. The correlated SNP with the lowest minor allele frequency was
dropped from analyses; in EA we dropped IL6 rs1800795 which was highly correlated with
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rs1554606 (r2~0.9) and for IL1RN, three SNPs were dropped: rs397211, rs431726 and
rs315952. In AA, only IL6-rs1524107 was dropped. For gene-gene interaction analyses, SNPs
with MAF >0.02 were included for the following totals: IL6 (n=5), IL1B (n=2), TNF (n=2),
IL1RN (n=9) and SAA1/2 (n=10) in EA. In AA, the following SNPs were included: IL6 (n=8),
IL1B (n=5), TNF (n=2), IL1RN (n=17) and SAA1/2 (n=11). [Table 1]

Statistical Analysis
All analyses were race-specific to minimize potential confounding attributable to population
stratification, and were minimally adjusted for age, sex and recruitment site. Furthermore, AA
models were adjusted for % African Ancestry (%AA), a continuous variable that quantifies
the proportion of an individual’s genome that is of African origin using ancestry informative
markers as previously described.[22] We investigated effect modification by baseline HDL
concentration and obesity status for all outcomes, testing the significance of SNP*HDL level
or SNP*obesity interaction terms. Model adjustment for current smoking, LDL cholesterol,
HDL cholesterol, obesity and BMI was also investigated.

For the continuous outcomes of common cIMT, ln(internal cIMT) and HDL, we assessed
associations between the measures and SAA1/2 SNPs using linear regression and a minimally-
adjusted additive genetic model, assuming a constant effect size for each additional copy of
the minor allele so that the regression coefficient (β) represents the adjusted allele-specific
difference in estimated mean IMT in mm or HDL in mg/dL. Associations between SAA1/2
genotypes and risk of incident events were assessed using Cox proportional hazards models.
Due to the exploratory nature of all analyses, results were not adjusted for multiple testing.

To evaluate the role of gene-gene interactions and their association with sub-clinical and
clinical CVD, logic regression[14] was used. SAA1/2, IL6, TNF, IL1B and IL1RN SNPs were
coded as binary predictor variables (for both dominant and recessive genetic models). Briefly,
logic regression searches for a variable or Boolean expression (termed ‘tree’) that best predicts
outcome (i.e. minimizes the scoring function); this process is repeated until additional variables
do not improve scores. It is adaptable to different forms of regression-based methods including
linear regression and Cox proportional hazards methods. To simplify its interpretation and for
discovery of combinations of predictors affecting relatively larger groups of individuals, we
limited final model size a priori, by setting the maximum tree size to 2 and the number of
leaves (i.e. variables) to 8, as suggested by Kooperberg et al.[14]

Since logic regression is an adaptive, exploratory method, appropriate model selection is
necessary to prevent ‘over-fitting’ of the data. The software includes cross-validation and
permutation tests which we used for model selection and for interpretation of our results. In a
screening stage, called the signal test, we compared scores from a null model (with no SNPs)
to scores of the best model identified by the logic regression annealing algorithm during the
course of permutations (n=200). For linear regression models, the score represents the residual
sum of squares and the Cox proportional hazards model is scored using partial likelihood.
Provided the signal test indicated that predictors have some discriminatory power (we chose
the threshold of p<0.20), we pursued additional model selection tests.

Potential models were selected using 10-fold cross-validation in which the data are divided
and used to build models (training) and the remaining data are used to test the model (testing).
Model scores are averaged and models with the lowest (best) scores selected. Additionally, we
employed permutation tests conditioning on successive models of increasing size; a successive
model was only chosen if it fit the data better (had a smaller score) than the prior smaller model.
For this test, we used a liberal cutoff of p<0.20 for significance, but describe the best models
(with the lowest p-values). Gene-gene interaction models were minimally adjusted for age, sex
and recruitment site and in AA, %AA, since acquired factors are unlikely to confound the gene-
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outcome association. However, in all models we did investigate effect modification by obesity
status, a strong correlate of inflammation. R software and the logic regression package (v. 1.4.7)
on the Linux platform were used for logic regression analyses. STATA/SE 10.0 software was
used for all other analyses.

Results
Population Characteristics

In both EA and AA populations, the mean age at baseline was 73 years and the majority of
participants were female and hypertensive. While CVD risk factors such as obesity, BMI and
ln(CRP) were higher in AA than EA, blood lipids were lower, with the exception of HDL
which was slightly higher in AA than in EA.[Table 2]

Association between SAA1/2 SNPs and cIMT
Maximum mean common cIMT was 0.99mm ± 0.20 in EA and 1.11mm ± 0.23 in AA. Ln-
transformed maximum mean internal cIMT values in EA were slightly larger than in AA,
0.29mm ± 0.44 vs. 0.25mm ± 0.38. In EA, no SAA1/2 SNPs were significantly associated with
common or ln(internal cIMT), all p>0.05.[Figure 1] In AA, SAA2 SNPs were significantly
associated with lower common cIMT, namely rs2460824 (β= −0.05, 95%CI: −0.08, 0.01;
p=0.007) and rs2468844 (β=−0.03, 95%CI:−0.05, 0; p=0.054) and lower ln(internal cIMT),
rs16935244 (β=−0.07 95%CI: −0.13, −0.003; p=0.040). Additionally, in AA, two SAA2 SNPs
were associated with higher common cIMT, rs1520887 (β =0.02, 95%CI: 0.001, 0.04; p=0.038)
and higher ln(internal IMT), rs7113375 (β =0.06, 95%CI: 0.02, 0.11; p=0.010). There was no
evidence of effect modification by obesity or BMI on the association between SAA1/2 SNPs
and cIMT in EA or AA; all interaction p-values >0.05. Similarly, we did not find evidence of
interaction between SAA1/2 SNPs and HDL levels on cIMT in EA (all interaction term p>0.05).
In AA, three SAA2 SNP–HDL level interaction terms were significant in common cIMT models
involving the SNPs: rs2468844, p=0.043; rs2460824, p=0.012 and rs7130337, p=0.029.
Significant interaction between rs2460824 and HDL level, p=0.034 was also found in AA ln
(internal cIMT) models. These significant interactions imply that the relationship between
SAA1/2 SNPs and IMT may vary depending on HDL level or equivalently that the association
between IMT and HDL may vary by SAA2 genotype. Upon closer inspection, it appears that
the significance of interaction terms for rs2460824 and rs2468844 may be related to the larger
sample sizes of the common homozygous groups compared to the size of the other group.[Table
3] Results for rs7130337 are perhaps more interesting in that for each additional minor allele,
higher HDL is more strongly associated with lower cIMT, which may suggest a beneficial
effect for this minor allele. However, as shown, effect sizes and confidence intervals are very
similar, regardless of genotype. Model adjustment for smoking, LDL-cholesterol, HDL-
cholesterol, BMI or obesity did not appreciably change results in EA or AA.

Association between SAA1/2 SNPs and risk of CVD events
In EA, incidence rates of MI, ischemic stroke, CVD events, and CVD mortality were 12.2,
10.2, 44.6, and 17.2 events per 1000 person-years (py), respectively, during an approximate
median follow-up of 13.6 years. In our analyses of effect modification of the relationship
between SAA1/2 SNPs and events by HDL concentration or obesity status we found evidence
of an interaction for obesity (p=0.011) so that among non-obese, each additional minor allele
of rs4638289 was associated with a modestly reduced hazard of CVD events: HR=0.9 (95%
CI: 0.8-0.99; p=0.026) and among obese, each additional allele was associated with an
increased risk, HR=1.2 (95%CI: 0.98-1.4; p= 0.086). No other significant interactions or
associations between common SAA1/2 SNPs and risk of events were observed.[Figure 2]
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In AA, 85 incident MIs (12.0 events per 1000 py) and 84 incident ischemic strokes (11.9 events
per 1000 py) were observed; median follow-up time for both events was 12.1 years. Given the
small number of events in AA, we did not model hazard ratios for SNP-event outcomes since
power to detect an HR of 1.5 was low, estimated at approximately 44%.

Association between SAA1/2 SNPs and baseline HDL cholesterol
In cross-sectional analyses, we investigated whether genetic variation in SAA1/2 is associated
with baseline HDL-cholesterol levels. In EA, SAA1 rs11603089 and SAA2 rs10832911 were
associated with slightly lower HDL levels, β=−0.9 mg/dL (95%CI: −1.7, −0.1; p=0.028) and
β =−0.7 mg/dL (95%CI: −1.4, −0.03; p=0.042), respectively.[Table 4] Similarly SAA1
rs1520887 was associated with slightly lower levels of HDL in AA, β =−1.7 mg/dL (95%CI:
−3.2, −0.2; p=0.030).

Interaction between SAA1/2 and IL6, IL1, IL1RN and TNF SNPs on risk of CVD
Using a subset of EA with complete genotype data for all non-correlated SNPs (n=28), we had
a total of n=3698 participants. Demographics for this subgroup were similar to the full cohort,
participants had a mean age=73 ± 5.5 yrs. and were 57% female. In logic regression models,
we first performed a signal test, which tests the null hypothesis that none of the predictors
(SNPs) are associated with the outcome of interest. A significant finding, which we defined as
p<0.20, suggests evidence of an association between the outcome and at least one SNP or
combination of SNPs; subsequent model selection tests may be warranted. In the signal tests,
we did not find evidence of association between SNPs and the outcomes of IMT, ischemic
stroke, MI or total CVD events, signal test p-values>0.20.[Table 5] HDL and BMI adjusted
results did not differ appreciably from unadjusted results. However, we did find suggestive
evidence of an association between predictors and CVD mortality, signal test p-value=0.017,
and pursued cross-validation and conditional permutation tests to identify the minimal set of
variables that best modeled CVD mortality. Conditional permutation tests did not identify any
significant models, all p≥0.30, but the three best models included SAA2-rs7933280, associated
with increased risk of CVD mortality. The first model (p=0.300) included only a main effect
term for the variable and the second model (p=0.300) included its main effect term as well as
an interaction between IL1RN-rs315934 and IL1B-rs1143634. The third best model (p=0.400)
included a main effect term for SAA2-rs1520887 and an interaction between SAA2-rs7933280
and IL1RN-rs4251961.

In AA, using a subset (n=630) of the population with complete data for all non-correlated SNPs
(n=43), we found evidence of an association between SNPs and common cIMT, but not ln
(internal cIMT), signal test p-values=0.045 and 0.455, respectively.[Table 5] Using model
selection tools, we found the following three best models for common cIMT: 1) cIMT= −0.0506
* ≥ 1 minor allele of IL1RN-rs4251961; p=0.15, 2) cIMT=0.124 * (≥ 1 SAA2-rs7113375 minor
allele and 2 IL1RN-rs315919 minor alleles); p=0.35, and 3) −0.124 * ((no minor alleles of
SAA2-rs7113375) or (<2 IL1RN-rs315919 minor alleles));p=0.40. In the first model, having at
least one copy of the IL1RN-rs4251961 minor allele was associated with lower common cIMT;
this association was significant at p<0.20. The second and third models, which were not
significant, involve the same intronic SNPs in SAA2 and IL1RN, namely SAA2-rs7113375 in
a dominant genetic model and IL1RN-rs315919 in a recessive genetic model. These two models
are logically equivalent according to DeMorgan’s Theorem.[23]

Discussion
We investigated the association of genetic variants in acute phase SAA genes and the risk of
CVD. Only one of the common SNPs that we studied is known to have functional
consequences, minor alleles of rs2468844 cause the substitution of the larger and more basic
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arginine amino acid residue for histidine at position 89 of the SAA2 protein.[24] Whether this
substitution affects the stability or binding of the protein is not known, but interestingly the
association of this SNP with cIMT appeared to be modified by HDL in our population. The
remaining SNPs studied reflect common variation across the entire two gene locus including
potential regulatory regions which may be important for initiation of the acute phase response.
We did not find evidence that the SNPs are strongly associated with clinical events, though we
did find modest associations with HDL and in AA, with cIMT. However, given the number of
tests performed in this analysis, these novel findings would not be statistically significant after
adjustment for multiple testing and should be regarded as hypothesis-generating until
confirmed.

Using vaccination as an acute stimulus, we previously found more robust IL-6, CRP and SAA
responses in men with severe carotid artery disease than in men without; though only the SAA
response was significantly different between the two groups.[25] It remains unclear whether
these differences are a result of severe disease or contributed to its development. However,
genetic variation in the inflammatory response may influence its regulation and susceptibility
to atherosclerosis,[26] which could ultimately predispose individuals to develop severe disease
or conversely, to undergo healthy aging.[12] In this study, we investigate cIMT, a quantitative
sub-clinical marker of atherosclerosis that has been positively associated with increased risk
of cardiovascular events,[27,28] though studies of its relation with IL-6,[29,30] SAA,[29] or
CRP[30,31] levels report conflicting or weak associations. cIMT has been positively associated
with the IL-6 -174G>C polymorphism[32] (rs1800795) which, in CHS EA, is highly correlated
(r2~0.9) with and tags the same common haplotype as rs1554606 which was included in the
current study.

We identified two SAA2 SNPs associated with increased cIMT in AA; similar non-significant
trends for these SNPs were also seen in EA. Additionally, we identified SAA2 SNPs associated
with decreased cIMT in AA only. One of these SNPs was not investigated in EA due to its low
MAF; the other SNPs included the 3′ intergenic SNP rs2460824 and the non-synonymous
variant rs2468844, both of which were in low LD in the AA population. These significant
findings, limited to AA, should be interpreted cautiously given the smaller sample size, but
differences in allele frequencies, interaction with other genes or environmental exposures, or
variability/precision of the IMT measurement may account for our race-specific results. Our
findings also suggest that genetic variants in SAA1/2 may be weakly associated with lower
levels of HDL cholesterol in both EA and AA, though the race-specific variants differ. One
possible explanation for this association may be explained by a recent study[33] indicating that
SAA is capable of generating HDL using cellular lipid, a function that is mediated by ATP-
binding cassette transporter proteins, ABCA1 or ABCA7. Furthermore, during the
inflammatory state, HDL composition is altered as its apoA-I and apoA-II components are
displaced by SAA in the form of predominately SAA1 protein (>70%) and to a lesser extent,
SAA2 protein.[34,35] Though it is possible that they have different binding affinities for HDL
[36], SAA1 and SAA2 are 93% identical in their primary structures and little is known about
their functional differences.[37] Since apoA-I plays a central role in reverse cholesterol
transport and thus may be protective against atherosclerosis, its displacement by SAA is viewed
as potentially pro-atherosclerotic. An additional lipid-related function of SAA is that it binds
cholesterol and promotes its cellular uptake; SAA-HDL particles have a higher affinity for
macrophages and lower affinity for hepatocytes than HDL,[4] suggesting that they may be
more likely to be incorporated into plaques. Once attached to HDL, SAA also acts as a chemo-
attractant of immune cells,[4] thus contributing to local inflammation and potentially
promoting atherosclerotic plaque destablization.[38] We speculated that variation in SAA1/2
could lead to altered binding affinity of the SAA proteins for HDL and hypothesized that the
association between SAA1/2 genetic variants and CVD may be modified by HDL. In AA only,
we found modest evidence of interaction between SAA SNPs and HDL on the outcome of
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cIMT; these SNPs were not the same SNPs found to be associated with HDL level.
Furthermore, the clinical significance of such effect modification may not be meaningful since
differences in the slopes describing the relationship between HDL and cIMT by SAA genotype
were very small.

A recent analysis of the Atherosclerosis Risk in Communities (ARIC) cohort demonstrates that
aggregating information from multiple SNPs into a risk score can be used to improve prediction
of incident coronary heart disease.[39] Similarly, we hypothesized that a consideration of SNP
combinations may be useful in identifying risk variants that might not be found in single SNP
analyses. This approach may better reflect the underlying biological complexity of
inflammation and atherosclerosis than traditional tests of individual SNPs and multiplicative
interaction terms. For example, Hagihara et al. found that either IL-6 and IL-1β, or IL-6 and
TNF-α, but not IL-1β and TNF-α resulted in the synergistic induction of SAA1 and SAA2 genes
in vitro.[40] Such a relationship is easily screened using the Boolean expressions in logic
regression, but may be overlooked using a traditional approach in linear regression model
building. Although we did not find robust evidence of gene-gene interaction among the SAA
genes and major genes modulating its expression and CVD, we did identify a combination of
two SNPs (one SAA2 and one IL1RN) potentially associated with IMT in AA which may
deserve further investigation. One of these, IL1RN-rs4251961 has been previously reported to
be associated with the systemic inflammation phenotype in this cohort and other cohorts;
specifically, it was associated with higher CRP and IL-6 levels and with reduced cellular IL-1
receptor antagonist (IL-1RA) production ex vivo in response to an inflammatory stimulus.
[41] These findings are consistent with its biological role as a pro-inflammatory protein.[42]

Several limitations of our study deserve mention. We can not rule out chance as a possible
explanation for our findings, though our logic regression analyses are perhaps more robust to
type 1 error, given our use of permutation and cross-validation tests in model selection.
Additionally, our investigation was limited to tagSNPs representing common variation in the
genes; we did not specifically investigate rare variants or target structural variants such as
insertions or deletions which may also be associated with outcomes. We do however, report
findings from one rare SAA2 variant rs7933280 included in our logic regression analyses only,
which was associated with CVD mortality in our EA population. It is unknown whether SAA
levels are associated with prevalent CVD or predictive of future events in this older population,
since plasma measurements were not available. Similarly, associations between SAA levels
and regulatory SNPs could also not be assessed; though a promoter polymorphism in the TNF-
α gene associated with increased levels of SAA has been previously reported.[43] Furthermore,
the impact of genetic variation on CVD risk as well as the underlying pathophysiological
mechanisms of MI or stroke may vary in older populations relative to younger ones[44,45] so
our results may not be applicable in younger populations.

We hypothesized that the acute phase response may contribute to CVD, just as chronic systemic
inflammation is a likely contributor. To our knowledge this is the first study to investigate
common allelic variants in the SAA1 and SAA2 genes and their association with CVD. Our
analysis of the acute phase response ‘pathway’ involving key regulators of SAA expression
and its association with CVD in a human population is also novel. The CHS cohort, well
characterized with respect to cardiovascular endpoints, allowed us to investigate a number of
cardiovascular outcomes ranging from sub-clinical disease to the more severe non-fatal and
fatal clinical events. Furthermore, we were able to reduce disease heterogeneity by restricting
incident events to relevant subcategories; for example, we investigated ischemic stroke as an
outcome since atherosclerosis is a potential underlying cause.

Inflammation is an important contributor to atherosclerosis and gene variants mediating
inflammation are of interest. Regulation of levels of acute phase proteins in addition to their
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structure and function may be important in disease risk; our findings in this older population
weakly support this hypothesis and may warrant further research. Overall, we expect that data
regarding SAA, a key acute phase reactant may contribute to future research on the regulation
of the inflammatory response and its role in CVD.
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Figure 1. Association between SAA1/2 SNPs and cIMT in EA† and AA§

A. Common cIMT (in mm) per additional copy of minor allele
B. Ln(internal cIMT) (in mm) per additional copy of minor allele
†Models adjusted for age, sex and clinic; §Models adjusted for age, sex, clinic and %AA *HDL-
SNP interaction term significant.
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Figure 2. Association between SAA1/2 SNPs and Risk of CVD Events in European-Americans
*Significant evidence (p=0.011) of interaction by obesity status; among obese, HR=1.2 (95%
CI: 0.98-1.4; p=0.086) and among not obese, HR=0.9 (95%CI: 0.8-0.99; p=0.026)
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Table 2

Study Population Baseline Characteristics

Baseline Characteristic† European-Americans African-Americans

Number (%)§ 3969 (80.6) 719 (77.8)

Age (years) 72.6 ± 5.5 72.8 ± 5.7

Female sex (%) 2359 (59.4) 463 (64.4)

Current smokers (%) 432 (10.9) 116 (16.2)

Obese (%) 706 (17.8) 234 (32.6)

Hypertension (%) 2168 (54.8) 530 (73.8)

Body mass index (kg/m2) 26.4 ± 4.5 28.6 ± 5.6

Total cholesterol (mg/dl) 212.3 ± 38.9 209.7 ± 38.4

LDL cholesterol (mg/dl) 130.1 ± 35.6 128.9 ± 35.3

HDL cholesterol (mg/dl) 54.5 ± 15.8 58.3 ± 15.4

Triglycerides (mg/dl) 141.7 ± 75.6 114.6 ± 57.0

ln(CRP) (mg/dl) 0.9 ± 1.0 1.2 ± 1.1

†
Data are presented as number (%) or mean ± standard deviation.

§
As a percentage of the initially recruited CHS cohort.
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Table 5

Logic Regression Signal Test Results for Within Gene and Gene-Gene Interactions between SAA1/2, IL1RN,
IL1B, IL6, and TNF SNPs in Relation to Outcomes

Race Outcome ‘p-value’

AA Common cIMT 0.045

ln(Internal cIMT) 0.455

EA Common cIMT 0.375

ln(Internal cIMT) 0.315

Ischemic stroke 0.560

Myocardial infarction 0.285

CVD events 0.545

CVD mortality 0.017

‘P-value’ is a pseudo p-value representing the proportion of times model scores from randomized data are better than scores from the best model using
the actual dataset, n=200 permutations. p <0.20 provides modest evidence against the Hϕ: no association between any predictors and the outcome.
All models were adjusted for age, sex and site; AA models were also adjusted for %AA.
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