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SUMMARY

During August and September 2010 an unexpected high number of domestic cases of
Legionnaires’ disease (LD) were reported in The Netherlands. To examine this increase, patient
characteristics and results of source finding and environmental sampling during the summer
peak were compared to other domestic cases in 2008–2011. This analysis did not provide an
explanation for the rise in cases. A similar increase in LD cases in 2006 was shown to be
associated with warm and wet weather conditions, using an extended Poisson regression model
with adjustment for long-term trends. This model was optimized with the new data from 2008
to 2011. The increase in 2010 was very accurately described by a model, which included
temperature in the preceding 4 weeks, and precipitation in the preceding 2 weeks. These results
confirm the strong association of LD incidence with weather conditions, but it remains unclear
which environmental sources contributed to the 2010 summer increase.

Key words: Climate – impact of, infectious disease control, infectious disease epidemiology,
Legionnaires’ disease, Legionella.

INTRODUCTION

Legionnaires’ disease (LD) is a pneumonia acquired
by inhalation of aerosols containing Legionella bac-
teria. Most cases of diagnosed LD are hospitalized
with a severe pneumonia, often requiring intensive
care [1]. The incubation period is usually considered

to be 2–10 days, but may exceed 10 days in 14% of
cases, with a maximum of 19 days [2, 3]. Although
many Legionella species and serogroups have been
identified, Legionella pneumophila serogroup 1 is the
causative agent in most cases of LD [4].

TheLegionellabacterium is an environmentalmicro-
organism that can be found in soil and water. In the
aquatic environment, especially in artificial water sys-
tems, Legionella may multiply at temperatures in the
range of 25–45 °C and may survive temperatures up
to 50 °C [5]. Recognized sources of LD outbreaks in-
clude wet cooling towers and water systems such as
spa pools and showers [6]. However, in most sporadic
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(non-outbreak) cases the source of infection remains
unknown. In The Netherlands, during 9 years
(2002–2010) of environmental investigations 1317 po-
tential sources linked to LDpatients have been sampled
and annually only around four genotypic matches be-
tween a patient’s isolate and an environmental strain
have been found [7].

In The Netherlands an average of 345 LD cases
per year were notified between 2008 and 2011 of
which 62% were domestic, while 38% of cases had
travelled abroad during their incubation period [8].
There is a seasonal pattern with most cases reported
between May and October with a peak during the
summer months. Between 2003 and 2008 there was
an increasing trend in domestic cases, which may be
explained by the increasing use of the urine antigen
test, resulting in a decrease of under-diagnoses
(P. S. Brandsema, RIVM, unpublished data). In 2009,
however, a markedly low incidence was observed
that could not be attributed to a reduced number of
diagnostic tests [9]. The epidemic curve shows a
marked peak in LD incidence in 2006 and 2010
[8, 10, 11]. With an age-standardized rate of 2·8/100000
inhabitants, The Netherlands had the highest rate of
LD in Europe in 2010 [12]. There were no outbreaks
identified or changes in the surveillance system that
could explain these variations in incidence, and
real fluctuations in LD incidence from year to year
are likely.

Previous studies have suggested that weather con-
ditions are associated with the incidence of LD
[13, 14]. The peak in LD cases in the summer of
2006 in The Netherlands was explained by warm
and humid weather conditions [15]. Like 2006, the
increase in 2010 was only observed in August and
September. The weather conditions in summer 2010
were very similar to those in summer 2006 with a re-
cord hot July followed by a record wet August [16].
We therefore analysed the LD cases that occurred in
2010 with the aim of assessing the role of weather con-
ditions in the incidence rate of sporadic LD. To exam-
ine alternative explanations for this increase we also
describe the characteristics of the domestic cases and
the results of environmental investigations.

METHODS

Notification system and source finding

In The Netherlands LD has been a mandatory notifi-
able disease since 1987. Laboratory-confirmed cases
are reported by clinicians and microbiologists to the

Municipal Health Services (MHS). For each notified
case a source-finding investigation is conducted by
the MHS. The patient or a relative is interviewed
using a standardized questionnaire to identify ex-
posure to potential environmental sources during a
14-day incubation period. This questionnaire includes
travel history, healthcare or hospital admission prior
to onset, work-related exposure and leisure activities
such as gardening, visiting a spa or swimming pool,
wellness centre, or garden centre, showering at sport-
ing facilities, exposure to a fountain, car wash or
other location with possible aerosol exposure. Cases
and their potential sources are recorded anonymously
by the MHS in the national infectious diseases
surveillance database (Osiris). All identified potential
sources from the source-finding investigation are
also registered by source type and postcode in a
national database (National Legionella Outbreak
Detection Programme; NLODP) [7, 17]. This data-
base is designed to detect clusters linked to a potential
source or geographical area.

Environmental sampling

Environmental investigations are performed by the
National Reference laboratory (NRL) if one of the
following criteria is met: (i) a potential source of infec-
tion is linked to more than one patient in a 2-year per-
iod (cluster), (ii) three or more patients live within
1 km radius within a 6-month period (geographical
cluster), (iii) a case stayed in a healthcare setting dur-
ing the incubation period, or (iv) a clinical isolate is
available. In July 2009 criterion (iv) for solitary
patients was restricted to those patients who reported
at least one other potential source besides the patients’
dwelling. Environmental sampling for clusters or
healthcare-associated cases, included the cluster site
or healthcare setting, but other potential sources of
infection reported by the cases were also sampled.

For each location sampling points were selected by
trained NRL personnel in cooperation with the tech-
nical team of a facility (when available) to obtain a
comprehensive collection of samples. Water samples
(500 ml) and swab samples were obtained in accord-
ance with national guidelines [18, 19]. Water samples
were concentrated by filtration and filtered residues
were resuspended in 1 ml sterile water. Of this suspen-
sion, 100 μl samples were cultured without dilution
and after tenfold dilution on two media at 35 °C, as
described previously [7]. Swab samples were dispersed
by immersion in 1 ml sterile water and cultured as
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described above. Both patient and environmental
Legionella isolates were serotyped using commercially
available kits [7]. Sequence-based typing was per-
formed, as recommended by the European Study
Group for Legionella infections [20, 21].

Comparison of case characteristics and
source-finding results

Epidemiological data on domestic cases were gathered
from the Osiris database. Results of environmental
sampling and typing of isolates were obtained from
the NLODP database. All notified LD cases with
pneumonia and onset of illness between 1 January
2008 and 31 December 2011 who had not travelled
abroad during the 14-day incubation period (domestic
cases), were included in the analysis.

The domestic LD cases during the peak in 2010
(onset weeks 32–38, 9 August–26 September 2010),
further denoted as ‘epidemic cases’ (Fig. 1), were com-
pared to the domestic cases from 2008 to 2011,

excluding cases with illness onset in weeks 32–38 of
2010 (‘non-epidemic cases’). Two-tailed χ2 test or
Fisher’s exact test was used to test categorical vari-
ables for differences between groups. Continuous vari-
ables were compared using the Mann–Whitney U test.
P<0·05 was considered statistically significant.

Weather analysis

For the weather analysis, the dataset was extended to
all notified domestic LD cases with onset of illness
between 1 July 2003 and 31 December 2011. Only
sporadic domestic cases were included in the model.
For clusters only the index case was included.
Meteorological data were obtained from the Royal
Netherlands Meteorological Institute (KNMI) for
the weather station in De Bilt, located in the middle
of the country (see Fig. 2) [16].

To investigate the association of the incidence of
domestic LD cases with weather variables, the ex-
tended Poisson regression model developed by
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Fig. 1. Number of domestic Legionnaires’ disease (LD) cases notified in The Netherlands with onset in 2010 compared
to the average number of domestic cases in 2008, 2009 and 2011.
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Karagiannis et al. [15] was used. This model includes
relative humidity, average weekly temperature, pre-
cipitation intensity, and loess smoothing. First, the
data from 2003 to 2007 that were used to develop
this model, was updated with the recent data
(2008–2011). Cases were attributed to an infection
date by redistributing cases backwards in time accord-
ing to a Gamma-distributed incubation period, for
which the maximum-likelihood estimate according to
Egan et al. [22] (1–15 days) was used. The infection
dates were then aggregated to weekly data and case
numbers were rounded to digits.

To control for long-term seasonality, a loess
smoothing function for the LD count data was in-
cluded in the model [23]. Loess is a flexible non-
parametric regression method, also known as locally
weighted polynomial regression. This method will fit
a smoothed curve through a set of data points, using
weighted quadratic least squares regression, giving
more weight to variables near the point whose

response is being estimated. Including a loess curve
will accommodate over-dispersion in the data, as
the model will be fitted to segments of the data. The
smoothing window, with minimal partial autocorre-
lation in the residuals, was calculated based on the
new data and set to 21 weeks. The loess function of
the week preceding the week of infection was included
in the adjusted model. The period included in the
model was extended from weeks 18–39 in the original
model to weeks 16–44 (mid-April to end of October)
in the adjusted model.

To optimize the model for the new dataset all vari-
ables with a significant association in the original
analysis were included: the mean weekly value for
temperature, relative humidity, cloudiness, precipi-
tation, and rainfall intensity (calculated as the weekly
sum of precipitation divided by total duration of
rainfall). In addition, the weekly mean atmospheric
pressure and rainfall duration were included, as well
as a second rainfall intensity variable (calculated as
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Fig. 2 [colour online]. Incidence rate of domestic Legionnaire’s disease cases per municipal health region in weeks 32–38
(2010) and the location of the De Bilt weather station.
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a daily ratio of precipitation by rainfall duration).
In order to examine the influence of a longer period
of warm weather, the mean temperature for 2, 4 and
6 weeks preceding the infection date were also in-
cluded as variables in the analysis. Furthermore, a
2-week variable was included for the rainfall variables
(precipitation, duration, intensity). To account for
possible nonlinear associations with LD incidence,
all weather variables were transformed into categori-
cal variables with cut-off points at every 10th percen-
tile, except for temperature and cloudiness, which
were categorized into six categories (percentiles <10,
10–25, 25–50, 50–75, 75–90, >90).

The variables were examined by univariate Poisson
regression and significant variables were included in a
multivariable Poisson regression analysis with back-
wards variable selection. For the multivariable analy-
sis it was decided that only one long-term temperature
variable should be included in the model simul-
taneously. Nested models were compared with the
likelihood ratio (LR) test. For competitive models
the model with the smallest Akaike’s Information
Criterion (AIC) value was chosen [24]. The fit of the
model was assessed with Pearson’s goodness-of-fit
χ2 test.

Statistical analysis of case characteristics was per-
formed with IBM SPSS Statistics, version 19 (IBM
Corp., USA) and Poisson regression was performed
using Stata release 12 (StataCorp, USA).

RESULTS

Patients’ characteristics and source-finding results

A total of 1368 LD cases with onset of illness between
1 January 2008 and 31 December 2011 were notified,
of which 539 cases were excluded from the analysis
because they had travelled abroad during the incu-
bation period. This left a total of 829 domestic cases
in the analysis of which 195 had an onset of illness
in 2008, 142 cases in 2009, 317 cases in 2010 and
175 cases in 2011. In total 179 cases had an onset of
illness from weeks 32–38 in 2010, compared to an av-
erage of 41 cases in this period from 2008 to 2011
(Fig. 1). The LD cases in the epidemic group were
reported in 26 of the 28 MHS regions. The increased
LD incidence was observed in 24 of the 28 MHS
regions, although the rise in cases was most pro-
nounced in four non-adjacent regions (Fig. 2).

The epidemic and non-epidemic groups were com-
parable with respect to patients’ characteristics and

proportion of community-acquired cases (Table 1).
In the non-epidemic group, serology was used more
often as diagnostic method compared to the epidemic
group. The 32 patients’ isolates that were available
from the epidemic group consisted of 14 different
Legionella strains, of which no particular Legionella
type or strain stood out. L. pneumophila sero-
group 1 was isolated most often (91%), and the se-
quence type (ST) type found most frequently was
ST47 (AFLP type 004 Lyon). This is a common
pattern found in cases in The Netherlands [25].

The source-finding investigations suggest that cases
in the epidemic group may have been more mobile
than the non-epidemic group, as 61·5% vs. 53·5%
(P=0·06) of cases did not stay within their place of
residence during their incubation period, they also vis-
ited other places. There were six cases in the epidemic
group that could be allocated to four different small
clusters. Although slightly more environmental sam-
pling was conducted for the epidemic cases, this did
not result in a higher success rate of Legionella detec-
tion. In the epidemic group Legionella was found in
15/47 (31·9%) of the sampled cases, which was 8·4%
of the total number of 179 epidemic cases. In the
non-epidemic group 66/142 (46·5%) of sampled cases
had a positive result in environmental investigations,
which was 10·2% of the total number of 650
non-epidemic cases. This difference was not significant
(P=0·08).

The patients’ dwelling (private residence), which
overall was the most frequently sampled source,
was sampled less frequently for the epidemic cases
(Table 2). However, if the dwelling was sampled,
Legionella was found less often in the dwelling of
epidemic cases, although this difference was not sig-
nificant. Commercial accommodations (hotels, camp-
sites, holiday homes) were sampled more frequently,
but this was a seasonal effect since the included period
for the epidemic group was the holiday season, while
the whole year was included for the non-epidemic
group. For cases with illness onset in August and
September, there was no difference between the
groups for spending the night elsewhere (P=0·12).
As garden centres were overrepresented in the
sampled sources for the epidemic group, we also
looked at outdoor gardening activities reported by
cases in August and September. There was no differ-
ence between the groups. In the epidemic group 29
(16·2%) cases reported gardening activities during
incubation time, compared to 28 (17·3%) of the
162 cases with onset in August or September from
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the non-epidemic group. More wellness centres were
sampled in the non-epidemic group, as there had
been a number of clusters in wellness centres during
that period [26].

The environmental sampling of potential sources
in Table 2 showed no significant differences in the
sampling results between the groups. Legionella was
detected in 21·5% of sampled sources linked to

epidemic cases, and slightly more often in sources
linked to non-epidemic cases (27·6% of sampled
sources). However, this comparison may be biased,
because garden centres were overrepresented in the
epidemic group, and wellness centres were overrepre-
sented in the non-epidemic group. As can be seen in
Table 2, garden centres were often negative for
Legionella by environmental sampling, while wellness

Table 1. Characteristics of Legionnaires’ disease cases and source-finding results in the epidemic group (weeks 32–38
in 2010) compared to domestic cases in 2008–2011 (excluding weeks 32–38 in 2010). [Source: National Infectious
Diseases Surveillance database (Osiris)]

Epidemic group*
Non-epidemic
group* P value

Patients’ characteristics N=179 (100%) N=650 (100%)
Male gender 124 (69·1%) 463 (71·2%) 0·61
Age >62 years (=median age) 92 (51·4%) 311 (47·8%) 0·87
Underlying disease† 63 (36·2%) 253 (39·8%) 0·39
Smoking‡ 106 (60·9%) 347 (54·6%) 0·14
Hospital admission 177 (98·9%) 628 (96·7%) 0·19
Death 6 (3·4%) 43 (6·6%) 0·16

Setting
Community acquired 157 (87·7%) 573 (88·2%) 0·87
Nosocomial/healthcare setting 5 (2·8%) 19 (2·9%) 0·93
Domestic travel 17 (9·5%) 53 (8·2%) 0·57
Unknown 0 — 4 (0·6%) 0·58

Diagnostic methods
Culture confirmed 36 (20·1%) 140 (21·5%) 0·68
Urine antigen test 158 (88·3%) 560 (86·2%) 0·46
Serology 5 (2·8%) 58 (8·9%) <0·01
Polymerase chain reaction 26 (14·5%) 74 (11·3%) 0·25

Patient isolates§ N=32 (100%) N=132 (100%) —

L. pneumophila sg 1 29 (90·6%) 121 (91·6%) 0·74
L. pneumophila sg 2–14 2 (6·3%) 7 (5·3%) 0·69
Most frequent sequence types
ST47 13 (40·6%) 49 (37·1%) 0·71
ST62 2 (6·3%) 14 (10·6%) 0·46
ST46 3 (9·4%) 8 (6·1%) 0·45
ST45 3 (9·4%) 5 (3·8%) 0·19

Non-L. pneumophila 1 (3·1%) 4 (3·0%) 1·0

Source finding
Case mobility (range)

Travel outside MHS region 43 (25·4%) 159 (26·0%) 0·88
Travel outside place of residence 104 (61·5%) 327 (53·5%) 0·06
Range unknown 10 (5·6%) 39 (6·0%) 0·84

Clustered cases 6 (3·4%) 28 (4·3%) 0·57
Cases with environmental sampling 47 (26·3%) 142 (21·8%) 0·21
Cases with positive sampling 15 (31·9%) 66 (46·5%) 0·08

MHS, Municipal Health Service.
* Epidemic group: domestic cases with onset disease in weeks 32–38 (2010). Non-epidemic group: domestic cases with onset
of disease in 2008, 2009, 2010 (excluding weeks 32–38) and 2011.
†Underlying disease was unknown in 2·8% and 2·2% of cases, respectively.
‡ Smoking was unknown for 2·8% and 2·0% of cases, respectively.
§ Source: Database National Reference Laboratory for Legionella in Haarlem, The Netherlands.
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centres were often positive for Legionella by environ-
mental sampling. If we exclude these types of sources
from the comparison, Legionella was found in 23·4%
of sources linked to epidemic cases, and 26·3% in
sources linked to non-epidemic cases.

Weather analyses

A total of 1589 domestic cases were notified with
onset of illness occurring between 1 July 2003 and
31 December 2011. After exclusion of 75 clustered
cases, 1514 (95·3%) cases were left in the dataset, of
which 1156 had been infected during the warmer per-
iod of the year (weeks 16–44). The model developed
by Karagiannis et al. [15] was applied to the data
for domestic LD cases from week 27 (2003) to week
44 (2008) (2003–2008 model, n=676) and a prediction
was made for the cases for 2009–2011 (n=480).
Although this model resulted in an adequate predic-
tion of the low LD incidence in 2009 and the high in-
cidence in 2010, the variance (R2) explained by the
model was reduced from 43% in the original model
to 32% in the 2003–2008 model. Running the model
with the extended dataset up to 2011 (2003–2011
model, n=1156) improved the R2 to 39%, but mark-
edly decreased the fit of the model (Pearson’s
goodness-of-fit χ2 P=0·10).

Replacing the original rain intensity variable (based
on the week sum) with the alternative value of rain in-
tensity based on the daily ratio (2003–2011a model)
improved the R2 of the model to 42% resulting in a
better fit (Pearson’s goodness-of-fit χ2 P=0·68). This
alternative variable of rain intensity was used for
further analysis.

To allow for long-term associations, the 2-, 4- and
6-week mean temperatures and 2-week variables for
rainfall were introduced in the analysis. In the uni-
variate models (without loess correction) the variance
was best explained by the 6-week temperature
(R2=19·9%), the 2-week rain intensity (R2=17·2%),
4-week temperature (R2=16·0%) and the model with
2-week precipitation (R2=14·3%). These variables
also had the smallest AIC values.

Figure 3 shows the incidence rate ratios (IRR) for
6-week mean temperature, and 2-week variables for
rainfall intensity, duration, and precipitation. In the
univariate analysis these long-term variables had a
higher IRR than the temperature and rainfall vari-
ables that enclosed a shorter period. The IRR of all
variables are presented in Table 3.

In the multivariable analysis, the variables for long-
term mean temperature and precipitation were con-
sistently found to be significant predictors in different
competitive models. However, since the precipitation

Table 2. Results of environmental investigation of potential sources linked to LD patients. (Source: Database
National Legionella Outbreak Detection Programme, National Reference Laboratory for Legionella in Haarlem,
The Netherlands)

Type of source
sampled

Number of sources
sampled

P value

Positive sampled
sources

P value
Epidemic
group*

Non-epidemic
group*

Epidemic
group

Non-epidemic
group

Private house 24 (30·4%) 105 (38·2%) 0·20 5 (20·8%) 28 (26·7%) 0·55
Hospital or healthcare
setting

8 (10·1%) 22 (8·0%) 0·55 4 (50%) 12 (54·5%) 0·83

Garden centre 14 (17·7%) 27 (9·8%) 0·05 1 (7·1%) 2 (7·4%) 1·00
Wellness centre 1 (1·3%) 16 (5·8%) 0·14 1 (100%) 13 (81·3%) 1·00
Accommodation† 9 (11·4%) 14 (5·1%) 0·05 1 (11·1%) 2 (14·3%) 1·00
Cooling tower 3 (3·8%) 17 (6·2%) 0·58 1 (33·3%) 9 (52·9%) 1·00
Car wash 4 (5·1%) 18 (6·5%) 0·79 0 — 2 (11·1%) 1·00
Place of work 2 (2·5%) 14 (5·1%) 0·54 1 (50%) 2 (14·3%) 0·35
Other 14 (17·7%) 42 (15·3%) 0·60 3 (21·4%) 6 (14·3%) 0·40

Total no. of sources
sampled

79 (100%) 275 (100%) — 17 (21·5%) 76 (27·6%) 0·28

* Epidemic group: domestic cases with onset disease in weeks 32–38 (2010). Non-epidemic group: domestic cases with onset
of disease in 2008, 2009, and 2010, excluding weeks 32–38 (2011).
†Accommodation: hotel, campsite or holiday home.
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variables (1- or 2-week period for precipitation sum,
duration, and intensity) are closely associated, differ-
ent combinations of these variables resulted in near
comparable results.

The final model included the 4-week mean tempera-
ture, 2-week rainfall duration and the 2-week rainfall
intensity. After a 4-week period of warm weather (but
not the hottest weather) the incidence is 2·2 times
higher than after a colder period (4-week mean tem-
peratures below 10·5 °C). Long-lasting and intense
rainfall further contributes to an increased LD inci-
dence. This model (2003–2011b model) was able to ex-
plain 46·5% of the variance in the epidemiological
data. The AIC of the model was 967·3 and it had an
excellent goodness-of-fit, based on Pearson’s residuals
(P=0·99). This is an improvement to the 2003–2011a
model based on the mean weekly temperature, relative
humidity, and precipitation intensity (AIC 1064·0
and Pearson’s goodness-of-fit, P=0·68). In Figure 4
the prediction of the final model for the cases in
2010–2011 is shown if the model is fitted on data
up to 2009 (2003–2009b model).

DISCUSSION

This study confirms that the record high LD incidence
in summer 2010 was related to a long period of warm
weather which was followed by intense rainfall. The
Poisson regression model, with 4-week mean tempera-
ture, 2-week rainfall intensity, and 2-week rainfall
duration described the association of the weather
conditions with LD incidence remarkably well. The
underlying mechanism is biologically plausible with
increased growth of Legionella bacteria in the environ-
ment during the warm weeks and dissemination of the
bacteria during the wet weeks.

An overview of the meteorological conditions
shows a marked resemblance in the weather condi-
tions in the summers of 2006 and 2010, the two
years with the unexplained increased LD incidence.
In 2006 July was the warmest for that month in The
Netherlands since 1901, while in 2010 July was ranked
fifth with a mean temperature of 19·9 °C compared to
a normal value of 17·4 °C [16]. The wettest August
month in more than a century occurred in 2006,
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Table 3. Incidence rate ratios (IRR) and 95% confidence intervals (CI) obtained by univariate Poisson regression (crude IRR) and IRR from in the final
multivariable model after multivariable Poisson regression analysis with loess correction (adjusted IRR)

Weather variable
Reference
category*

Univariate analysis Multivariable model with loess correction

Category with
highest IRR

Crude
IRR† 95% CI†

Category with
highest IRR

Adjusted
IRR† 95% CI†

1-week mean temperature 3·3–10·2 °C 4–5 (15·4–19·3 °C) 2·6 1·9–3·4 — —

2-week mean temperature 4·5–10·6 °C 5 (17·2–18·6 °C). 4·2 3·1–5·6 — —

4-week mean temperature 6·1–10·5 °C 6 (18·5–22·3 °C) 5·8 4·1–8·3 5 (17·2–18·5 °C) 2·2 1·5–3·2
6-week mean temperature 6·1–10·6 °C 6 (18·3–20·9 °C) 6·8 4·7–9·8 — —

Weekly precipitation 0–0·3 mm 10 (377–1338 mm) 2·5‡ 1·9–3·1 — —

2-week precipitation 0–0·6 mm 10 (657–1708 mm) 3·8 2·9–5·0 — —

Weekly rainfall duration 0–0·4 h 9 (21·3–26·7 h) 2·3‡ 1·8–3·1 9 (21·3–26·7 h) 1·6 1·2–2·2
2-week rainfall duration 0–0·5 h 9 (38·5–42·2 h) 4·3 3·2–5·6 — —

1-week rainfall intensity 0−0·35 mm/h 10 (12·6–32·2 mm/h) 2·4 1·8–3·1 — —

2-week rainfall intensity 0–2·5 mm/h 10 (22·5–41·7 mm/h) 5·0 3·7–6·7 10 (22·5–41·7 mm/h) 2·3 1·6–3·2
1-week mean relative humidity 50·4–68·6% 7 (81·6–83·1%) 3·0 2·1–4·1 — —

1-week mean atmospheric pressure 997–1009 hPa 2 (1009–1011 hPa) 1·5§ 1·2–1·9 — —

1-week mean cloudiness 0·5–2·7 oktas 3 (3·7–5·1 oktas) 3·1 2·4–4·0 — —

1-week mean sunshine 226–618 J/cm 6 (1466–1592 J/cm) 2·6|| 2·0–3·5 — —

Intercept multivariable model — — 0·5 0·3–0·8

* The variables for temperature and cloudiness were transformed to six categories, all other variables to 10 categories.
†The IRR and 95% CI for the category with the highest IRR is presented.
‡A significant decrease was found for weekly precipitation, category 4 (54–77mm, IRR=0·7) and for weekly rainfall duration, category 2 (0·5–2·7 h, IRR=0·7).
§ An increase in IRR for atmospheric pressure, categories 2–4, was followed by a significant decrease for categories 7–10, with the smallest IRR at category 8
(1018–1020 hPa).
|| A similar result (IRR 2·6, 95% CI 2·0–3·5) was found for sunshine, category 3 (866–1150 J/cm).
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followed by August 2010. Extreme rainfall resulting in
the flooding of roads occurred on 26 August 2010, and
the infection date calculated for the cases in the epi-
demic group shows a peak that coincides with this
day. Summer 2011 also had abundant rainfall, but
in that year, no increase in LD cases was observed.
However, with an average temperature of 15·9 °C in
July and 16·9 °C in August the temperature in summer
2011 remained well below the normal climatic values.
Although the weather observations explain a part of
the LD incidence, the model still required a loess
smoother to accurately predict the incidence. This in-
dicates that there is still variation in the incidence that
is not yet accounted for. This is a topic for further
research.

A limitation of this study is that the meteorological
data was derived from only one weather station, while
local differences in weather conditions, particularly
the amount of precipitation, can be substantial, even
in a small country such as The Netherlands. To de-
velop a more advanced model, the use of data from
local weather stations linked to the individual cases
could be investigated. We found that the 2-week rain-
fall variables were better predictors than the 1-week
variables. This is possibly due to the design of the

model, in which cases are attributed to an infection
date 1 or 2 weeks before onset of illness. To achieve
an optimal fit for a model based on weather variables,
without a loess smoother, a model based on daily
weather data may be required. Such a model with
daily local weather data should also take into
account the complete incubation period for each indi-
vidual case.

The results of our model are consistent with previous
findings. Hicks et al. [27] also described a sharp rise in
LD cases in the Mid-Atlantic region of the USA in
2003, which coincided with a period of record-breaking
rainfall. Using negative binomial regression, Hicks
et al. found that increased rainfall and higher mean
monthly temperature were independently associated
with an increase of the legionellosis incidence. The
IRR of 1·07 found by Fisman et al. [13] for the average
monthly temperature is practically identical to the IRR
found for in our model; when the variables are in-
cluded in our model without transformation to cat-
egories, the IRR for 4-week temperature is 1·08.
Fisman et al. also identified an association with
increased rainfall (odds ratio 2·48) in the 6–10 days be-
fore onset of disease. In that study the LD incidence
was not associated with precipitation 45 days
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Fig. 4. Actual number of notified domestic, sporadic Legionnaires’ disease (LD) cases by year and week of infection,
2003–2011 (grey bars) and predicted number of LD cases for 2003–2011 with the adjusted Poisson regression model,
based on the 4-week mean temperature, the 2-week rain intensity, 1-week rain duration (line), and long-term correction
(loess, dotted line). For this graph the model was fitted on data from weeks 16–44 (2003–2009) (191 weeks, n=769 cases)
and run to predict LD cases in 2010–2011.

Legionnaires’ disease and the weather 2369

https://doi.org/10.1017/S0950268813003476 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268813003476


or >10 days before the occurrence of cases. A Spanish
study which compared LD cases with non-Legionella
pneumonia, also identified increased rainfall as a sig-
nificant risk factor for sporadic cases of LD [28]. This
is relevant information for physicians, who should con-
sider diagnostic testing for Legionella pneumonia in
patients presenting with community-acquired pneu-
monia after a period of warm weather followed by
extensive rainfall.

While the present study confirms a strong associ-
ation of LD incidence with weather conditions it re-
mains unclear which environmental sources may be
responsible for the increase of LD cases in summer
2010. A comparative analysis of the case character-
istics and source-finding results failed to provide an
explanation for the increase in the LD incidence dur-
ing summer 2010. There were no apparent changes in
diagnostic methods that may account for increased
numbers of cases. Furthermore, the patient popu-
lation appeared to be the regular patient population
for domestic LD cases in The Netherlands, and
there were no changes made to the case definition
for legionellosis. The finding that 74·6% of patients
had not left their MHS region to travel to other
regions of the country excluded the possibility of a
point-source outbreak to account for the rise in the
number of cases. This was confirmed by the clinical
isolates which consisted of 14 different strains of
Legionella. Source-finding investigations also failed
to identify multiple common sources that could
account for a number of smaller outbreaks. Environ-
mental sampling was done for only 26% of cases,
since most cases were sporadic and geographically
scattered. Legionella was detected for only a third of
epidemic cases for which environmental sampling
was performed. These source-finding results suggest
that we may not be sampling the true or most import-
ant sources that are contributing to the summer
increase of LD cases.

The current method of source finding is focusing on
known water-related sources, such as spa pools and
plumbing installations in buildings. This method is
usually effective in identifying the source of clusters
and point-source outbreaks. However, the success
rate for sporadic LD cases is low. If there is an
increased growth of Legionella in the natural environ-
ment, such as in soil or surface water, or an increased
exposure to Legionella which is present in the natural
environment, this will not be detected. Recently, how-
ever, L. pneumophila has been found in rainwater
from puddles on roads and flooded sewers [29, 30].

It is plausible that the warm weather in 2006 and
2010 would favour growth of Legionella in the natural
environment. The intense rainfall and flooding that
followed, may have led to aerosol formation in the en-
vironment, causing increased exposure to Legionella.
Further studies are needed to determine if Legionella
from the natural environment may actually cause
transmission resulting in Legionella infections, and
which environmental sources contribute to the LD
incidence.

Wet cooling towers are established sources of infec-
tion for LD outbreaks, and they have also been de-
scribed as source for sporadic cases of LD [31, 32].
However, their role in a weather-associated increase
of LD incidence needs further investigation. During
the peak in 2010 only three cooling towers were inves-
tigated. Although there has been a legal requirement
for registration of wet cooling towers in The
Netherlands since January 2010, the current regis-
tration is still incomplete, and it is likely that cooling
towers are often overlooked in source-finding investi-
gations by municipal health services.

The traditional way of source finding will not help
to identify currently unknown environmental sources.
However, without a clear understanding of the true
sources, we will be unable to prevent these weather-
related LD epidemics. Therefore, in addition to the
traditional way of source finding, we need to think
‘out of the box’ and explore other possibilities for
source finding, using tools such as spatial analysis
and new sampling techniques such as air-sampling.
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