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Objectives. To quantify nationwide disparities in the location of particulate matter

(PM)-emitting facilities by the characteristics of the surrounding residential population

and to illustrate various spatial scales at which to consider such disparities.

Methods.We assigned facilities emitting PM in the 2011 National Emissions Inventory

to nearby blockgroups across the 2009 to2013AmericanCommunity Survey population.

We calculated the burden from these emissions for racial/ethnic groups and by poverty

status. We quantified disparities nationally and for each state and county in the country.

Results. For PMof 2.5micrometers in diameter or less, those in poverty had 1.35 times

higher burden than did the overall population, and non-Whites had 1.28 times higher

burden. Blacks, specifically, had 1.54 times higher burden thandid the overall population.

These patternswere relatively unaffected by sensitivity analyses, and disparities held not

only nationally but within most states and counties as well.

Conclusions. Disparities in burden from PM-emitting facilities exist at multiple geo-

graphic scales. Disparities for Blacks are more pronounced than are disparities on the

basis of poverty status. Strictly socioeconomic considerations may be insufficient to

reduce PM burdens equitably across populations. (Am J Public Health. 2018;108:480–

485. doi:10.2105/AJPH.2017.304297)

See also Houston, p. 441.

The inequitable distribution of hazardous
sites such as landfills and industrial fa-

cilities is one of the longest-standing concerns
in the field of environmental justice. More
than 3 decades ago in one of the earliest
environmental justice studies, the US gov-
ernment reported a disproportionately high
representation of socially disadvantaged
populations residing in communities near
landfills.1 Disparities in residential proximity
to pollution sources have been evaluated in
terms of income level and poverty as well as
race/ethnicity. A nationally representative
1986 sample found that Blacks were 1.54
times more likely than were Whites to live
within 1 mile of a facility listed in the Toxics
Release Inventory—a gap that remained
statistically significant even after accounting
for income and education level.2 The dis-
tributions of specific air pollutants, and not
just the facilities emitting them, also reflect
racial disparities. For example, mean resi-
dential ambient nitrogen dioxide concen-
trations in 2010 were about 7% higher for

those in poverty than for those above the
poverty line, whereas the disparity for non-
Whites (37% higher concentrations than for
Whites) was substantially greater.3

There is considerable evidence concerning
human health impacts of residential proximity
to facilities emitting air pollutants.4 One such
pollutant is particulate matter (PM), a mixture
of solid and liquid particles suspended in the
air.5 Exposure to PM10 (PM£ 10 mm in di-
ameter) and especially to PM2.5 (PM£ 2.5 mm
indiameter) has been associatedwith a number
of health effects, including respiratory and

cardiovascular diseases as well as premature
mortality.6–8 Although proximity to facilities
emitting PM is not a direct measure of ex-
posure, it is a valuable metric. Unlike natural
events that contribute to ambient PM, such as
wildfires, the siting of a facility is the result of
a decision-making process. Disparities in siting
may indicate underlying disparities in the
power to influence that process. For example,
an Environmental Protection Agency (EPA)
investigation in Flint,Michigan, found a direct
link between racial discrimination and the
permitting of a power station there, stating,
“The preponderance of evidence supports a
finding of discriminatory treatment of African
Americans by [the Department of Environ-
mental Quality] in the public participation
process.”9

We aimed to quantify nationwide disparities
in the distribution of PM-emitting facilities by
the characteristics of the surrounding residential
populations and to illustrate various spatial scales at
which to consider such disparities. Previous lit-
erature has shown that non-Whites and below-
poverty individuals are more likely to reside near
stationary sites of PM2.5 emissions

10;we sought to
update and expand on these findings.

METHODS
We combined facility emissions data with

demographic data to investigate racial/ethnic
and economic disparities in residential
proximity to sources of air pollution.
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Data Sources
We accessed population data via the US

Census Bureau’s 2009 to 2013 American
Community Survey (ACS).11 The ACS
provides self-reported data on racial/ethnic
identification and poverty status at the census
block group level for all 50 states and
Washington, DC. The block group is a single
level of resolution finer than the census tract
and commonly contains 600 to 3000
residents.

For our analyses, “White” refers to only
non-Hispanic Whites; “non-White” refers to
all others. Included in the latter group are Black
(non-Hispanic) and Hispanic (any race). The
Census Bureau determines poverty status by
comparing household income to a threshold
that varies byhousehold size and composition.12

Because there are differences between
rural and urban areas both in industrialization
and in demographic composition, we also
noted rural–urban status for all block groups.
We made rural–urban status determinations
from the US Department of Agriculture’s
rural–urban commuting area (RUCA) codes
for 2010.13 These codes are determined on
the basis of census tract–level population
density, urbanization, and daily commuting
levels; they can be used to distinguish be-
tween metropolitan and micropolitan urban
centers, commuting (suburban) areas, small
towns, and rural areas.13

We collected emissions data on stationary
human-made point sources from the US
EPA National Emissions Inventory (NEI)
“Facility-level by Pollutant” files for 2011,
the year most closely aligned to the census
data we used for our analysis.14 This data
source allowed us to consider not just the
presence or absence of a facility but also the
amount of the pollutant emitted. We con-
sidered annual NEI totals, in tons per year, for
primary PM2.5 and primary PM10.

Data Analysis
The spatial size (i.e., land area) of block

groups can vary substantially between urban
and rural areas because of the block group’s
restricted population range. As population
densities increase and block groups shrink in
urban areas, assignment via “unit–hazard
coincidence” (thematching of a site to its host
unit and no others, regardless of proximity)
may underestimate the number of nearby

hazards relative to those in large rural tracts.15

To address this, we used a distance-based
“centroid-containment” assignment in-
stead.15 We assigned each facility and its
corresponding emissions (in tons per year) to
all census block groups containing a centroid
within a set radius of the facility’s geographic
coordinates. We analyzed radii ranging from
0.5 to 5.0 miles; in our main analysis, we used
a 2.5-mile radius, following the NEI facility
assignment ofBoyce andPastor.10We assigned
facilities and emissions meeting the centroid-
containment criteria for a block group to the
population residing within that block group.

We measured the between-group differ-
ences in residential proximity to facilities and
facility emissions by using 2 metrics: the ab-
solute burden (i.e., the average number of
facilities or average amount of PM, in tons/
year, emitted within a set distance from an
individual’s block group centroid) and the
proportional burden (i.e., the ratio between
a demographic subgroup’s average burden
and that of the overall population).

To determine average absolute burden
(Equation 1) for demographic subgroups, we
multiplied the emissions (or total number of
facilities) assigned to each block group by
the subgroup’s population size. We divided
the sum of this value across block groups
by the total subgroup population, similar to
previous studies.10,16,17

ð1Þ Absolute Burden

¼
PðPopulationBlockGroup·EmissionsBlockGroupÞ

P
PopulationBlockGroup

We calculated proportional burdens
(Equation 2) by dividing the absolute burden
in a subgroup of the population by the ab-
solute burden in the overall population.
Scores above 1.0 indicate that the subgroup
experienced higher burden than would be
expected in a perfectly equitable scenario.

ð2Þ Proportional BurdenSubgroup

¼ Absolute BurdenSubgroup
Absolute BurdenOverall

We carried out all data management and
analysis by using R software version 3.1.2
(R Foundation for Statistical Computing,
Vienna, Austria; packages used: dplyr, tidyr,
bit64, data.table for data management; tigris
for block group coordinates; Hmisc for cal-
culation of correlations).

Sensitivity Analyses
We conducted several sensitivity analyses

to address the potential for small methodo-
logical changes to bias our results. To examine
whether disparities were consistent at various
distances from emissions sources, we used
assignment radii at 0.50, 1.25, and 5.00 miles
as alternatives to the 2.50-mile centroid-
containment radius in the main analysis. To
address whether the reported disparities were
driven by assignments in extremely sparse or
dense areas, we repeated the main analysis
after eliminating the largest and smallest decile
of block groups (by area). An additional
analysis ensured that facilities were always
assigned to their host block group by com-
bining the centroid-containment assignment
with the traditional unit–hazard coinci-
dence; this helped us address concerns that
centroid-containment assignment could un-
derestimate the burden in rural areas, where
facilities may be far from their host block
group’s centroid.

We repeated themain analysis using racial/
ethnic population data from the 2010 De-
cennial Census (poverty data unavailable for
this data set) to show that disparities were not
specific to the census methodology of the
ACS.We considered recent shifts in pollution
data by substituting the 2008 or 2014 NEI in
place of the 2011 data set. To gauge general
applicability to other emissions, we also an-
alyzed other criteria air pollutants available
in the NEI: carbon monoxide (CO), lead
(Pb), oxides of nitrogen (NOX), and sulfur
dioxide (SO2).

RESULTS
On average, there are 5.7 NEI facilities

within 2.5 miles of an individual’s census
block group centroid (i.e., a facility burden
of 5.7). For an individual in the overall
US population, the mean absolute burden
of PM2.5 and PM10 emitted from nearby
facilities is 22.4 and 29.2 tons per year, re-
spectively. As reported in Table 1, non-
Whites and those living in poverty face
a disproportionate burden from PM-emitting
facilities. Blacks in particular are likely to live
in high-emission areas; the average PM2.5

burden in this group is 1.54 times that of the
population overall. It is notable that this racial
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disparity is larger than is the poverty-based
PM2.5 disparity (1.35 times the overall pop-
ulation average). Proportional burdens for
PM2.5 are highly similar to those for PM10,
but this is not true for proportional burdens in
the total number of facilities. This difference
suggests that the magnitude of emissions from
a facility, and not simply its presence or ab-
sence, is valuable information when charac-
terizing burden.

Figure 1 illustrates the population-wide
distribution of absolute PM2.5 burden for the
overall population as well as for several

subgroups. Because of a highly nonnormal
distribution, individuals residing in block
groups with emissions above the overall mean
are among the top 15% most burdened.
Across the distribution, the gap in burden
between those above and those below the
poverty line is smaller than is the gap between
Whites and non-Whites. At the 50th per-
centile, Whites have an absolute PM2.5

burden below 0.1 tons per year—more than
an order of magnitude below the burden of
any of their non-White counterparts. At the
80th percentile, the absolute burden for

Whites (8.7 tons/year) is less than is half the
absolute burden for equivalent non-Whites
(20.1 tons/year).

The proportional PM2.5 burden for non-
Whites at the national level is 1.28 (Table 1).
This indicates that high non-White pop-
ulations coincide with high emissions na-
tionally. Burdens can also be considered
within finer spatial scales—for example, the
ratio of burdens between non-Whites and the
overall population in a particular state or
county. Disparities operate in different ways
at each scale, yet overall higher burdens for
non-Whites are a consistent outcome at both
state (Figure A, part a [available as a supple-
ment to the online version of this article at
http://www.ajph.org]) and county (Figure
A, part b) levels. All but 4 states (Maryland,
New Mexico, North Dakota, and West
Virginia) and Washington, DC, have an
elevated mean PM2.5 burden for the non-
White population (i.e., proportional burdens
> 1.0). Comparing theWhite and non-White
burdens across all states confirms a statistically
significant overall difference in absolute
PM2.5 burdens (paired t test mean of
differences = –11.04 (–15.30, –6.79);
t(50) = –5.22; P < 10–5). Likewise, the ma-
jority of counties have higher absolute PM2.5

burdens for their non-White residents (paired
t testmeanofdifferences= –3.43 (–4.37,–2.48);
t(3140)=–7.12; P< 10–11).

We recognized rural–urban status as
a potential modifier because of the

TABLE1—MeanAbsoluteandProportionalBurdens FromFacilitiesEmittingPMin the2011NationalEmissions Inventory, SelectedSubgroups:
American Community Survey, United States, 2009–2013

Variable Proportion of Population, %
PM2.5 Burden,

Absolute (Proportional)
PM10 Burden,

Absolute (Proportional)
Facility Burden,

Absolute (Proportional)

Overall population 1.00 22.4 (. . .) 29.2 (. . .) 5.7 (. . .)

Race/ethnicitya

White 0.63 18.8 (0.84) 24.7 (0.85) 4.1 (0.72)

Non-White 0.37 28.6 (1.28) 37.0 (1.27) 8.5 (1.49)

Black 0.12 34.5 (1.54) 43.6 (1.49) 6.2 (1.09)

Hispanic 0.17 26.9 (1.20) 35.9 (1.23) 9.8 (1.70)

Poverty level

Above poverty 0.85 20.9 (0.93) 27.2 (0.93) 5.5 (0.95)

Below poverty 0.15 30.3 (1.35) 39.3 (1.35) 7.2 (1.26)

Note. PM=particulate matter; PM2.5 =PM of £ 2.5 mm in diameter; PM10 =PM of £ 10 mm in diameter. Poverty level determined by the US Census Bureau in
2013. Burdens represent thePMemissions or the number of facilities in the 2011National Emissions Inventory that are near the block group of residence for an
average individual in the 2009–2013 American Community Survey population. Absolute burden units for PM emissions are tons/year; for facilities, they are the
total number. Proportional burden is the ratio of subgroup burden to overall population burden.
a
“White” refers to only non-Hispanic Whites; “non-White” refers to all others. Included in the latter group are Black (non-Hispanic) and Hispanic (any race).

(Mean: 22.4)
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FIGURE1—Distribution of AbsoluteBurdens of PM2.5 Emissions FromNearby Facilities in the
2011 National Emissions Inventory, Stratified by Race/Ethnicity and Poverty Status:
American Community Survey, United States, 2009–2013
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industrialization of cities combined with
the high representation of non-Whites in
population-dense centers. For this reason, we
used the RUCA codes to characterize and
stratify block groups by rural–urban status
(Table A [available as a supplement to the
online version of this article at http://www.
ajph.org]). As shown in Figure 2, the overall
national burdens are largely driven by high
emissions in the metropolitan and micro-
politan cores (those with populations of at
least 50 000 and those with populations of at
least 10 000 but less than 50 000, respectively).
Although those living above the poverty
line do experience a lower burden than do
those below it within these urban areas, the
disparities in emissions are especially pro-
nounced for Blacks—reinforcing the overall
finding that racial disparities appear to be
markedly higher than are poverty-based
disparities.

We also explored recent changes in
emission distributions by considering avail-
able NEI year data for a 6-year range (Table B
[available as a supplement to the online
version of this article at http://www.ajph.
org]). Absolute PM2.5 burden dropped for all
examined subgroups between the 2008 and

2014 NEI by a mean of 11.7 tons per year in
the overall population (i.e., a 38% drop over
the 6-year interval). This drop was slightly
smaller (33%) for Blacks and slightly greater
(41%) for Hispanics. Despite large drops in
absolute burden for all groups, proportional
burdens appear stagnant. The proportional
PM2.5 burden of 1.61 for Blacks in the 2014
NEI is higher than are the proportional
burdens in the 2011 NEI (1.54; Table 1) and
the 2008 NEI (1.50; Table B). Data are also
provided using the 2012 to 2016 ACS and
2014 NEI (Table B). However, because
comparison of overlapping ACS data sets is
advised against,18 this analysis is limited in that
it considers only changes in PM2.5 emissions
and not changes in demographics during this
time span. It is not possible to determine
a causal relationship for changes over time
from this analysis. Although there is evidence
that lower property values attract minority
populations after siting, high representation of
those groups generally also exists before the
siting of a facility in an area.19

We performed sensitivity analyses by re-
peating the main analysis after adjusting the
centroid-containment radius; removing the
smallest and largest decile of block groups;

including all facilities hosted in a block group,
regardless of distance to centroid; and using
2010 Decennial Census data instead of the
2009 to 2013 ACS. The results of these an-
alyses were largely consistent with the original
analysis, suggesting robustness in results de-
spite alterations in methodology (Table C
[available as a supplement to the online
version of this article at http://www.ajph.
org]). Extending the analysis to other criteria
pollutants tracked by the NEI (CO, Pb,
NOX, and SO2) also remained largely con-
sistent with PM results with few exceptions
(Table D [available as a supplement to the
online version of this article at http://www.
ajph.org]). The block group Spearman cor-
relation of CO, Pb, NOX, and SO2 to PM2.5

assignments were 0.92, 0.77, 0.94, and 0.93,
respectively (Table E [available as a supple-
ment to the online version of this article at
http://www.ajph.org]); the amount of PM2.5

emitted near a block group is likely a general
indicator of the overall emissions in that area.

DISCUSSION
We characterized the populations residing

near NEI facilities to determine whether
individuals from certain subgroups face dis-
proportionately high burden fromnearby PM
emissions. We observed disproportionately
high burdens for non-Whites and those living
in poverty (Table 1; Figure 1). Disparities
for non-Whites persist at multiple scales:
nationally, in the vast majority of states
(Figure A, part a) and in the majority of in-
dividual counties (Figure A, part b). The lack
of individual-level data on the intersection of
racial/ethnic identification and poverty status
limited our ability to make direct compari-
sons; however, overall, racial disparities for
both PM2.5 and PM10—specifically between
Blacks and Whites—are stronger than are
poverty-based disparities (Table 1). This is
a consistent observation even when consid-
ering urban Whites and Blacks alone (Figure
2). PM2.5 and PM10 disparities for Hispanics
are less pronounced or consistent but still
present. The diversity within the Hispanic
population, which includes both native-born
persons and recent immigrants from a variety
of countries, hasmade the catchall “Hispanic”
designation vexing for public health
research.20,21
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FIGURE 2—RUCA-Stratified Absolute Burdens of PM2.5 Emissions From Nearby Facilities in
the 2011 National Emissions Inventory, Further Stratified by Race/Ethnicity and Poverty
Status: American Community Survey, United States, 2009–2013
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Our main finding of national disparities
in PM2.5 burdens by race is consistent with
that of Boyce and Pastor,10 who carried out
a similar analysis on PM2.5 using the 2008NEI
and reported results equivalent to a pro-
portional burden of 1.25 for non-Whites
(compared with our finding of 1.28). Such
disparities in residential proximity to sites of
pollution potentially correspond to disparities
in a range of health outcomes.22–24

Exposure to PM2.5 has been linked to
increased morbidity and mortality.6–8 Al-
though our study focused on point source
emissions and not on ambient PM2.5, the
racial disparity in burdens from nearby facil-
ities parallels the disparities seen in both
modeled16 (Table F [available as a supplement
to the online version of this article at http://
www.ajph.org]) and monitored17 ambient
PM2.5 concentration data. Disparities in ex-
posure between Blacks andWhites have been
reported to be greater than are disparities on
the basis of poverty status,16 whether con-
sidering only urban, suburban, or rural census
tracts.17 This potential increase in exposure
for the Black population coupled with higher
prevalence of conditions such as cardiovas-
cular disease mortality25 and asthma,26 which
are known to be linked to PM exposure,
makes for a population of concern. Equiva-
lent increases in PM2.5 have been linked to
statistically significantly higher associations in
Blacks than in Whites for health outcomes
ranging from asthma attacks27 to overall
mortality.28 In the US Medicare population,
Blacks who are not eligible for Medicaid (a
proxy for higher economic status) have higher
PM2.5-related mortality risk than do Whites
who are eligible.28

Our analysis considered disparities at var-
ious scales. Racial disparity at the national
scale is driven by high emissions in areas with
high non-White populations.However, areas
with a proportionately higher White pop-
ulationmay still be internally inequitable. The
fewnon-Whiteswho do reside in such an area
are disproportionately likely to live near
a source of PM emissions. Figure A, part
a highlights such areas; the largely White
Midwestern states contain some of the most
disproportionately high internal PM2.5 bur-
den for non-Whites. Indiana, for instance,
is more than 80% White, but the dis-
proportionality in non-White burden is
greater there than in any other state. Mohai

et al.2 found a disproportionately high
number of Black residences near polluting
facilities in Midwestern metropolitan areas—
much more so than in Southern cities and in
rural areas. No single scale can be considered
best for grouping populations. In this case,
results at national, state, and county scales all
indicate that non-Whites tend to be burdened
disproportionately to Whites.

Strengths and Limitations
Ourmethodology has advantages aswell as

limitations. We relied on proximity to sta-
tionary, human-made point sources of pri-
mary PM emissions rather than ambient
concentrations. Because there is a collection
of other factors that may affect ambient PM
concentrations—including natural events,
roadway activity, and the formation of sec-
ondary PM from precursor pollutants—this
metric should not be interpreted as a direct
measure of PM exposure. Aggregation of
burdens to the census tract level allowed us
to compare our absolute burden assignments
to EPA’s Fused Air Quality Surface Using
Downscaling29 model of PM2.5 daily con-
centration averages for 2011. Despite the
presence of small racial disparities in resi-
dential ambient PM2.5 for the contiguous
United States (Table F), mean ambient PM2.5

concentration and tract PM2.5 burden from
emissions were only weakly correlated
(Spearman r=0.30). However, there are
benefits to understanding proximity that go
beyond direct health impacts, including
monetary reasons. Nearby pollution-
generating sites are a tangible and accessible
marker of pollution, and residents’ awareness
of such sites is demonstrated by the negative
effect on housing values.30

Our method of assignment was to link
facilities to all block groups that had a centroid
within a set radius of the coordinates given in
the NEI. Centroid-containment and other
distance-based methods employing circular
buffers are better equipped than is unit–
hazard coincidence (i.e., the assignment of
point sources to only their host census unit) in
assigning nearby hazards to a population.15,31

Unit–hazard coincidence inherently de-
emphasizes the impact of facilities near bor-
ders, which becomes increasingly important
in small, dense, urban block groups. The
result is an overrepresentation of large, rural

areas. Because of the higher representation of
the non-White population in urban areas,
centroid containment offers a more appro-
priate characterization of Black burdens na-
tionally. We took several sensitivity measures
to address the potential resulting un-
derestimates of burdens in rural areas. In one
analysis, we combined unit–hazard co-
incidence with centroid containment to
calculate burdens; in others, we varied the
containment radius between 0.5 and 5.0
miles. Neither of these alterations to the
methodology substantially changed the values
reported in the main analysis, suggesting
a robust result (Table C). Furthermore,
even limiting analysis only to urban areas,
a Black individual living in a metropolitan or
micropolitan core has a higher burden than
does her urbanWhite counterpart (Figure 2).

An additional strength of our analysis is the
inclusion of the total amount of pollutants
emitted at each site, as opposed to only the
presence or absence of a nearby facility. As
seen in Table 1, the proportional burden in
facility number for Blacks is only 1.09; the
proportional burdens in total PM2.5 (1.54)
and PM10 (1.49) are much higher. This is
consistent with studies suggesting that scaling
sites by the amount of pollution emitted
can further reinforce findings of inequity.32

The difference between disparities in facility
number and disparities in total PM implies
that the few extra facilities near the average
Black residence tend to be among the highest
emitters. The distribution shown in Figure 1
suggests that a relatively small proportion of
the US population bears the vast majority of
burden from PM2.5 emissions. Analysis on the
basis of the EPA’s Toxic Release Inventory
shows that extremely high-polluting “toxic
outliers” tend to exist in places with higher
non-White and low-income populations.33

Public Health Implications
This research demonstrates an aspect of

a multifaceted public health problem faced by
marginalized groups. As was exemplified in
the EPA’s investigation of racially discrimi-
natory treatment in a public participation
process,9 the lack of political capital is an
obstacle to obtaining more desirable living
conditions. In addition, social and economic
challenges can lead marginalized people to
further populate an areamade less desirable by
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proximity to sources of pollution.19 The
potential health effects of the resulting en-
vironmental burdens on these groups should
be considered in conjunction with existing
health disparities: access to health care has
well-documented disparities by race/eth-
nicity,34 and the prevalence of certain diseases
is notably higher in non-White pop-
ulations.25,26 Along with other inequitable
social and physical determinants of health,
these interlocking mechanisms must all be
addressed to establish environmental and
public health justice.

We have presented a framework with
which to consider the racial and economic
disparities in residential proximity to sources
of pollution in the United States. We have
shown that a focus on poverty to the ex-
clusion of racemay be insufficient tomeet the
needs of all burdened populations. Applica-
tion of this knowledge can be a valuable
resource in improving equity. Disparity
persists at multiple scales of observation,
and this suggests that solutions can also be
approached on multiple levels.
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