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Abstract

Legionnaires’ disease (LD) is an acute form of pneumonia, and changing weather is
considered a plausible risk factor. Yet, the relationship between weather and LD
has rarely been investigated, especially using long-term daily data. In this study,
daily data was used to evaluate the impacts of precipitation, temperature, and
relative humidity on LD occurrence in Taiwan from 1995-2011. A time-stratified 2:1
matched-period case-crossover design was used to compare each case with self-
controlled data using a conditional logistic regression analysis, and odds ratios
(ORs) for LD occurrence was estimated. The city, gender and age were defined as
a stratum for each matched set to modify the effects. For lag day- 0 to 15, the
precipitation at lag day-11 significantly affected LD occurrence (p<0.05), and a
2.5% (95% Cls=0.3—4.7%) increased risk of LD occurrence was associated with
every 5-mm increase in precipitation. In addition, stratified analyses further showed
that positive associations of precipitation with LD incidence were only significant in
male and elderly groups and during the warm season ORs=1.023-1.029).
However, such an effect was not completely linear. Only precipitations at 21-40
(OR=1.643 (95% Cls=1.074-2.513)) and 61-80 mm (OR=2.572 (1.106-5.978))
significantly increased the risk of LD occurrence. Moreover, a negative correlation
between mean temperature at an 11-day lag and LD occurrence was also found
(OR=0.975 (0.953-0.996)). No significant association between relative humidity
and LD occurrence was identified (p>0.05). In conclusion, in warm, humid regions,
an increase of daily precipitation is likely to be a critical weather factor triggering LD
occurrence where the risk is found particularly significant at an 11-day lag.
Additionally, precipitation at 21-40 and 61-80 mm might make LD occurrence more
likely.
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Introduction

Legionnaires’ disease (LD) is a severe form of pneumonia with an overall fatality
rate of 6.5-26% [1-4], and the mortality rate for nosocomial infections may
approach 31.7-70% [5-7]. LD and Pontiac fever (PF) are two clinical syndromes
of legionellosis caused by legionellae, while PF is a mild flu-like illness that usually
clears up within 2-3 days without medical treatment [8]. People are infected
through inhalation of legionellae aerosolized from man-made and natural aquatic
systems as well as soil [9-11]. However, the growth and transmission of
legionellae are likely to be affected by meteorological factors (e.g. temperature),
and these may thereby further influences LD incidence.

Fisman et al. found a positive correlation between the occurrence of LD cases
and monthly average temperature [12]. Moreover, the highest LD incidence was
observed when the weather was warm and wet during the summer season [13].
Relative humidity (RH) and precipitation have also been considered possible risk
factors for LD/legionellosis occurrence. Karagiannis et al. reported a 1% increase
in mean weekly RH to be associated with a rising LD incidence of 5.1% [13], and
an increase in monthly precipitation and mean weekly rainfall intensity have both
been found to be linked to increase legionellosis/LD incidence [13—14]. Moreover,
Fisman et al. defined an acute association with precipitation 6-10 days before
legionellosis occurrence [12]. However, the study of Ng et al., [15] reported
pressure, humidity, and river and creek levels as the most significant risk factors
related to incidence of legionellosis rather than precipitation.

Although previously studies have suggested relationships between LD/
legionellosis and meteorological factors [12—18], most used short-term data
(about 4-9 years) [12—13, 16—17], thus lacking representation of any long-term
trend. Moreover, all such studies were performed in Western countries [12—18],
which may not apply to regions in Asia because of the differing meteorological
conditions and lifestyles between Western and Asian countries. Taiwan, located in
East Asia, consists of both plain and mountainous area covering a significant
portion of the landscape, offering highly varied meteorological conditions as a
result of straddling both the tropical and subtropical zones. Consequently, this
study was aimed toward evaluating the impacts of meteorology on the occurrence
of reported sporadic LD in Taiwan using long-term daily data, and an effort was
made to identify the precipitation level that increases LD risk the most.

Methods

Case Definition of Legionnaires’ disease

We applied the infectious disease registry database provided by the Taiwan Center
of Disease Control (Taiwan CDC). Since the infectious disease registry database is
a secondary database without detailed personal information (e.g. ID number and
address), all data were analyzed anonymously. The computerized database with

the recorded daily registry of LD occurrence included the age, gender, township of
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residence, and the time of disease onset for each case, which was retrieved from
the Taiwan CDC for the period from 1995-2011 using a signed confidentiality
agreement. All confirmed LD cases had to meet the clinical criterion and at least
one laboratory criterion (Taiwan CDC), resulting in 1,267 diagnosed cases
confirmed by the reference laboratory at the Research and Diagnostic Center of
the Taiwan CDC. Clinical criteria: symptoms include malaise, chills, myalgia,
headache, fever, nonproductive cough, nausea, abdominal pain, but are led by
pneumonia as the major symptom. Laboratory diagnosis: (1) isolation (culture) of
legionellae species from clinical specimens (respiratory secretions, sputum, or
pleural fluid); (2) detection of legionella antigen in urine samples; (3) indirect
immunofluorescence antibody: diagnosis is made by the observation of a
significant 4-fold increase in antibody titer to >128 against legionellae between
sera taken in the acute phase and during convalescence four to 12 weeks later.
Only “indigenous” cases for each disease, after verification of travel history,
disease onset, and pathogen subtype classification by the National Virus Diagnosis
Laboratory in Taiwan, were included. Moreover, no outbreak was identified by
the Taiwan CDC during the period from 1995-2011, indicating that all of the
reported LD cases included in our study were sporadic cases.

Meteorological data

Hourly meteorological data from 33 fixed-site Taiwan Central Weather Bureau
(Taiwan CWB) monitoring stations that had complete relative humidity,
precipitation and temperature records from 1995 to 2011 were obtained.

Statistical analysis

This study utilized a case-crossover approach to evaluate the associations between
individual case occurrences of LD and weather variations. A time-stratified 2:1
matched-period case-crossover design was used. Risk periods (person-time during
which the event occurred) were defined according to the date of LD symptom
onset. For the purpose of comparison, there were two specific time points
identified as control days; one at 7 days before, and the other at 14 days before the
registry day for each case. Therefore, each analytical stratum consisted of one case
day and two control days. To consider the incubation periods of LD (about 5-10
days) in the analysis, the case days that potentially corresponded to 0-15 days lag
of weather exposure were tested. The estimated odds ratios (ORs) for the
occurrence of cases, based on weather effects, were approximated through
construction of conditional logistic regression models. The city, gender and age
were defined as a stratum for each matched set. Data were also stratified by age
(<50 years and >50 years), gender (male and female), and season (warm: Sep—
Dec and Jan—Feb; cool: Mar—Aug) to further assess the impacts of individual
characteristics and season on the relationships between precipitation at lag day-10
to —13 and LD occurrence. Further, the precipitation was further categorized by
each 20-mm increase up to 100 mm to assess the associations between reported
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LD cases and precipitation levels 10—12 days prior to onset. Statistical analyses
were performed with SAS version 9.3 (SAS Institute, Cary, NC).

Results

Legionnaires’ disease in Taiwan

There were 1,188 cases of LD reported between 1995 and 2011 in Taiwan. Among
these 1,188 cases, males older than 65 years had the highest percentage of reported
LD (38.6%), and the LD occurrence significantly differed among groups classified
according to gender and age (3°=8.23, p-value=0.016) (Table 1). Except for
Hualien, most cases were reported in Western Taiwan, especially in the five major
cities, Taipei, New Taipei, Taichung, Tainan, and Kaohsiung, which are crowded,
urbanized and have a high density of central air conditioning systems (Figure 1).
By considering 131 cases residing in five cities where no weather monitoring
stations were set up, only 1,057 cases were finally included in the conditional
logistic regression model.

Meteorological distribution

The temperature and RH ranges were 8.8-31.7°C and 41.0-99.7% respectively (
Table 2). In addition, the 25™ percentile for the temperature was 19.8°C, and the
5" percentile of RH was 63%, thus illustrating the characteristics of a warm,
humid climate in Taiwan. Moreover, with precipitation ranging from 0 to
462.3 mm, and nearly half of the year exhibiting drought conditions (0 mm), a
large variation in precipitation distribution was apparent.

Associations of meteorology with reported LD cases

According to the monthly variability of LD occurrence and mean precipitation
(mm/day) (Fig. 2), the peak of reported LD cases usually accompanied high
precipitation levels. Thus, we speculate there may be a relationship between LD
occurrence and precipitation.

In this study, conditional logistic regressions were developed to evaluate the
effects of daily temperature, relative humidity and precipitation on LD
occurrence. The results indicated that temperature and precipitation, but not RH,
may significantly affect LD occurrence (Figure 3). LD occurrence was negatively
correlated with the mean temperature at the 10- and 11-day lag (p-value<<0.05,
Figure 3). With each degree Celsius rise in mean temperature, the incidence risk
of reported LD cases was decreased by 3.2% (OR=0.968, 95% CIs=0.946-0.994)
for lag day 10 and 2.5% (OR=0.975, 95% CIs=0.953-0.996) for lag day 11. In
terms of daily temperature precipitation, an increase of 5 mm at lag 11 was
associated with a 2.5% (95% CIs=1.003-1.047, p-value=0.02) increase in LD
occurrence. Moreover, with each 10 mm increase in precipitation, the OR
increase was increased by 5.0% (95% ClIs=0.6-9.6%) (data not shown).
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Table 1. Characteristics of Legionnaires’ disease cases (n=1,188) and chi-squared distribution test in Taiwan, 1995-2011.

Gender

__I_—

Female 7 (0.6%)
Male 4 (0.3%)

171 (14.4%) 175 (14.7%) 8.230 (0.016)
372 (31.3%) 459 (38.6%)

doi:10.1371/journal.pone.0114337.t001

We further separated the cases based on gender, age (less than 50 years/ > 50
years), and season (cool: Oct-Dec and Jan—Feb and warm: Mar—Sep) to assess the
effects of weather factors on LD occurrence. Positive and significant associations
were only shown in the high risk group, i.e. male, >50 years, and cool season (
Table 3). A 5-mm rise of precipitation at lag day-11 significantly enhanced the
risk of LD occurrence by 2.3-2.9%. However, in the case of temperature, no
significant association was found, regardless of the classification (P>0.05) (data
not shown).

Our analysis indicated that higher precipitation 11 days prior to onset would
increase the risk of LD occurrence (Figure 3). To clarify the effects of precipitation
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Figure 1. The distribution of Legionnaires’ disease cases and weather monitoring stations in Taiwan
(131 cases residing in 5 cities where the weather monitoring stations were not set up).

doi:10.1371/journal.pone.0114337.g001
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Table 2. The distribution of weather factors in 14 cities, 1995-2011.

S S N N 7 A

Temperature
Relative humidity
Precipitation

151 19.8 241 273 28.8 31.7
41 63 72 77 82 87 100
0.0 0.0 0.0 0.1 23 15.2 462.3

doi:10.1371/journal.pone.0114337.t002

quantity on LD occurrence, we attemped to categorize the precipitation for each
20 mm increases up to 100 mm, and created conditional logistic regressions to
assess the associations between reported LD cases and precipitation levels at 10-12
days prior to onset of these cases. Adjusted odds ratios for each precipitation
category, which were relative to the baseline control precipitation category

(0 mm), are presented in Figure 4. It can be seen that Precipitation 11 days before
onset at light (21-40 mm) and heavy levels (61-80 mm) significantly increased
the risk of LD occurrence by 1.643 (95% Cls=1.074-2.513, p-value=0.021) and
2.572 (95% ClIs=1.106-5.978, p-value=0.028). These results suggest that reported
LD cases increased with specific rainfall levels rather than with continuous
increases in precipitation and indicate that risk levels of precipitation for LD
occurrence occur at an 11-day lag.

Discussion

The present study found that every 5-mm and 10-mm increases in precipitation at
lag 11 corresponded to an increase in LD occurrence by 2.5 and 5.0%, respectively
(Figure 3). This positive correlation between precipitation and LD is consistent
with previous studies [12, 14, 18]. Moreover, the 11-day lag effect of precipitation
agrees with Fisman’s study, which identified an acute positive effect of
precipitation 6-10 days before legionellosis onset [12]. In this study, such an effect
of precipitation at lag day-11 was repeatedly observed in men and elderly people
who were susceptible to legionellae infection (Table 3). By considering the
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Figure 2. The monthly variability of Legionnaires’ disease occurrence and mean precipitation (mm/
day) in Taiwan.

doi:10.1371/journal.pone.0114337.g002
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Figure 3. The adjusted ORs for occurrence of cases, based on an increase in 5 mm precipitation, each
relative humidity and temperature at daily lag 0 to 15.

doi:10.1371/journal.pone.0114337.g003

Table 3. Odds ratios (ORs) of a 5-mm increase of precipitation on the occurrence of Legionnaires’ disease at 10-13 days lag.

Lag 10 Lag 11 Lag 12 Lag 13

P- P- P-

Season?
Warm 1.007 (0.985, 1.030) 0.524  1.029 (1.002, 1.056)  0.033* 1.030 (1.000, 1.061)  0.046* 1.011 (0.989, 1.033)  0.343
Cold 0.988 (0.951, 1.027)  0.535 1.017 (0.982, 1.052)  0.342 1.002 (0.978, 1.027) 0.843 1.011 (0.986, 1.037)  0.382
Gender
Male 1.003 (0.983, 1.024) 0.761 1.024 (1.001, 1.047)  0.043* 1.023 (1.001, 1.047)  0.036* 1.010 (0.992, 1.027)  0.278
Female 0.986 (0.938, 1.036) 0.565 1.024 (0.976, 1.074) 0.334 0.978 (0.931, 1.028) 0.385 1.014 (0.966, 1.063)  0.579
Age
<50 1.004 (0.944, 1.068) 0.890 1.040 (0.976, 1.108)  0.225 0.999 (0.944, 1.058) 0.984 1.031 (0.978, 1.087)  0.251
>50 1.001 (0.982, 1.021)  0.903 1.023 (1.001, 1.045)  0.040* 1.015 (0.996, 1.035)  0.127  1.008 (0.991, 1.026)  0.342

#Warm season: March—August; cool season: September—December and January—February.
*Statistically significant, P<0.05.

doi:10.1371/journal.pone.0114337.t003
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Figure 4. The estimated ORs for the precipitation categories at daily lag 10 to 12. Models were adjusted
for temperature and relative humidity.

doi:10.1371/journal.pone.0114337.g004

incubation period of 2-10 days for LD, patients are very likely to become infected
on rainy days. The positive relationship between LD and precipitation was
explained previously where it was shown that rainfall increases organic sediments
and contamination with other microbes [19-20]. This assists legionellae
replication and leads to an increase in the legionellae burden in tap water [12, 14].
However, if this pathway is the most important one, the lag period should be
longer than those found both in our study and in previous studies because
legionellae growth and transmission take time. Moreover, Rivera et al. found an
inverse relationship between monthly precipitation and legionellae isolation from
water collected from the faucets of healthcare facilities [21]. Therefore, it may be
possible that patients inhale aerosols containing legionellae and become infected
during rainy days. Since legionellae are frequently detected in puddles of rainwater
on asphalt roads [22], we speculate that legionellae in soil [23-24], shade tree
potting soil [25], or other habitats may be flushed out by rainfall, and then
contaminate rainwater puddles on asphalt roads. The legionellae in puddles on
roads are then aerosolized by moving vehicles, increasing the exposure risk to
legionellae for people on the street.

To obtain a more detailed understanding of the impacts of precipitation on LD
occurrence, in this study, daily precipitation (1 mm to >100 mm) was divided
into five categories in order to compare ORs with the baseline control
precipitation category (0 mm) (Figure 4). The positively significant association
with reported LD cases only appeared in precipitation at 21-40 and 61-80 mm
rather than with a continuous increase in precipitation. At these precipitation
levels, rainwater puddles will form on roads, and people still go out, which may
increase the opportunity of exposure to rainwater containing legionellae. As for
heavier rainfall, during which legionellae in aquatic systems can be diluted,
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habitats of legionellae may be destroyed, and the frequency of going outside could
be decreased, which might explain the non-significance of precipitation at

>80 mm. Although our results are very preliminary, and there is a lack of
evidence to support these speculations, the findings at least warn physicians to
consider LD when choosing diagnostic tests and medication for patients showing
signs and symptoms of community-acquired pneumonia 11 days after
precipitation of 21-80 mm occurs.

It was also observed in the present study that temperature is negatively
associated with reported LD cases (Figure 3), which was the opposite the finding
of previous studies [12—13, 15]. However, this does not mean low temperature
favors LD occurrence because more cases (48%) in Taiwan are reported during
the warm summer and early autumn seasons (June to October) (data not shown),
thus indicating that warm temperatures are still advantageous to LD occurrence.
The negative correlation between temperature and LD occurrence might be
explained by the significantly negative association of temperature with
precipitation (r=-0.250 for June to October and —0.033 for November to May, p-
value<<0.05), i.e. precipitation increases reported LD cases but decreases
temperature, which could be evident by the same 11-day lag effect for temperature
and precipitation (Figure 3). Most importantly, when the data were separated into
warm and cool seasons and reanalyzed, the impact of temperature was no longer
significant in either season under consideration; however, during the warm
season, higher precipitation at lag day-11 was still significantly correlated with
greater LD occurrence (Table 3). These results seem to imply precipitation is a
more critical factor for LD occurrence than temperature during the warm season
in Taiwan.

RH is also a risk factor of LD occurrence and has been reported previously
[13, 15,17] although such a relationship was not significant in the study of Conza
et al. [16]. Its significance was not found in this study (Figure 3), which may be
because of the RH characteristic in Taiwan (Table 2). In Taiwan, the 5 and 75"
percentiles for RH were at 63% and 82%, respectively (Table 2), indicating that
RH levels on most days are close to the RH supporting the greatest legionellae
survival (65 and 80%) [26—27]. Overall, the present study further suggests
precipitation may be the major risk factor of LD occurrence in warm, humid
regions.

A time-stratified case-crossover design was used in this study to assess the
effects of weather factors on LD occurrence, which allowed joint analysis of many
cities and eliminated the estimation of each city for executing meta-analysis. This
design would be limited to presenting the entire long-term pattern between
weather variation and LD occurrence in a time-series analysis. However, the
simulation study indicated that a time-stratified case-crossover design may have
greater statistical power than time-series analysis in the case of longitudinal
studies [28].
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Conclusions

In the present study, the influences of temperature, RH, and precipitation on
reported sporadic LD cases were evaluated, and it was found that in warm, humid
regions, precipitation may be the most important weather factor enhancing LD
occurrence in elderly male individuals during the warm season, especially at an
11-day lag. However, such a relationship is not completely linear. Precipitation at
21-40 and 61-80 mm may likely to impose greater risk of LD occurrence. These
findings warn that 11 days after precipitation of 21-80 mm, LD should be
carefully considered when diagnosing and medicating patients showing signs and
symptoms of community-acquired pneumonia, especially in the case of elderly
men in warm, humid regions.
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