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Abstract
Background—Many studies have shown that exposures to air pollution are associated with
cardiovascular events although the mechanism remains to be clarified. To identify whether
exposures to ambient particles act on autonomic function via the lipid/endothelial metabolism
pathway, we evaluated whether the effects of particulate matter < 2.5 µm in aerodynamic diameter
(PM2.5) on heart rate variability (HRV) were modified by gene polymorphisms related to those
pathways.

Methods—We used HRV and gene data from the Normative Aging Study and PM2.5 from a
monitor located a kilometer from the examination site. We fitted a mixed effect model to
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investigate the associations between PM2.5 and repeated measurements of HRV by gene
polymorphisms of apolipoprotein E (APOE), lipoprotein lipase (LPL) and vascular endothelial
growth factor (VEGF) adjusting for potential confounders chosen a priori.

Results—A 10-µg/m3 increase of PM2.5 in the two days before the examination was associated
with 3.8% [95% confidence interval (CI): 0.2%, 7.4%], 7.8% [95 CI: 0.4%, 15.3%] and 10.6%
[95% CI: 1.8 %, 19.4%] decreases of the standard deviation of normal-to-normal intervals, low
frequency and high frequency, respectively. In general, carriers of wild type APOE, LPL and
VEGF genes had stronger effects of particles on HRV compared to those with hetero- or
homozygous types. Variations of LPL-N291S, LPL-D9N and APOE-G113C significantly
modified effects of PM2.5 on HRV.

Conclusion—Associations between PM2.5 and HRV were modified by gene polymorphisms of
APOE, LPL and VEGF and biological metabolism remains to be identified.

Keywords
air pollution; heart rate variability; effect modification; apolipoprotein E; lipoprotein lipase;
vascular endothelial growth factor

Introduction
A large number of studies have shown that long- and short-term exposures to ambient
particulate matter are associated with cardiovascular diseases.[1–6] Most of the deaths
associated with particle exposure are sudden deaths,[7] suggesting that arrhythmia and
myocardial infarctions are involved. A number of single city studies have examined the
associations of myocardial infarctions with airborne particles,[8–10] and one large multicity
study has demonstrated a robust association.[11] Other studies have found that ambient
particles are associated with arrhythmias.[12–13] The mechanisms by which particles
produce these effects are not fully understood.

Decreased heart rate variability (HRV), a noninvasive measure of cardiac autonomic
dysfunction,[14] is predictive of sudden deaths and arrhythmias,[15–17] and have been
associated with short-term exposure to particulate matter, particularly to fine particles of
<2.5 µm in aerodynamic diameter (PM2.5).[18–22]

Suggested mechanisms linking air pollution to cardiovascular diseases (CVD) include
changes in the response of the autonomic nervous system through direct pulmonary reflexes
from airways, chemical effects on ion channel function in myocardial cells, ischemic
response in the myocardium, and pulmonary and systemic oxidative stress and inflammatory
responses that trigger endothelial dysfunction, atherosclerosis, and thrombosis.[23–25]
However, the exact mechanisms underlying such effects remain to be clarified. Identifying
these potential pathways is one of the most important research priorities in air pollution
epidemiology.

One of the suggested mechanistic pathways is related to the formation of atheromatous
plaques, in which metabolisms of lipid and cholesterol play an important role. Formations of
atheromatous plaques result in atherosclerosis, including coronary atherosclerosis. Many
studies have shown that atherosclerosis is significantly associated with decreased HRV.[26–
31] Particle exposure has been shown to influence plaque formation and stability.[32]
Atherosclerosis is associated with lipid metabolism.[33–34]

The metabolism of cholesterol and lipids are regulated by many enzymes and proteins,
including lipoprotein lipase (LPL), apolipoprotein E (APOE) and vascular endothelial
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growth factor (VEGF), etc. Genetic polymorphisms in these genes influence the functions of
the relative enzymes and proteins, and therefore are related to the metabolisms of lipid and
cholesterol. Concentrations of blood cholesterol and lipid are related to cardiovascular
diseases in the circulation system and their genetic variants are associated with
cardiovascular diseases.[35–38] For example, a meta-analysis conducted by Bennet et al.
[35] shows that APOE genotypes are associated with low-density lipoprotein (LDL)
cholesterol and coronary risk. VEGF genotypes have also been associated with
atherosclerosis.[39–41]

Whether differences in gene polymorphisms related to lipid or cholesterol metabolisms
modify the effects of the exposure to PM2.5 on HRV has not been reported to our
knowledge. The present study examined how the associations of PM2.5 with HRV in the
Normative Aging Study population, a repeated-measurement investigation of elderly
subjects from the Boston metropolitan area, was modified by selected APOE, LPL and
VEGF gene variants.

Materials and Methods
Study population

The Normative Aging Study (NAS) is a longitudinal study of aging established in 1963 by
the US Veterans Administration. A total of 2,280 men 21 to 80 years of age from the greater
Boston area free of known chronic medical conditions were enrolled.[42] All participants
provided written informed consent. The present investigation was approved by the
Institutional Review Boards of all participating institutions. Since 1963, participants have
undergone detailed examination every 3 to 5 years, including routine physical examinations,
laboratory tests, collection of medical history information, and completion of questionnaires
on smoking history, education level, food intake, and other factors that may influence health.

Between November 2000 and December 2007, 686 participants still presenting for
examination were evaluated for HRV one or more times for a total of 1196 visits. Of those,
357 visits from 103 subjects were excluded because of heart arrhythmia, HRV measurement
time <3.5 minutes, missing potential confounders or failed gene tests. The remaining
participants (n = 583) had either one (n = 378), two (n = 154) or three (n = 51) repeated
HRV measurements, for a total of 839 visits.

HRV Measurement
After a 5-minute rest, HRV was measured for 7 minutes in a sitting position with a 2-
channel (5-lead) ECG monitor (Trillium 3000 model, Forest Medical, East Syracuse, NY,
sampling rate of 256 Hz per channel). The ECG was digitally recorded and the best 4-
consecutive-minute interval was used for the HRV calculations. The standard deviation of
normal-to-normal intervals (SDNN), high frequency (HF; 0.15 to 0.4 Hz), and low
frequency (LF; 0.04 to 0.15 Hz) were calculated with a fast Fourier transform using software
(Trillium-3000, PC-Companion Software, Forest Medical), which conforms to established
guidelines (Task Force of the European Society of Cardiology and the North American
Society of Pacing and Electrophysiology 1996).

Air pollution and weather data
Continuous ambient PM2.5 was measured at a stationary monitoring site 1 km from the
examination site with a tapered-element oscillating microbalance (model 1400A, Rupprecht
& Pataschnick Co, East Greenbush, NY), aethalometer (Magee Scientific, Berkeley, Calif),
and Harvard-EPA annular denuder system sampler, respectively. The 48-hour moving
average of PM2.5 was used as the exposure index in this analyses because the previous
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Normative Aging study has shown the strongest associations of the 48-hour moving average
of PM2.5 with HRV compared to other period moving averages of PM2.5 such as 4-hour or
24-hour moving averages.[43] To control for weather variables, we used apparent
temperature, defined as a person’s perceived air temperature and calculated from ambient
temperature, humidity and wind. [43] The weather data were recorded at Logan Airport
monitoring site, about 5 miles from the physical examination site. The hourly weather
measures were recorded through the whole study period. Room temperature was measured
at the physical examination site.

Genotyping
Genetic polymorphism measurements in this study included APOE-T530C (rs7412), APOE-
G219T (rs405509), APOE-T392C (rs429358), APOE-G113C (rs440446), APOE-A491T
(rs449647), APOE-T427C (rs769446), VEGF-G634C (rs2010963), LPL-N291S (G→A at
position 280, rs268), LPL-S447X (C→G at position 1127, rs328) and LPL-D9N (G→A at
position 1595, rs1801177).

Multiplex PCR assays were designed using Sequenom SpectroDESIGNER software by
inputting sequence containing the single nucleotide polymorphism (SNP) site and 100 bp of
flanking sequence on either side of the SNP. Most assays were genotyped using the
Sequenom MassArray MALDI-TOF mass spectrometer (Sequenom, CA, USA) with
semiautomated primer design (SpectroDESIGNER, Sequenom) and implementation of the
very short extension method.[44] Assays which failed to multiplex were genotyped using the
TaqMan 5’ exonuclease [Applied Biosystems (ABI), Foster City, CA, USA] with primers
from ABI using radioactive labeled probes detected using ABI PRISM 7900 Sequence
Detector System.[45]

Statistical analysis
Log10 transformations of HRV measurements were used to improve normality and stabilize
the variance. The following covariates were chosen a priori in the analysis: age, body mass
index, mean arterial pressure, fasting blood glucose, cigarette smoking (never/former/
current), alcohol consumption (≥2 drinks per day, yes/no), use of β-blockers, calcium
channel blockers, angiotensin-converting enzyme inhibitors, room temperature, season, and
48-hour moving average of outdoor apparent temperature.[18] In order to control for a
potential nonlinear relationship between temperature and HRV, we adjusted for apparent
temperature with a quadratic term and a term indicating temperature over 20 °C.

Because of repeated measures of HRV for many participants, the assumption that the errors
in the regression are independent is likely to be violated. Hence, we fit a mixed-effects
model (PROC MIXED in SAS version 9.1, SAS Institute Inc, Cary, NC). The model could
be described as: Yit = β0 + μi + β1X1it + … + βnitXnit + βpollit + εit, where Yit is the logarithm
of HRV in subject i at time t, β0 is the overall intercept, and μi is the separate random
intercept for subject i. X1it to Xnit denote the covariates.

We first assessed the main effects of PM2.5 on HRV and then examined the effect
modification by the individual genotypes related to lipid metabolism and endothelial
function. To evaluate the effect modification by a genotype, we added an interaction term
for the genotype variable (a dummy variable) and PM2.5 and a genotype variable. Due to the
small proportions for homozygous and heterozygous genotypes for APOE, LPL and VEGF,
we combined the two types comparing wild type to any variant (dominant model). As a
sensitive analysis, we also examined whether the use of statin confounded the estimates of
associations between exposure to PM2.5 and HRV by adding a dummy variable for the use
of statin (Yes/No) before the visit to refit the previously described model.[46]
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Results
Table 1 describes the demographic and clinical characteristics, HRV measurements of the
study population, and environmental variable measurements. The study subjects were all
male and their average age was 73.8 (95% confidence interval (CI): 60.8, 86.7). The sample
was predominantly white (97.1%). The mean of PM2.5 was 11.8 µg/m3 (SD 6.2 µg/m3). The
correlation between apparent temperature and PM2.5 was modest (r = 0.26). The mean of
apparent temperature was 10.4 °C (SD 9.7 °C). Although the apparent temperature
considerably varied, the room temperature was relatively steady (mean: 24.0 °C, SD: 1.7
°C).

Table 2 shows the genetic distributions of APOE, LPL and VEGF. Among 583 subjects, the
wild types for APOE-T530C, APOE-T392C, APOE-A491T, APOE-T427C and each of LPL
polymorphisms were dominant, but the situation was different for APOE-G219C, APOE-
G113C, and VEGF-G634C, of which heterozygous type shared large proportions (48.1%,
44.7% and 44.7%, respectively). Heterozygous types for APOE-T392C, APOE-A491T
consisted of 21.2% and 32.6%, respectively. Among APOE haplotypes, E3/E3 was the most
frequent combination (63.8%). E3/E2 and E3/E4 were found in 12.8% and 19.4% of the
study participants, respectively. Other haplotype combinations (E2/E2, E4/E4 and E2/E4)
were rare (3.9%).

Results show that a 10-µg/m3 increase of PM2.5 was significantly associated with 3.8%
(95% CI: 0.2%, 7.4%), 7.8% (95% CI: 0.4%, 15.3%) and 10.6% (95% CI: 1.8%, 19.4%)
decreases for SDNN, LF and HF, respectively. We also examined whether genotype
variations are related to HRV and results did not show any evidence that genetic
polymorphisms were associated with HRV in this study. As a sensitive analysis, we adjusted
for an additional covariate, current statin use (yes/no). In this sensitive analysis, a 10-µg/m3

increase of PM2.5 was significantly associated with 3.9% (95% CI: 0.3%, 7.5%), 7.9 %
(95% CI: 0.5%, 15.3%) and 10.6% (95% CI: 1.8%, 19.4%) decreases for SDNN, LF and
HF, respectively. As these results suggest that the use of statin did not confound the
associations between exposure to particulate pollution and HRV, we did not adjust for it in
the following analyses.

We then estimated associations between PM2.5 and HRV by genetic polymorphisms after
adjustment for potential confounders. Figure 1–2 show associations between PM2.5 and
HRV by APOE, LPL and VEGF gene polymorphisms. In general, individuals with the wild
types of APOE, LPL and VEGF showed stronger effects of PM2.5 on the decrease of HRV
compared to those with non-wild genotypes, but not for LPL-S447X showing the slightly
stronger effect of PM2.5 on the decrease of HRV among those carrying non-wild genotypes.
Significant associations were only observed for wild-type gene carriers, but not for non-wild
carriers for any examined gene polymorphisms. Significant interaction effects were found
for APOE-G113C, APOE-A491T, LPL-N291S, LPL-D9N, especially for LPL-D9N at 0.10
or 0.05 level. We also examined whether associations between PM2.5 and HVR were
modified by APOE haplotypes. In general, there were stronger associations between PM2.5
and HRV for E3/E3 compared to E4/E2 and E3/E4, but no significant interactive effects
were observed (Figure 3). We categorized concentrations of cholesterol and triglyceride by
low and high quartiles and examined the effect of modification by cholesterol and
triglyceride. We found the same trends as those of genes. In general, subjects with higher
levels of cholesterol or triglyceride experienced lower risk of HRV by PM2.5. The full set of
estimates are presented in the supplement.

In order to explore the relationship of concentrations of cholesterol and triglyceride with
variants of APOE variants, we fit linear regression model using log of concentrations of
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cholesterol or triglyceride as dependent variable, all APOE genes (wild vs non-wild) as
predictors adjusting for age, body mass index, mean arterial pressure, fasting blood glucose,
cigarette smoking (never/former/current), alcohol consumption (≥2 drinks per day, yes/no),
use of β-blockers, calcium channel blockers, angiotensin-converting enzyme inhibitors,
room temperature, season, and 48-hour moving average of outdoor apparent
temperature[18]. Results show that there were no significant relationships between
concentrations of cholesterol/triglyceride and each of APOE variants except for APOE-
T530C associated with triglyceride (subjects with non-wild APOE-T530C variants had
higher triglyceride concentration).

Discussion
This study shows that exposure to PM2.5 exerted effects on the decrease of HRV while its
short-term health significance effect has not well established. Genetic variations related to
lipid metabolisms and VEGF modified associations between exposure to ambient particulate
matter and heart rate variability. In general, the associations between PM2.5 exposure and
HRV were weaker for individuals carrying variants of LPL, APOE and VEGF genes than
those carrying wild types. Significant associations between PM2.5 and HRV often appeared
among individuals with wild types of the genes and E3/E3 APOE variants, but not for those
with hetero- and homozygous types for any APOE, LPL and VEGF genotypes or other
APOE haplotypes. LPL-N291S, LPL-D9N and ApoE-G113C significantly modified the
effect of PM2.5 on HRV at the 0.10 or 0.05 level (Figure 1–3).

There are six major classes of apolipoproteins (A, B, C, D, E, H). APOE is an
apolipoprotein found in the chylomicron and intermediate-density lipoproteins that binds to
a specific receptor on liver cells and peripheral cells. It is essential for the normal catabolism
of triglyceride-rich lipoprotein constituents APOE transports lipoproteins, fat-soluble
vitamins, and cholesterol into the lymph system and then into the blood. APOE consists of
299 amino acids. APOE gene (ApoE) is mapped to chromosome 19, consisting of four
exons and three introns, totaling 3597 base pairs. Structures and functions of the three
common alletic isoforms, ApoE2, ApoE3 and ApoE4, have been extensively studied. The
isoforms differ at at positions 112 and 158, corresponding to APOE-T530C and APOE-
T392C. ApoE3, the most common isoform, contains cysteine and arginine, respectively,
whereas ApoE2 has two cysteines and apoE4 has two arginies at the two positions.[47]
ApoE3 and ApoE4 bind to LDL receptors with similarly high affinity, but the binding of
ApoE2 is 50- to 100-times weker.[48]

APOE is a multifunctional protein that plays a crucial role in the metabolism of triglycerides
and cholesterol by binding to receptors on the liver to help mediate clearance of
chylomicrons and very low-density lipoproteins from the bloodstream.[49–51] Variants in
the APOE gene are related to different disease occurrences, including cardiovascular
diseases, Alzheimer’s disease and biliary tract diseases.[35, 49, 52] Many studies have
shown that APOE polymorphisms are associated with cardiovascular diseases.[35, 49, 53]
For example, a large meta-analysis conducted by Bennet et al.[35] shows that E2 carriers
have a 20% lower risk of coronary heart disease and E4 carriers have a slightly higher risk
compared with E3 carriers. Some studies have shown that APOE polymorphisms are also
related to plaque formation with the E4 variants being associated with more plaque
formation.[54–55]

Enzyme lipoprotein lipase has a central role in lipoprotein metabolisms by catalyzing
hydrolysis of triglycerides in chylomicrons and very low-density lipoprotein particles. LPL
also functions as a mediator facilitating binding and/or incorporation of series of
lipoproteins through either lipoprotein receptors or heparin sulfate proteoglycans into
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several lines of cells.[56–57] Therefore, the gene for LPL is an obvious candidate for
contributing to inherited predisposition for dyslipidaemia and risk of atherosclerosis. Since
the gene was cloned in 1989, more than 100 LPL gene mutations have been identified, the
majority of which cause only mild detrimental enzymatic function.[58] Three variants LPL-
D9N, LPL-N291S and LPL-S447X, causing the replace of an aspartic acid to an asparagine
residue, an asparagine to a serine residue and a serine to another at position 9, 291 and 447,
have been extensively studied. Variants of LPL-D9N, LPL-N291S occur at high frequencies
and the general population (up to 5%) and result in the decreased lipolytic activity compared
to non-variant.[59, 60] LPL-S447X mutation will introduce change a premature stop codon
and result in a mature protein that lacks the C-terminal serine and glycine. In contrast to all
other variants, this mutation is associated with beneficial effects on lipid homeostasis and
atheroprotection.[58]

Variations of LPL genes have been shown to be associated with different diseases, including
cardiovascular diseases and severe retinopathy.[61–64] Fisher et al.[61] reported that
mutation of LPL-S447X was a favorable factor for lipid profile but mutations for two others
are risk factors (LPL-N291S, LPL-D9N). A meta-analysis conducted by Hu et al.[62] shows
that the N291S variant in the LPL gene is a risk factor for dyslipidemia and is associated
with coronary heart disease and the risk of type 2 diabetes mellitus. Together with our study,
we found weaker effects of PM2.5 on HRV in those with LPL variants for lipid metabolisms
(Figure 2).

Vascular endothelial growth factor, a mitogen that specifically acts on endothelial cells, has
different effects, including mediating increased vascular permeability, inducing
angiogenesis, cell growth, migration, and inhibition of apoptosis.[65–68] Studies have
shown that polymorphisms of VEGF genes are associated with severity of atherosclerosis
and severe diabetic retinopathy.[39–41] Howell et al.[41] examined whether VEGF
polymorphisms were associated with atherosclerosis and found that the genotypes had
significantly different distributions with and without myocardial infarction. Al-Kateb et al.
[39] found that multiple VEGF variants were associated with the development of severe
retinopathy in type 1 diabetes patients. An experimental study shows that VEGF
significantly alters the rate of atherosclerotic plaque development.[69]

Effect modification by the genetic factors on associations between air pollution and
cardiovascular events has not been widely examined. Our recent studies examined the effect
modifications and found that the mutations of genes modified the associations between HRV
and PM2.5, including glutathione S-transferase M1, dietary intakes of methyl nutrients,
hemochromatosis and oxidative stress genes.[18, 46, 70, 71] However, so far, few studies
have examined effect modifications of the mutations of genes related to lipid metabolism on
the associations between air pollution and cardiovascular events.

While this study found the evidence that APOE, LPL and VEGF gene polymorphisms
modified association between PM2.5 effects and HRV, this finding was inconsistent with the
one expected, i.e., the exposure to PM2.5 elevates lipid concentrations and consequently
promotes the plaque formation. And this finding should be carefully interpreted and remains
to be identified by other studies. The current study shows that PM2.5 consistently produced
lower effects on HRV reductions among the subjects with unfavorable mutations of genes to
lipid metabolism compared to those without the variations. However, it remains unclear how
lipid metabolism might render subjects with variants of the genes more likely to experience
a decrease in HRV with a short-term exposure to fine particles. A few studies found that the
gene variation of LPL-D9N modified smoking risk on cardiovascular diseases.[38, 64] They
used stably transfected cell lines in vitro to examine the role of variants of LPL-D9N gene in
lipoprotein metabolisms and found that compared to the wild-type structure, LPL-N9 cells
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bind and internalize twofold to fourfold more LDL and ox-LDL. They only speculated on
the mechanism via its bringing function in the enzymes. Studies show that ApoE2 has 50- to
100-times weaker affinity to LDL receptor.[48] Nevertheless, a large meta-analysis shows
that E2 carriers have a 20% lower risk of coronary heart disease compared with E3 or E4
carriers.[35] Therefore, mechanisms of gene variation on health effect are complex and need
to be further clarified. At this stage, we can only speculate that it might be caused via
interaction of fine particles with lipid receptors or that high cholesterol or triglyceride may
probably influence the absorption of metal ion.

We note that genes and their protein products are pleiotropic, and the effects of these genetic
variants on HRV and the autonomic nervous system may be independent from their effects
on placque formation and myocardial infarction. In this respect, while on the surface these
results may seem counter-intuitive, without research which directly addresses this question
one cannot be sure. For example, APOE receptors are mediators of synapse formation in
neuronal tissue, a function which may be related to their effects on brain development, but
this function is independent of effects on arterial cholesterol plaques. Indeed, several groups
have reported that APOE4 variants are associated with improved cognitive function in
children, a finding which is opposite to effects seen in adults.[72–74] Thus, unexpected
findings for these variants have been reported before for other health effects. We believe
these data demonstrate that the function of these receptors on HRV deserves further study.

There are some limitations in this study. First, we used a single ambient monitoring site as a
surrogate for recent exposure to PM2.5, which might result in exposure misclassification.
The extent of errors depends on the spatial homogeneity of the exposure because we only
contrasted exposures with temporality. A recent study comparing ambient concentrations in
this area with personal exposures in Boston has shown high longitudinal correlations
between two measurements.[75] They reported that PM2.5 was homogeneous over the
Boston area. This suggests that the use of ambient monitoring measurements is reasonable
and the resulting exposure error is likely to be nondifferential. Second, the sample size was
not large enough, especially for small frequencies of the gene mutations, such as LPL-
N291S, LPL-D9N (Table 2), and therefore, attention should be paid to the interpretations of
the present studies. Finally, this study was conducted in an aged population that consists of
older men, of which white are dominant. Therefore, results are difficult to be generalized to
other populations.

In conclusion, this study found evidence that variations of lipid-related genes modified
associations between PM2.5 and HRV. In general, Exposure to PM2.5 appeared to have
stronger risks on SDNN, LF and HF among subjects carrying wild types of APOE, LPL and
VEGF comparing to those carrying unfavorable variants of genes related to lipid
metabolism. Significant effect modifications were found in LPL-N291S, LPL-D9N, APOE-
G113C and APOE-A491T. The mechanism of such modification remains to be clarified.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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What this paper adds?

What is already known on this subject?

Many studies have shown that particulate air pollution is associated with cardiovascular
diseases but the mechanism remains to be clarified. One of suggested mechanistic
pathways is related to the formation of atheromatous plaques in which metabolisms of
lipid and cholesterol play a vital role and are regulated many enzymes and protein. Lipid
mechanism-related gene variations may influence the functions of related enzymes but
few study have examined whether the genetic polymorphisms modify the effects of the
exposure to particulate matter on heart disease.

What does this study add?

We examined whether variations of a set of lipid-related genes modified the associations
between heart rate variability (HRV) and exposure to PM2.5. Results show that carriers of
wild types of apolipoprotein E, lipoprotein lipase and vascular endothelial growth factor
genes had stronger effects of particles on HRV compared to those with hetero- or
homozygous types. It implies that lipid-related gene variations may be involved into the
mechanistic pathways between particle exposure and heart disease. The further
mechanisms need to be clarified.
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Figure 1.
Percent change (95% CI) in Standard deviation of normal-to-normtal interval, low frequency
and high frequency associated with a 10-µg/m3 increase in PM2.5 by ApoE-T530C, ApoE-
G291T, ApoE-T392C, ApoE-G113C, ApoE-A491T and ApoE-T427C gene polymorphisms,
wild type vs non-wild type (wild^) adjusting for age, body mass index, mean arterial blood
pressure, fasting blood glucose, cigarette smoking, alcohol consumption, season, room
temperature and outdoor apparent temperature and uses of β-blockers, angiotension-
converting enzyme inhibitors and calcium channel blockers.
#: p<0.20, ** p<0.05 for interaction terms between PM2.5 and gene polymorphism (wild vs
non-wild); SDNN: standard deviation of normal-to-normal intervals.
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Figure 2.
Percent change (95% CI) in Standard deviation of normal-to-normtal interval, low frequency
and high frequency associated with a 10-µg/m3 increase in PM2.5 by LPL-N291S, LPL-
S447S, LPL-D9N and VEGF-G634C gene polymorphisms, wild type vs non-wild types
(wild^) adjusting for age, body mass index, mean arterial blood pressure, fasting blood
glucose, cigarette smoking, alcohol consumption, season, room temperature and outdoor
apparent temperature and uses of β-blockers, angiotension-converting enzyme inhibitors and
calcium channel blockers.
*p<0.10, ** p<0.05 for interaction terms between PM2.5 and gene polymorphism (wild vs
non-wild); SDNN: standard deviation of normal-to-normal intervals.
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Figure 3.
Percent change (95% CI) in Standard deviation of normal-to-normtal interval, low frequency
and high frequency associated with a 10-µg/m3 increase in PM2.5 by ApoE haplotypes E3/
E3, E3/E2, E3/E4 gene polymorphisms adjusting for age, body mass index, mean arterial
blood pressure, fasting blood glucose, cigarette smoking, alcohol consumption, season, room
temperature and apparent temperature and uses of β-blockers, angiotension-converting
enzyme inhibitors and calcium channel blockers.
SDNN: standard deviation of normal-to-normal intervals.
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Table 1

Descriptive statistics of demographic, health and environmental factors among visits of the Normative Aging
Study participants with heart rate variation measures between November 2000 and December 2007 in Boston,
Massachusetts, USA

Variable First visit (n=583) ¶ Total visits (n=839) ¶¶

Age, years * 72.98 (6.60) 73.77 (6.61)

Body mass index, kg/m2 28.16 (4.01) 28.07 (4.06)

Mean arterial pressure, mmHg 93.16 (10.74) 91.45 (10.84)

Fasting blood glucose, mg/dl 107.51 (27.25) 107.40 (25.16)

Season, n (%)

  Spring 153 (26.24) 204 (24.31)

  Summer 139 (23.84) 205 (24.43)

  Fall 166 (28.47) 254 (30.27)

  Winter 125 (21.44) 176 (20.98)

Smoking status, n (%)

  Never smoker 173 (29.67) 259 (30.87)

  Current smoker 25 (4.29) 27 (3.22)

  Former smoker 385 (66.04) 553 (65.91)

Alcohol intake (≥ 2 drinks/day), n (%) 107 (18.35) 154 (18.36)

Use of β-blocker, n (%) 209 (35.85) 320 (38.14)

Use of Ca-Channel blocker, n (%) 79 (13.55) 121 (14.42)

Use of angiotensin-converting enzyme inhibitor, n (%) 128 (21.96) 200 (23.84)

Log10 standard devision of normal-to-normal intervals, msec 1.53 (0.28) 1.52 (0.29)

Log10 high frequency, msec2 2.02 (0.59) 1.94 (0.75)

Log10 low frequency, msec2 1.95 (0.73) 2.00 (0.60)

PM2.5, µg/m3 ** 11.32 (6.53) 11.80 (6.18)

apparent temperature, °C ** 10.68 (9.75) 10.38 (9.71)

Room temperature, °C 24.24 (1.80) 23.96 (1.69)

Cholesterol, mg/dL 270.62 (145.06) 259.65 (139.59)

¶
for the first time visits of participants;

¶¶
for the total visits of participants;

*
Values are mean± SD when appropriate.

**
Two day moving averages.
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Table 2

Genotype distributions of Apoprotein E, lipoprotein lipase and vascular endothelial growth of the Normative
Aging participants between November 2000 and December 2007 in Boston, Massachusetts, USA

Polymorphism N (%)

APOE-T530C (rs7412) Wild 491 (85.1)

Heterozygous 83 (14.4)

Homozygous 3 (0.5)

APOE-G219T (rs405509) Wild 162 (28.7)

Heterozygous 272 (48.1)

Homozygous 131 (23.2)

APOE-T392C (rs429358) Wild 435 (76.9)

Heterozygous 120 (21.2)

Homozygous 11 (1.9)

APOE-G113C (rs440446) Wild 220 (39.8)

Heterozygous 247 (44.7)

Homozygous 86 (15.6)

APOE-A491T (rs449647) Wild 353 (63.2)

Heterozygous 182 (32.6)

Homozygous 24 (4.3)

APOE-T427C (rs769446) Wild 486 (85.1)

Heterozygous 75 (13.1)

Homozygous 10 (1.8)

LPL-N291S (rs268) Wild Type 555 (97.2)

Heterozygous 15 (2.6)

Homozygous 1 (0.2)

LPL-S447X (rs328) Wild Type 460 (83.3)

Heterozygous 86 (15.6)

Homozygous 6 (1.1)

LPL-D9N (rs1801177) Wild Type 537 (97.8)

Heterozygous 12 (2.3)

Homozygous 0 (0.0)

VEGF-G634C (rs2010963) Wild Type 233 (42.5)

Heterozygous 245 (44.7)

Homozygous 70 (12.8)

APOE haplotype E3/E3 358 (63.8)

E3/E2 72 (12.8)

E3/E4 109 (19.4)

Other 22 (3.9)

*
The sum of the subjects in each genotype may not add up to the total number of subjects due to missing genotyping data. Missing genotyping is

due to a variable number of samples for each locus for which genotyping was not successful.
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