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Abstract

Background—Short-term exposure to air pollution may affect ventricular repolarization, but
there is limited information on how long-term exposures might affect the surface ventricular
electrocardiographic (ECG) abnormalities associated with cardiovascular events. We carried out a
study to determine whether long-term air pollution exposure is associated with abnormalities of
ventricular repolarization and conduction in adults without known cardiovascular disease.

Methods—A total of 4783 participants free of clinical cardiovascular disease in the Multi-Ethnic
Study of Atherosclerosis underwent 12-lead ECG examinations, cardiac-computed tomography
and calcium scoring, as well as estimation of air pollution exposure using a finely resolved spatio-
temporal model to determine long-term average individual exposure to fine particulate matter
(PM5 5) and proximity to major roadways. We assessed ventricular electrical abnormalities
including presence of QT prolongation (Rautaharju QTrr criteria) and intraventricular conduction
delay (QRS duration > 120 msec). We used logistic regression to determine the adjusted
relationship between air pollution exposures and ECG abnormalities.

Results—A 10 pg/m3-increase in estimated residential PM, 5 was associated with an increased
odds of prevalent QT prolongation (adjusted odds ratio [OR]= 1.6 [95% confidence interval (Cl)=
1.2 to 2.2]) and intraventricular conduction delay (OR 1.7, 95% CI: 1.0 to 2.6, independent of
coronary-artery calcium score. Living near major roadways was not associated with ventricular
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electrical abnormalities. No significant evidence of effect modification by traditional risk factors
or study site was observed.

Conclusions—This study demonstrates an association between long-term exposure to air
pollution and ventricular repolarization and conduction abnormalities in adults without clinical
cardiovascular disease, independent of subclinical coronary arterial calcification.

The 2010 American Heart Association consensus statement on air pollution and
cardiovascular disease! states that there is strong evidence that air pollution exposure
contributes to a substantial public health burden of cardiovascular disease and death,
although the specific mechanisms for these effects are poorly defined. One potential
mechanism that has gained increasing support is an effect of air pollution on ventricular
electrical activity, leading to cardiovascular morbidity and mortality. Ventricular electrical
abnormalities — including QT interval prolongation, a measure of abnormal ventricular
repolarization, and QRS widening, a measure of prolonged ventricular conduction — predict
substantially increased risk of cardiovascular events in persons with and without clinical
cardiovascular disease.2*

Most studies of air pollution exposures and ventricular electrical activity have focused on
short-term (hours to days) air pollution exposures,>8 with relatively simple characterization
of air pollution exposure at one monitoring site per study area. Despite this focus on short-
term air pollution exposures and simple estimates of urban air pollution at single sites,
epidemiologic cohorts suggest that long-term exposures that vary spatially within cities
affect cardiovascular morbidity and mortality to a large extent,® with risk estimates from
such studies higher than those seen in large short-term time-series analyses.1% Although
prior studies of air pollution-related effects have also focused primarily on repolarization
using continuous measures of QT interval, measures of the presence of QT prolongation or
QRS widening beyond specific thresholds that are associated with higher risk of
cardiovascular events may represent changes more relevant to longer-term exposures than
incremental increases in QT duration or QRS interval within the normal range.

Because abnormalities of ventricular repolarization and conduction are associated with
atherosclerosis, and because there is a growing body of evidence that long-term air pollution
exposures are linked to atherosclerosis,1! an association between air pollution and cardiac
electrical abnormalities may be mediated by the development of underlying atherosclerotic
disease. Understanding how long-term air pollution exposure relates to cardiac electrical
abnormalities, and whether such relationships appear to be mediated by atherosclerotic
disease, may provide insight into the underlying mechanisms responsible for the
associations.

We hypothesized that long-term exposure to air pollution is associated with surface
electrocardiogram (ECG) signs of abnormal ventricular electrical activity, independent of
subclinical atherosclerosis. We aimed to test this hypothesis by examining long-term
residential fine particulate matter exposure (less than 2.5 microns in mean aerodynamic
diameter, PM5 5) measured at multiple locations and times in each study city, and its relation
with prevalent ECG characteristics of QRS widening and QT prolongation. To determine
whether any observed relationships might be mediated by subclinical atherosclerosis, we
additionally aimed to evaluate the impact of adjusting for the presence of prevalent coronary
artery calcium measured by cardiac computed tomography (CT). We also explored
associations between such ECG findings and residential proximity to major roadways (a
measure of exposure to traffic-related pollution). A large, multi-ethnic cohort (the Multi-
Ethnic Study of Atherosclerosis, MESA) in six United States cities provided the foundation
for testing these hypotheses. Participants were free of cardiovascular disease at entry, and
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with excellent measures of both exposure to particulate matter air pollution and subclinical
atherosclerotic disease.

The MESA cohort was initiated to study the determinants of cardiovascular disease in a
multi-ethnic group of adults without clinical cardiovascular disease at baseline. Details of its
design have been previously published.12 Briefly, 6814 men and women aged 45 to 84 years
who were free of clinically apparent cardiovascular disease were recruited between July
2000 and August 2002 from 6 US metropolitan areas: Baltimore MD; Chicago IL; Winston-
Salem NC; Los Angeles CA; New York NY; and St. Paul MN. Of the participants, 6765 had
ECG and cardiac CT scanning performed as described below. Of those with ECG
information, 4970 (73%) consented to geocoding and had complete covariate information.
187 (4%) were excluded due to lead connection interchange or poor ECG quality, leaving
4783 participants for this analysis. Institutional review boards at all participating centers
approved the study, and all participants gave informed consent.

Participants underwent an extensive baseline evaluation, including an initial standardized
questionnaire. Total and high-density lipoprotein cholesterol and glucose levels were
measured from blood samples obtained after a 12-hour fast. Low-density lipoprotein
cholesterol was calculated with the Friedewald equation.® Physical examination included
height, weight and blood pressure. Resting blood pressure (BP) was taken three times in the
seated position after a five-minute rest using a Dinamap model Pro 100 automated
oscillometric sphygmomanometer (Critikon, Tampa, Florida), with the average of the last
two measurements recorded and verified.

ECG interpretation

12-lead ECG recordings were obtained using a Marquette MAC-PC instrument (Marquette
Electronics, Milwaukee, Wisconsin) and read using Minnesota Codel* and Novacodel®
criteria. Readings were performed centrally at the Epidemiological Cardiology Research
Center, Wake Forest University (Wake Forest, North Carolina). QT interval was corrected
for heart rate (QTrr) using race-specific adjustment factors previously described.16 ECG
abnormalities potentially representing chronic changes in ventricular electrical activity
related to long-term air pollution exposure were defined by the following criteria: prolonged
QT interval, classified by QTrr greater than race-specific cutoffs for 95 percentilel® and
intraventricular conduction delay (prolonged QRS duration >120 msec, including left and
right bundle branch block, Novacode criteria 3.1, 3.2, or 3.3).

Cardiac Computed Tomography and Calcium Scoring

Computed tomography scanning was performed on all participants either with ECG-
triggered scan acquisition (50% of the RR interval) with a multidetector computed
tomography system taking 4 simultaneous 2.5-mm slices per cardiac cycle in an axial or
sequential scan mode (Baltimore, Forsyth County, and St. Paul field centers; Lightspeed,
General Electric or Siemens, Volume Zoom) or with an ECG-triggered (80% of the RR
interval) electron-beam computed tomography scanner (Chicago, Los Angeles, and New
York field centers; Imatron C-150, Imatron). Each participant was scanned twice. Scans
were read at a single center to identify and quantify coronary calcification. Measures of
agreement for calcium score are high, with an intraclass correlation coefficient for Agatston
scorel” between readers of 0.99. Calcium scores between participants and among scanning
centers were adjusted with a calcium phantom scanned with the participant. The average
phantom-adjusted Agatston score!® was used in all analyses.
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Air Pollution Exposures

Long-term exposure to ambient PM, 5 was estimated using a hierarchical spatio-temporal
model fit with a pragmatic estimation procedure described elsewhere.1920 To derive these
predictions, we conducted an extensive exposure assessment program to characterize long-
term average concentrations of ambient-generated PM 5, using both two-week average
concentrations of PM> 5 collected over the course of several years by regulatory monitoring
stations from the U.S. Environmental Protection Agency’s Air Quality System, and multiple
supplemental monitoring stations added to better characterize the exposures in MESA
participants.2! Briefly, the hierarchical model decomposed the space-time field of
concentrations into three pieces: (1) spatially varying long-term averages, (2) spatially
varying seasonal and long-term trends, and (3) spatially correlated but temporally
independent residuals. A multi-step procedure for model estimation and prediction allowed
the incorporation of a large suite of spatial covariates into the model, including traffic
sources and local land use, to predict average PMs 5 concentrations at each subject’s home
location over the year preceding the participant’s exam date. Model selection and cross-
validation were performed, with city-specific cross-validated root mean square errors for
predicting long-term average concentrations at MESA Air monitoring locations between
0.34 and 0.94 pg/m3.

To estimate exposure to traffic-related air pollution (and for comparison with prior studies
using this metric), we also measured residential proximity to roadways using a street
database (Teleatlas, Inc), classifying participants as near major roadways if their home at the
time of their ECG examination was within 100 meters of an Interstate or US highway, or
within 50 meters of a state or county highway. This classification approach has been
commonly used.22:23

To assign exposures, we geocoded participants using a commercially available geodatabase
(Teleatlas, Inc) in conjunction with residential-address-history information during the year
prior to examination. We validated participant and all monitor addresses using several
methods, including GPS unit confirmation by technicians conducting the home monitoring
campaign and satellite photography verification.2:

Statistical Analysis

We used logistic regression to evaluate the associations between long-term exposure to
PM, 5 or roadway proximity and individual prevalent ventricular electrical abnormalities
(odds ratio [OR] and 95% confidence interval [CI] for each abnormality associated with a 10
pg/m3 elevation in PM, 5 over the year prior to examination or with residential proximity to
major roadways).

We fitted iterative models with increasing numbers of covariates selected a priori . Model 1
included race, sex, age, body mass index (BMI), income, education, cigarette smoking,
systolic and diastolic BP, hypertensive status by the Sixth Report of the Joint National
Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure
criteria, diabetes status by 2003 American Diabetes Association fasting blood glucose
criteria (normal, impaired fasting glucose, treated diabetes, untreated diabetes), low-density
and high-density lipoprotein (LDL and HDL) cholesterol, and alcohol use. Model 2 included
covariates from Model 1 plus site of examination. Model 3 included covariates from Model
2, plus use of beta blockers, calcium channel blockers, alpha blockers, anti-arrhythmics,
digoxin, erectile dysfunction drugs, anticholinergics, sympathomimetics, tricyclic
antidepressants, and other medications that potentially affect QT interval.?* To investigate
whether any observed associations may be mediated by subclinical atherosclerotic disease,
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we additionally fitted a model including coronary artery calcium (Model 4), modeled as an
indicator of nonzero Agatston score.

To evaluate the presence of interactions with race, sex, site, and diabetes status — for which
associations were seen in the full model — we explored models including product terms of
these variables and pollution exposure. Subgroup effects in all interaction models were
calculated using linear combinations of predictors in each model (“lincom” command in
Stata).

In sensitivity analyses, we also explored linear models evaluating the relationship between
the two air pollution exposure variables and continuous measures of ventricular
depolarization and repolarization (QTrr and QRS duration). In addition, we adjusted for
roadway proximity in PM models and vice-versa, adjusted for interactions between race and
site, evaluated nonlinear forms of QTrr and QRS duration in generalized additive models
examining the relationship between PM5 5 and these measures, and examined the effect of
adjustment for second-hand smoke exposure and pack-years of smoking in the subset of
participants (n = 4232 and n = 4732, respectively) with data on these variables. We also
tested adjustment using various forms of Agatston score, including a log-transformed
continuous measure and modeled as indicator variables for decile categories of the score.

Because of the importance of site as a potential confounder or effect modifier, in addition to
the effect-modification and site-adjustment approaches described, we constructed individual
fully adjusted regression models stratified by site, and then pooled the estimates using
random effects meta-analysis. Heterogeneity of effect estimates was assessed with a chi? test
with 5 degrees of freedom.

All analyses were performed using R 2.10 (R Foundation for Statistical Computing, Vienna,
Austria) and Stata 10 (StataCorp LP, College Station, Texas).

Study participants

Comparing participants in this analysis with those who were excluded (who met exclusion
criteria or did not consent to geocoding), participants were older, more likely to be women
and to be white (and less likely to be African American), more likely to be from Chicago,
New York, and St. Paul and less likely to be from Winston-Salem, Baltimore, and Los
Angeles, with higher income and education, and lower levels of hypertension and diabetes.
Participant characteristics by quartile of PM, 5 exposure and proximity to a major roadway
are shown in Table 1. More than 40% of the population was classified as hypertensive (JNC
VI criteria, based upon seated BP), and nearly one quarter had impaired fasting glucose or
diabetes. We found that 48% had a non-zero Agatston score; 11% had prolonged QTrr and
4% had intraventricular conduction delay. PM, 5 exposures were highest in Los Angeles and
lowest in St. Paul, while roadway proximity exposure was highest in New York and lowest
in Winston-Salem (Figure 1).

Bivariate Analyses

Based on bivariate analyses, participants in the lowest quartile of PM, 5 exposures were
older, with a higher proportion of men, former smokers, higher BMI, higher income, high
school or some college educational attainment, and white race. Income and education
generally were associated negatively with PMs 5, exposure, as expected. Participants in the
lowest quartile also were less likely to be Chinese or African American. Participants who
were Hispanic or African American resided nearer to major roadways than other racial
groups, as did people with lower income. Persons with Agatston score greater than zero
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overall lived farther from major roadways and had lower estimated PM, 5 exposures.
Adjusting for age, sex, race / ethnicity, and socioeconomic status, however, there was no
relationship of Agatston score with either PM, 5 or proximity to major roadways. The
unexpected inverse bivariate association between PM, 5 and calcium score appeared most
likely related to confounding by age, given that older people tend to live in regions with
higher PM5, 5, as described, and that adjustment for age eliminated this association. Bivariate
relationships between ECG abnormalities and covariates selected a priori as potential
confounders were generally strong and in the expected direction (ventricular electrical
abnormalities were positively associated with increased age, male sex, diabetes, smoking,
LDL cholesterol, and BMI; data not shown). Nonzero Agatston score was associated with
increased prevalence of intraventricular conduction delay and prolonged QT on bivariate
analysis, although not after adjustment for age, sex, race / ethnicity, and socioeconomic
status.

Adjusted Associations of Air Pollution with ECG Abnormality

Figure 2 and eTable 3 (http://links.lww.com) show the adjusted associations of ventricular
electrical abnormalities with PM> 5 exposure and traffic. For PMs s, the minimally adjusted
model (Model 1) showed a modest association between PM> 5 and intraventricular
conduction delay (OR= 1.3 [95% CI= 0.9 to 1.9]). Adjustment for site (Model 2) resulted in
a relatively large change in effect estimates that was not altered by the addition of
medication usage (Model 3). After adjustment for all potential confounders (Model 3), a 10-
pg/m3 increase in PM, 5 was associated with increased odds of intraventricular conduction
delay (1.7 [1.0 to 2.6]) and QT prolongation (1.6 [1.2 to 2.2]). Additionally including
calcium score as a potential mediator of the association (Model 4) produced no change in
estimates of association. There was no evidence of an association between roadway
proximity and ventricular electrical abnormalities.

Sensitivity analyses

In interaction analyses using the fully adjusted model (Model 3), we found no evidence of
interactions of PM,, 5 with sex, age, race, diabetes status, or study site (eFigure 1;
http://links.lww.com), although power to detect such interactions was limited. In random-
effects meta-analysis of site-specific fully adjusted regression models, we found no evidence
of heterogeneity of effect by site for either outcome, with a pooled estimate of effect nearly
identical to our primary, full-model results (eFigures 2 and 3; http://links.lww.com).
Additionally adjusting for roadway proximity in PM, 5 models and for PM, 5 in roadway
proximity models, adjusting for race-by-site interactions, and adjusting for second-hand
smoking and pack-years history of smoking (in participants with these data) produced no
change in estimates of association. Using different adjustment forms of Agatston score,
including log(Agatston score + 1) and decile categories of calcium score, as indicator
variables did not alter the results. Adjusting for QT prolongation in the ventricular
conduction analyses modestly attenuated the QRS prolongation results (OR= 1.4 [CI= 0.9 to
2.2]). Adjusting for ventricular conduction delay in the repolarization analyses had little
impact on associations between PM, 5 and QT prolongation (1.5 [1.1 to 2.1]).

Using linear terms for QT interval (QTrr) and QRS duration instead of dichotomous
measures of QT prolongation and intraventricular conduction delay, in fully adjusted linear
regression models, we found no relationship between PM, 5 and these linear measures
across the entire range. After stratifying by quintiles of QTrr and QRS duration and then
performing fully adjusted linear regression in each strata, there was weak evidence of a
linear relationship between PM, 5 and the intervals, limited to the highest quintiles of QTrr
and QRS duration (eFigure 4; http://links.lww.com). Using logistic generalized additive
models with cubic penalized regression splines for long-term PM, 5 demonstrated a linear
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relationship between PM; 5 and dichotomous prolongation of QT and QRS (with 1 degree of
freedom for the smooth PM 5 term).

Discussion

Our data suggest that long-term PM> 5 exposure may affect ECG measures of ventricular
electrical activity associated with cardiovascular morbidity and mortality (including QT
prolongation and ventricular conduction delay) independent of underlying subclinical
atherosclerotic disease.

Prior studies have demonstrated associations between short-term PM exposures and small
changes in QT interval. In older men in Boston8 and adults with coronary artery disease in
Germany,” traffic-related particles in the 24 hours preceding ECG measurement were
associated with short-term increases in QT interval 8 Short-term total PM, 5 levels (2—3
hours to 24 hours prior to ECG ascertainment) have also been variably associated with small
changes in QT interval.57Qurs is the first study to show a relationship between long-term
exposure to air pollution and ventricular electrical activity changes beyond a normal
threshold. Furthermore, we use a well-validated measure of atherosclerotic disease burden
(Agatston score) to evaluate whether this relationship may be mediated by subclinical
atherosclerosis.

Relevance of ventricular conduction abnormalities to clinical events, and mechanistic
implications

In contrast to air pollution effects on QT interval across the normal range, ECG
abnormalities such as QT prolongation and intraventricular conduction delay are more
important. QT prolongation is associated with a 2—3 times higher risk of arrhythmia and
cardiac death (and as much as 8 times higher risk in those less than 68 years old).3:25-28
Left- and right-bundle-branch-block, including QRS prolongation, are also strongly
associated with cardiovascular morbidity and mortality.29-34 Although it has been
hypothesized that such ECG abnormalities (and their concomitant risk of cardiovascular
events) may result from underlying subclinical atherosclerotic disease,3® in this study
population, ECG abnormalities have not been associated with subclinical atherosclerosis
quantified by calcium score.36 The observation in this study that adjustment for coronary
arterial calcification (a well-established marker of atherosclerosis3’) did not alter effect
estimates suggests that the association between pollutants and ventricular electrical
abnormalities is not mediated by atherosclerotic disease. This finding supports the
hypothesis that long-term exposure to particulate matter air pollution has an impact on
cardiac electrical activity independent of an effect on atherosclerosis. Studies specifically
designed to address such mechanistic questions are still needed.

Effect of site adjustment on primary results

With the important exception of study site, our primary findings were insensitive to
adjustment for potential confounders. Including study site in PM, 5 models generally
strengthened association estimates. Such strengthened estimates after accounting for study
site most likely represent confounding by unmeasured characteristics related to site — similar
to our prior analysis of the relationship between PM, 5 exposure and left ventricular mass in
this study population.38 These observations, indicating smaller associations when using
between- and within-city gradients in PM5 5 compared with using within-city gradients in
PM, 5 alone, are also consistent with prior observations in the Women’s Health Initiative
study.® In that study, within-city differences in PM, 5 were more strongly associated with
cardiovascular events than between-city differences.
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Shape of the relationship between PM, 5 and ECG abnormalities

Despite the relationship between PMs 5 and the ECG abnormalities of QT prolongation and
intraventricular conduction delay (wide QRS), there was no apparent linear relationship with
continuous measures of QT interval or QRS duration. This suggests that the relationship
between long-term air pollution exposures and these intervals is nonlinear. Our stratified
analyses, investigating the associations between continuous measures of intervals and PMy 5
in quintile strata of interval duration, although exploratory in nature, suggest that persons
with abnormal QT intervals and ventricular conduction in the highest quintile of complex
duration show stronger and more positive associations with PM5 5 than do persons with
normal duration complexes. It is possible that people with genetic or other risk factors for
conduction or repolarization abnormalities are more susceptible to the effects of pollutants,
producing this apparently stronger association at the upper range of these intervals. Such a
possibility warrants further investigation, perhaps taking advantage of recent evidence for
common genetic contributions to these abnormalities.3940

Study strengths and limitations

The primary strength of this study is its very high quality long-term PM> 5 exposure
assessment, which involved an intensive pollutant monitoring campaign in addition to
traditional geographic predictors and advanced statistical modeling methods. In addition, the
study had a relatively large and multi-ethnic population, free of cardiovascular disease, with
well-characterized ECG examinations, and measurement of coronary-artery calcium on each
participant. Limitations include the study’s cross-sectional design (which makes causal
inference more challenging due to difficulty in ascertaining the time order of events) its
focus on residential exposures only, and the analysis of single 12-lead ECGs at a single
point in time. Although there were important differences between the full cohort and the
sample included in this analysis, the results of our interaction analyses (showing no
differences in effects comparing relevant subgroups) suggest that such differences would not
be expected to lead to bias. Results from several epidemiologic studies suggest that people
with low socioeconomic status (SES), diabetes and hypertension may have enhanced
susceptibility to the effects of air pollutants,*1-43 suggesting that our results (from a
subpopulation with relatively high SES and low levels of diabetes and hypertension) may
underestimate true associations between air pollution exposures and ventricular electrical
abnormalities.

Another potential limitation of this study is the inability to determine acute (daily or hourly)
spatially resolved association estimates for PM, 5. We cannot fully exclude the possibility of
confounding between short- and long-term associations, although the relatively much larger
magnitude of effect seen in this chronic exposure study compared with prior acute work
discussed (which has been focused on small incremental changes in ECG intervals within
the range of normal rather than prolongation of such intervals beyond a threshold) suggests
that chronic exposure may be at least as important as acute exposure.

This study was designed to capture variation in within-city measures of chronic PM, 5, an
important pollutant that is a major target of regulatory attention, rather than traffic-related
pollutants near roadways. It is possible that the lack of association between roadway
proximity and ECG abnormalities is related more to misclassification of traffic-related
pollutant exposure than to the absence of a relationship between traffic-related pollutants
and ventricular electrical abnormalities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Participant estimates of A. year-prior average fine particulate matter (PM, 5) and B. major
roadway proximity exposure, by study site. MN indicates St Paul, Minnesota; NC, Winston-
Salem, North Carolina; MD, Baltimore, Maryland; NY, New York, New York; IL, Chicago,
Illinois; and CA, Los Angeles, California .
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Figure 2.

Associations between ventricular electrical abnormalities and A) fine particulate matter
(PM 5) exposure per 10 pg/m3 increment and B) residential major roadway proximity.
Model 1 includes race, sex, age, and body mass index, income, education, cigarette
smoking, systolic and diastolic blood pressure, hypertensive status by JNC VI criteria,
diabetes status by 2003 American Diabetes Association fasting blood glucose criteria, LDL
and HDL cholesterol, and alcohol use. Model 2 additionally includes study site. Model 3
additionally includes medications known to impact ventricular conduction, and Model 4
includes presence of nonzero Agatston calcium score.
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