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Abstract

In this study, we describe the spatial variation of endotoxin across an urban setting using Geographic Information

Systems (GIS) methods. We also identify potential sources of endotoxin that account for between-site variability and

compare endotoxin levels in particulate matter with a 50% aerodynamic cut-off diameter of 2.5 mm (PM2.5) and of 10 mm
(PM10). In 1999–2000, we collected PM2.5 and PM10 in Munich urban air and measured soluble endotoxin concentrations

in both particle fractions. Using Teflon filters and Harvard impactors, PM2.5 was collected at 40 outdoor monitoring sites

across Munich and PM10 at a subset of these sites (n ¼ 12). Approximately four samples were collected at each site for a

total of 158 PM2.5 samples and 48 PM10 samples. We visited and characterized the surrounding 100m of each site for

potential endotoxin sources. The geometric mean endotoxin concentration for all sites was 1.46 EUmg�1 PM2.5 (95%

confidence intervals (CI): 1.21–1.77) and at the subset of the sites was 1.30 EUmg�1 PM2.5 (95% CI: 1.01–1.67 EUmg�1

PM2.5). Endotoxin levels in PM10 were higher, 3.91EUmg�1 PM10 (95% CI: 3.03–5.03 EUmg�1 PM10), than in PM2.5 and

were moderately correlated, r ¼ 0:51.
All endotoxin concentrations measured in this study were o5.5 EUm�3 and thus lower than the accepted thresholds for

acute adverse health effects for occupational exposures. Sites with more potential sources (nX3) had slightly higher mean

endotoxin levels (MR: 1.30 for EUmg�1 PM2.5 and 1.13 for EUm�3 PM2.5) than sites with no identified sources. Based on

the ranges of endotoxin levels at the different sites, we found very little spatial variation in ambient endotoxin

concentrations across the metropolitan area of Munich using inverse distance weighting method (IDW) methods

(R2 ¼ 0:013 for EUmg�1 PM2.5 and R2 ¼ 0:020 for EUm�3 PM2.5). Potential sources of endotoxin surrounding the sites

only partly explained the variation seen.
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1. Introduction

Endotoxins are part of the outer membrane of the
cell wall of Gram-negative bacteria. Although the
term endotoxin is occasionally used to refer to any
cell-associated bacterial toxin, it is properly reserved
to refer to the lipopolysaccharide complex asso-
ciated with the outer membrane of Gram-negative
bacteria such as Escherichia coli, Salmonella and
other leading pathogens. Inhalation of bacterial
endotoxin or its chemically pure form called
lipopolysaccharide (LPS) in doses as low as
4–15 ngm�3 has been associated with acute and
chronic airways inflammation and lung function
decrements (Douwes and Heederik, 1997; Milton
et al., 1996). Given its toxicity and pro-inflamma-
tory effects, endotoxin has been studied in specific
occupational settings and in house dust for more
than 30 yr (Douwes et al., 2000; Rylander, 2002).
Ambient exposure to endotoxin, however, has not
well been characterized; at present only three studies
have measured systematically endotoxin concentra-
tions in ambient particles (Carty et al., 2003;
Heinrich et al., 2003b; Mueller-Anneling et al.,
2004). Carty et al. (2003) found that endotoxin
levels were significantly related to ambient tempera-
ture and relative humidity. Heinrich et al. (2003b)
collected fine and coarse fractions of particles in the
two small German towns of Hettstedt and Zerbst,
which are approximately 100 km apart. The average
endotoxin levels were not significantly different
between the two towns, but endotoxin content in
PM10 was approximately 10-fold higher than the
PM2.5 content at both locations. The study of
Mueller-Anneling et al. (2004) provides a character-
ization of endotoxin concentration across a large
metropolitan area, but only in relation to PM10.
They reported that the desert and mountain
communities had the highest endotoxin levels,
whereas samples collected in rural areas had mid-
range endotoxin levels. The city of Los Angeles
itself had the lowest endotoxin results.

Recent studies have focused on the physical
properties, e.g. surface size or chemical compostion
of ambient particles and bioaersols. However, the
exact constituents of air pollution that cause disease
and the precise mechanisms involved are complex.
Numerous studies have been conducted to deter-
mine which components of particulate matter (PM)
may contribute to airway inflammation and irrita-
tion (Soukup and Becker, 2001). Bacterial endotox-
in is one such biologically active constituent of PM
that has been shown to trigger a complex inflam-
matory response in humans. The other justifying
point of this investigation is related to the char-
acterization of ambient particle properties, which
might be involved in causing the known adverse
health effects.

Research on spatial patterns of airborne endo-
toxin levels may be useful in determining certain
outdoor endotoxin sources and might improve
assessment of exposure to airborne endotoxin.
Several sources of indoor endotoxin in settled house
dust have been described (Heinrich et al., 2001; Park
et al., 2001b). Park et al. described that it is likely
that outdoor endotoxin levels have an influence on
indoor levels, e.g. when windows are open (Park
et al., 2000). Comparisons of indoor and outdoor
endotoxin concentrations in factories (Su et al.,
2002), farms (Chang et al., 2001) and in urban
homes (Long et al., 2001; Park et al., 2000) have
also been described in the literature. In general,
levels of endotoxin are higher indoors and inside
factories than in the nearby outdoor environments
(Long et al., 2001; Park et al., 2000; Su et al., 2002)
or in the surrounding areas (includes administrative
building, farm perimeters) (Chang et al., 2001).
High levels of endotoxin have also been found in
agriculture and related industries such as garbage
handling and compost facilities (Sigsgaard et al.,
1994), cotton mills (Christiani et al., 1993) and in
dairy barns (Kullman et al., 1998).

As part of an international collaborative study on
the impact of Traffic-Related Air Pollution on
Childhood Asthma (TRAPCA), we sampled fine
and inhalable PM with a 50% aerodynamic cut-off
diameter of 2.5mm (PM2.5) at 40 monitoring sites and
of 10mm (PM10) at 12 monitoring sites in ambient air
across Munich, Germany for 17 months (Gehring
et al., 2002; Hoek et al., 2002). In the current study,
we used these sampled particles and determined
endotoxin concentrations in PM2.5 and PM10.

We report endotoxin levels in PM2.5 and PM10

per milligram and per cubic meter of sampled air
and to describe spatial variation of endotoxin across
Munich, a German metropolitan area.

The goals of our study were to determine ambient
endotoxin levels in PM2.5 and PM10 in the
metropolitan area of Munich and describe the
spatial varation of endotoxin in PM2.5 across the
city. We also describe the correlation of endotoxin
in PM2.5 and PM10 measured at the same sites and
investigate whether potential sources of endotoxin
are useful in predicting endotoxin ambient levels.
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2. Materials and methods

2.1. Measurement sites

In all, 40 measurement sites were located in
Munich, a city of 1.26 million inhabitants located in
southern Germany (Landeshauptstadt München,
2001). Munich covers a total area of 310.4 km2

(119.8 square miles) and has an average altitude of
530m (1744 ft). Monitoring sites were within the
city limits and were originally selected as part of the
TRAPCA study (Gehring et al., 2002; Hoek et al.,
2002). In accordance with the TRAPCA protocol
and to better assess the exposures of a related birth
cohort, the majority (n ¼ 25) of the sites were
located in the southern half of Munich. The sites
were divided among traffic (n ¼ 17) and back-
ground sites (n ¼ 23). Both background and traffic
sites were defined as sites that had no obvious
sources of combustion or PM (industry, construc-
tion, heating plants, etc.) within a 50m radius. In
addition, background sites were not located within
50m of busy streets carrying more than 3000
vehicles per day, whereas traffic sites were typically
located near busy streets (Cyrys et al., 2003). The
median sampler height was 2m (range: 2–15m).
Additional details regarding the TRAPCA site
characterization have been published elsewhere
(Hoek et al., 2002). However, for the purposes of
this study, ambient sources of endotoxin were of
interest. None of the traffic/background sites was
believed to be located near large-scale agricultural
(farming, livestock) or potential industrial (waste-
water treatment plants, saw mills, textile plants)
sources of endotoxin.

2.1.1. Particulate matter (PM2.5 and PM10)

measurements

All PM measurements were made during 2-week
intervals between March 1999 and July 2000.
Sampling periods were approximately 14 days,
during which air was sampled for 15min every 2 h
for a total of approximately 42 h each sampling
period. Four fine fraction (PM2.5) measurements
were collected at each of the 40 sites, so that each
site was measured in each season once for a total of
158 measurements (two measurements from two
sites were excluded because they failed PM2.5

quality assurance criteria) (Cyrys et al., 2003; Hoek
et al., 2002). For the coarse fraction of particles
(PM10), four measurements at 12 sites were collected
for a total of 48 measurements.
Particles were collected on Anderson Teflon
membrane filters (37mm diameter, pore size of
2.0 mm) using Harvard impactors (Air Diagnostics
& Engineering, Inc., Naples, ME) to collect both
PM2.5 and PM10 as described elsewhere (Cyrys
et al., 2003). Pump flow rates were set to 10 lmin�1

and sampling flows were measured before and after
each sampling period. Collection time was recorded
by an electronic timer.

A total of 14 field duplicates for PM2.5 were
collected at five measurement sites by colocating
Harvard impactors for an entire sampling period.
Duplicate impactors were located 2–3m from
original impactors and were attached to the same
dual-headed pump. Field duplicates were collected
using the same types of equipment and the identical
protocol.

2.2. Gravimetric measurements

Weighing procedures have been described in more
detail elsewhere (Wichmann et al., 2000). Briefly,
filters were weighed before and after sampling using
a Sartorius M5P V001 microbalance with a resolu-
tion of 0.1 mg. Before weighing, filters were equili-
brated at 2172 1C and 3575% relative humidity
for 24 h. The filters were weighed twice and if the
difference between the two repeated measures was
greater than 5 mg, weighing was repeated another
day. Exposed filters were stored at +4 1C until
reweighing. Control and blank filters (laboratory
and field) were weighed during each weighing
session. PM yields were calculated as the weight
difference between exposed and unexposed filters.
After weighing, filters were stored at �20 1C for
approximately 2–3 yr until shipment for endotoxin
analysis. Previous analyses of storage time and
temperature suggest that the conditions employed in
this study should have a negligible effect on
endotoxin concentrations (Heinrich et al., 2003a;
Koch et al., 2002).

2.3. Fine particle extraction and endotoxin

measurements

After shipment, filters were cut in half using a
specially designed template. One set of the filter
halves was reserved for future analyses and the
remaining set was immediately extracted for the
endotoxin analysis. PM and endotoxin were ex-
tracted from filter halves by a procedure of
sequential agitation (2min) and sonication in a
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water bath (10min) using 4ml of pyrogen-free water
per filter. Samples were centrifuged at 1000g for
10min. Supernatants were extracted and assayed in
duplicate using a quantitative kinetic chromogenic
limulus amebocyte lysate (LAL) method (Bio Whit-
taker, Kinetic-QCL no. 50–650U, Kit Lot-Nr.; LAL
lot no. 0L4940; Lysat product number K50-643, lot
no. OL449G; water lot no. OL3890) at 37 1C.
Analyses were performed on indiluted samples using
an automated microtiter plate reader (anthos ht III,
Anthos Labtec Instruments) and WinKQCL 1.1
software. E. coli endotoxin (Bio Whittaker, E. coli

055:B5 product number E50-643, lot no. 0L3200)
was used as standard endotoxin having a potency of
12EUng�1. Duplicate extract samples were aver-
aged to yield final endotoxin values unless the
difference between sample duplicates was equal to
or greater than 10%, in which case, LAL analyses
were repeated. To control for the potential inter-
ference of sample substances with the LAL assay, all
assays were performed in inhibition/enhancement
mode (PPC). Tests with recovery of spike concen-
tration 750% were positively evaluated.

Endotoxin concentrations were expressed as en-
dotoxin units per milligram of fine particulate matter
(EUmg�1 PM2.5 and EUmg�1 PM10) as measured
on filters and per cubic meter of sampled air
(EUm�3). Amounts of PM2.5 in the half filters
ranged from 66.8 to 655.2mg and from 91.5 to
899.0mg for PM10. Additional details regarding PM2.5

have been previously reported (Brauer et al., 2003).
The assay limit of detection (LOD) was

0.005EUml�1 of extract and there were three
samples with levels less than the LOD. Endotoxin
recovery as determined by re-extraction of six filters
was above 90% (Carty et al., 2003).

2.4. Identification of potential sources of endotoxin

in ambient PM

We visited all 40 measurement sites and examined
the surrounding 100m with regard to trash bins,
compost bins, kitchens, sewage, gardens, animals
and breweries, which we classified as potential
sources for higher endotoxin levels. We took
pictures of the sites’ surroundings and made notes
about any specific features around them.

3. Statistical methods

All 158 endotoxin values, but three were above
the LOD. A value of 1/2 of the LOD (0.002 EU -
ml�1) was used for these three measurements. Since
the distribution of measured concentrations was
skewed to the right, we used the geometric means
(GM) to report mean concentrations for the four
samples for each monitoring site. The arithmetic
mean was also calculated for comparison with
published data. Associations between endotoxin
concentration expressed per m3 air volume and per
mg of PM2.5 and PM10 were analyzed using Spear-
man rank correlation coefficients. Analysis of
variance (ANOVA) was used to test for the effect
of the number of sources on endotoxin concentra-
tion. These results are presented as means ratios
with 95% confidence intervals (95% CI).

In order to obtain a map of endotoxin concen-
trations in PM2.5 for the whole city area, we used
the inverse distance weighting (IDW) method,
which calculates a value for each grid node by
examining surrounding data points that lie within a
special radius. The node value is calculated by
averaging the weighted sum of all the points. The
interpolating surface is influenced most by the
nearby points and less by the more distant points,
which means that levels of air pollution might be
expected to decline with distance from the source
(Nieuwenhuijsen, 2003). Additional details about
this method have been published elsewhere (Bur-
rough and McDonnell, 1998). The results of this
interpolation depend upon the choice of the model,
and therefore it must be interpreted with caution.
We are using a fixed radius, which means that the
radius of the circle used to find input points is the
same for each interpolated cell. All in all 15
neighbors are included, whereas the minimum lies
at 10 neighbors. Giving more influence to surround-
ing points that are farther away, would lead to a
smoother surface, so that less effects can be seen
(Burrough and McDonnell, 1998).

Validation of these maps was carried out by
comparing the predicted versus the measured values
using linear regression. All statistical analyses were
carried out using SAS V 8.02 (SAS Institute, Cary,
NC), and ArcMap 8.3 (ESRI, Redlands, CA) was
used for the geostatistical analyses.

4. Results

4.1. Endotoxin levels

The GM endotoxin concentrations for the
annual means were 1.460EUmg�1 PM2.5 (95%
CI: 1.207–1.767EUmg�1 PM2.5) and 0.020EUm�3
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Table 1

Annual means of endotoxin measurements in PM2.5 (n ¼ 40 sites) and in PM10 (n ¼ 12 sites) across Munich, Germany (March 1999–July

2000)

Variable Arithmetic mean Median Minimum–maximum Geometric mean 95% CI

All measurement sites (n ¼ 40)

Endotoxin (EUmg/PM2.5) 1.860 1.367 (0.551, 14.421) 1.460 (1.207, 1.767)

Endotoxin in PM2.5 filters (EUm�3) 0.026 0.019 (0.009, 0.213) 0.020 (0.017, 0.024)

Measurement sites where PM10 and PM2.5 were measured (n ¼ 12)

Endotoxin (EUmg�1 PM2.5) 1.395 1.263 (0.700, 2.398) 1.300 (1.011, 1.671)

Endotoxin in PM2.5 filters (EUm�3) 0.020 0.018 (0.009, 0.034) 0.019 (0.014, 0.024)

Endotoxin (EUmg/PM10) 4.195 3.890 (1.857, 7.461) 3.907 (3.034, 5.033)

Endotoxin (EUm�3) 0.087 0.081 (0.041, 0.141) 0.081 (0.062, 0.105)

Approximately four meausrements were taken per site.

V. Morgenstern et al. / Atmospheric Environment 39 (2005) 6931–6941 6935
sampled air (95% CI: 0.017–0.024EUm�3). The
calculated GMs for PM2.5 for the 12 measure-
ment sites, where both PM10 and PM2.5 were
measured, were 1.300EUmg�1 PM2.5 (95% CI:
1.011–1.671) and 0.019EUm�3 of sampled air (95%
CI: 0.014–0.024). The values for PM10 (n ¼ 12)
were much higher: 3.907EUmg�1 PM10 (95% CI:
3.034–5.033) and 0.081EUm�3 sampled air (95%
CI: 0.062–0.105). Summary data for these calculated
annual means are presented in Table 1. For
individual measurement summary data per single
filter, see our previous study (Carty et al., 2003).

For comparison with other studies, we also
calculated the ratios between EUm�3 in PM10 and
EUm�3 in PM2.5�10. The resulting mean ratio
was 3.37. For EUmg�1 we obtained a mean ratio
of 2.47.

4.2. Correlations between endotoxin values in PM2.5

and PM10

The correlation between endotoxin values ex-
pressed per m3 air volume and per mg particle mass
was r ¼ 0:97 for PM2.5 and r ¼ 0:84 for PM10 (see
Fig. 1). The endotoxin levels per mg of PM2.5 and
per mg of PM10 were also moderately correlated
(r ¼ 0:51); the correlation between endotoxin levels
per m3 air volume for PM2.5 and for PM10 was
r ¼ 0:59. In addition, most of the correlation
coefficients for the observations of EUmg�1 PM2.5

and EUmg�1 PM10 for each of the 12 sites were also
high. However there is one exception, where
r ¼ �0:64. The related monitoring site lies relatively
far from the center of Munich and for which one of
the four measurement values for EUmg�1 PM10 is
extremely high. Even after consideration of weather
components (maximal wind, relative humidity,
rainfall and hours of sun) for the same measurement
time, no justifiable reason for such a high value was
found.

4.3. Field duplicates

A total of 14 field duplicates for PM2.5 were
collected at five different sites during all four
seasons, for PM10 no field duplicates were mea-
sured. Original endotoxin values were moderately
correlated with duplicate values. Spearman correla-
tion coefficients for lne-transformed values were
r ¼ 0:83, p ¼ 0:003 and r ¼ 0:63, p ¼ 0:017 for
EUmg�1 PM2.5 and per EUm3 of sampled air
duplicates, respectively. Further details are pub-
lished in our former study (Carty et al., 2003).

4.4. Spatial variation

Since for PM10 we only have GMs for 12
measurement sites, we calculated endotoxin maps
only for the GMs of PM2.5 (n ¼ 40) using the IDW
approach. Fig. 2 shows the final endotoxin maps for
the IDW approach respectively. The maps show
substantial local details and indicate zones where
the endotoxin concentration is clearly higher. These
values decline rapidly from the center of the city to
the periphery.

With R2 values of 0.013 and 0.020, the estima-
tions for the annual means of endotoxin concentra-
tion expressed per mg and per m3 air volume for
PM2.5 respectively, were not well correlated with the
measured values.

The measurement site-specific GM per m3 air for
PM2.5 ranged between 0.007 and 0.075, and per mg
of PM2.5 it ranged between 0.431 and 5.809. Two
outliers were evident in both regression plots. After
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Fig. 1. Correlation between geometric means of endotoxin concentration expressed per m3 air volume and per mg of particle mass for

PM2.5 (n ¼ 40) and PM10 (n ¼ 12).

Fig. 2. Geometric mean for endotoxin concentrations expressed per mg of PM2.5 and per m3 air volume produced with the IDW model.

V. Morgenstern et al. / Atmospheric Environment 39 (2005) 6931–69416936



ARTICLE IN PRESS
V. Morgenstern et al. / Atmospheric Environment 39 (2005) 6931–6941 6937
excluding these two outliers the R2 did not improve.
The structure of the map also became more
irregular. Singular values determined the pattern
of the predictions.

Observations were ordered due to their proximity
to the Munich city center (Marienplatz) using GIS
data. The levels of endotoxin for each site were then
presented as boxplots (Fig. 3). For one station
which was further from the city center, one single
extreme high outlier was reported and excluded.
This outlier was about 40-fold higher than the other
three measurements. After calculating a regression
line through the medians for each site, it was
obvious that on average the height of the values
remained constant.

4.5. Sources of endotoxin

About 50% of the measurement sites had gardens
or trash bins within a distance of 100m. Animals,
sewage, kitchens and compost bins were found in
the neighborhood around 5–20% of the sites.
No breweries were monitored in close proximity to
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any sites, although quite prevalent in this city
(see Table 2).

The number of potential sources was combined
into one categorical variable, which counts the
number of different sources around a specified
measurement site (Fig. 4). Sites with many different
sources lie mainly in the center or in southern
Munich. No site had more than four potential
sources. Measurement sites close to trash bins and
gardens were evenly spread across the whole city.
Sites with sewage and compost in their neighbor-
hood were mainly located in the south east. The two
measurement sites where animals were located
nearby were the two most southern ones. For the
remaining sites, no clear pattern was found.

Summary data for the different categories of
potential endotoxin sources are presented in
Table 3. For each category the GM and the 95%
CI was calculated. Means ratios (MR) were
calculated to determine the association between
the different categories. The category ‘no sources
around the measurement site’ was chosen as our
reference category. Annual mean endotoxin levels
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for ‘three or four sources’ were slightly higher than
for no sources, but not statistically significant.
Furthermore, when the different sources were
included in a multiple linear regression model, none
Table 2

Frequency distribution of potential sources of endotoxin

surrounding the monitoring sites (n ¼ 40)

Potential source # of sites % of sites

Trash 21 52.5

Compost 6 15.0

Kitchens 4 10.0

Sewage 7 17.5

Gardens 20 50.0

Animals 2 50.0
Breweries 0 0.0
Any of these sources 31 77.5

Fig. 4. Number of potential endotoxin sources at each monitor-

ing site.

Table 3

Effect of the number of different sources on endotoxin concentration (

# of sources GM (EUmg�1 PM2.5) 95% C

0 0.182 (�0.18

1 �0.221 (�0.48

2 �0.008 (�0.26

3 or 4 0.441 (0.068,

# of sources GM (EUm�3 PM2.5) 95% C

0 �4.034 (�4.37

1 �4.428 (�4.69

2 �4.220 (�4.45

3 or 4 �3.912 (�4.26

Results from linear regression analysis based on natural-log-transform
of these were significant predictors and they
explained very little of the variability in endotoxin
levels (R2 ¼ 0:047).

5. Discussion

Most data on ambient endotoxin concentrations
are derived from measurements in occupational
settings and live stock buildings (Clark et al., 1983;
Crook et al., 1991; Heederik et al., 1991; Seedorf
et al., 1998). Several sources of indoor endotoxin
have been described in literature (Heinrich et al.,
2001; Park et al., 2001a), but sources of endotoxin
in ambient air have not been well characterized,
especially not in an urban areas. In a longitudinal
study (Park et al., 2000) higher airborne endotoxin
levels were found in urban sampling locations than
in suburban locations, but this difference was not
statistically significant.

Our outdoor results were similar to those
previously reported in the literature. A study
conducted in Taiwan (Huang et al., 2002) published
average endotoxin concentration of 1.05 EUmg�1

PM2.5, whereas mean endotoxin levels in Boston-
area homes were approximately twice as high (Long
et al., 2001) with 2.01 EUmg�1 PM2.5. GM en-
dotoxin concentrations per m3 air in fine particle
mass (PM2.5) in our study was 0.015EUm�3. In the
German towns of Hettstedt and Zerbst (Heinrich
et al., 2003b), the measured values were 0.063 and
0.071EUm�3, respectively, which are about 4–5-
fold higher than in Munich. Endotoxin levels per m3

for PM2.5�10 were about 10-fold higher than for
PM2.5. The corresponding value in our study for
EUm�3 was 3.89 and for EUmg�1 2.47, indicating
that the quantity of ambient airborne endotoxin
n ¼ 40)

I Mean ratio 95% CI

5, 0.549) 1.000 Reference

6, 0.044) 0.668 (0.438, 1.019)

3, 0.025) 0.827 (0.524, 1.305)

0.814) 1.296 (0.821, 2.045)

I Mean ratio 95% CI

7, �3.692) 1.000 Reference

2, �4.164) 0.674 (0.450–1.011)

7, �3.983) 0.831 (0.536–1.286)

9, �3.555) 1.130 (0.730–1.751)

ed endotoxin levels.
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concentration in coarse particles is proportionally
lower in urban areas than in rural ones. All
endotoxin concentrations measured in this study
were o5.5 EUm�3 and thus lower than the
accepted thresholds for acute adverse health effects
for occupational exposures (Milton et al., 1996;
Zock et al., 1998). Little is known about the health
effects and their associated with chronic low dose
exposure to endotoxin.

A previous study has shown that the concentra-
tion of endotoxin may be particulary important in
the development of grain dust-induced lung disease
(Schwartz et al., 1995). Similary, endotoxin in the
indoor home environment has been linked to health
effects, e.g. wheezing and and exacerbation of
asthma (Michel, 2000).

In the US study conducted in California (Mueller-
Anneling et al., 2004), endotoxin concentrations in
PM10 differed significantly across different geo-
graphic locations, e.g. rural agricultural sites, desert
and mountains. The GMs for these 13 Southern
California sampling sites range from 3.8 to 61.2
EUmg�1 in PM10. These are very high values
compared to our result with 4.195EUmg�1 in PM10.

However, differences in outdoor measures in
different cities are not surprising given confounding
by meteorological conditions, seasons of measure-
ment, and potential differences in spatial variation
of the different PM fractions.

One aim of our study was to identify potential
sources of ambient endotoxin and to describe
spatial patterns across Munich. However, we did
not find a clear spatial variation of endotoxin
content in PM2.5 across this city. Using the IDW
method, we fitted a model using all values, but two
outliers were apparent. After excluding these values
and refitting the same models again, the predictions
were very unstable, because singular values domi-
nated the map’s structure. The validation of our
estimations suggested that our predictions were not
reliable. However, no better adapted interpolation
method could be found. Visually, it seems that the
endotoxin concentration in PM2.5 is higher in the
city center than in the periphery. This pattern is
similar for EUmg�1 PM2.5 and EUm�3 air volume
in PM2.5. Due to the fact that PM10 is measured at
only 12 measurement sites, spatial variablity cannot
be described. Only the ratios of the GM between
EUmg�1 PM10 and EUmg�1 PM2.5 can be inter-
preted. Their range lies between 2.15 and 6.73. The
corresponding ratios, however, between EU in
PM10m

�3 and EU in PM2.5m
�3 lie between 2.83
and 9.61. These wide ranges suggest that the spatial
variation in PM10 could be different, but no clear
statement can be made. The results of the US study
(Mueller-Anneling et al., 2004) on spatial variation
in endotoxin in PM10 confirm this assumption.
Furthermore, our study findings are based on a
small sample size which affects the stability of our
estimates. One reason for the lack of information
concerning spatial variation of endotoxin is, that
our study is part of the TRAPCA study (Gehring
et al., 2002; Hoek et al., 2002), where we measured
the endotoxin levels as a secondary analysis. The
measurement sites for this study were selected in
order to maximize the variation among traffic
related predictor variables. Endotoxin is ubiquitous
in the environment and is generally not believed to
be associated with traffic. High amounts of en-
dotoxin can be found when organic dusts contami-
nated with Gram-negative bacteria are agitated or
when humidifiers are operated with contaminated
water (Rylander, 2002). We could not see any
association with endotoxin being higher or lower at
traffic versus non-traffic sites, but we did not
hypothesize such an association before. Another
limitation could be that the type of source is not
weighted in the model. It is possible that all sources
contribute different types of bacteria, and thus
theoretically would result in very different levels of
environmental endotoxin. However, we did not
sample for bacteria and thus any weighting would
be very arbitrary.

The higher endotoxin levels of sites close to
potential endotoxin sources indicate that other
sources may contribute to endotoxin content in
ambient air. Components derived from plants
materials, leaves surfaces and bacterial growth,
e.g. contribute to higher airborne endotoxin levels
(Rylander, 2002). Additionally, these components in
airborne dust might react non specifically with the
Limulus reagent and cause false positive results
(Dutkiewicz et al., 2001).

For this reason endotoxin levels were significantly
higher during spring and summer than during the
colder seasons (Carty et al., 2003). This limitation
should be considered when interpreting the influ-
ence from potential endotoxin sources.

6. Conclusion

Athough there is little spatial variation in ambient
endotoxin concentrations across Munich, there is
no difference in geometric mean levels of endotoxin
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between the city center and the periphery. Possibly
due to the low spatial variability in endotoxin or to
the site selection, no clear spatial patterns were
found. Potential sources of endotoxin surrounding
the sites weakly explained the variation seen. The
endotoxin levels in PM2.5 and in PM10 were
moderately highly correlated. Future studies on
the spatial variation of ambient endotoxin should
focus on careful selection of monitoring sites.
Although they were moderately correlated in this
study, endotoxin content in different particulate size
fractions may also need to be considered.
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