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Public health

pneumonia caused by Legionella bacte-
ria, often inhaled in contaminated aero-
sols. Legionella spp. cause an estimated
0.5%–5.0% of cases of community-
acquired pneumonia (CAP),1 and up to
15% of cases of CAP requiring hospital-
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ing:  Epidemiological and environmental investigation of cases of 
ease associated with visits to the Melbourne Aquarium; two case–

control studies to confirm the outbreak source and to investigate risk factors for 
infection, respectively.

Participants:  Patients with confirmed Legionnaires’ disease who visited the 
Melbourne Aquarium between 11 and 27 April 2000 were compared (i) with control 
participants from the community, and (ii) with control participants selected from other 
visitors to the Aquarium during this period.

Main outcome measures:  Risk factors for acquiring Legionnaires’ disease.

Results:  There were 125 confirmed cases of Legionnaires’ disease caused by 
Legionella pneumophila serogroup 1 associated with the Aquarium; 76% of patients 
were hospitalised, and four (3.2%) died. The Aquarium cooling towers were 
contaminated with this organism. Visiting the Aquarium was significantly associated 
with disease (odds ratio [OR], 207; 95% CI, 73–630). The case–control study indicated 
that current smoking was a dose-dependent risk (multivariable OR for currently 
smoking > 70 cigarettes/week, 13.5; 95% CI, 5–36), but chronic illness and duration of 
exposure at the site were not significant risks.

Conclusions:  This study showed an association between poorly disinfected cooling 
towers at the Aquarium and Legionnaires’ disease in visitors, and confirmed current 
smoking as a critical risk factor. The rapid response, publicity, and widespread urinary 
antigen testing may have resulted in detection of milder cases and contributed to the 
relatively low apparent morbidity and mortality rates. The urinary antigen test allows 
rapid identification of cases and may be changing the severity of illness recognised as 
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Legionnaires’ disease and altering who is considered at risk.
LEGIONNAIRES’ DISEASE is an atypical

isation.2 Legionella pneumophila sero-
group 1 is the major notified cause of
legionellosis in the state of Victoria.3

Sources linked to outbreaks worldwide
include cooling towers, piped water,
fountains and spas.4-8

On 26–27 April 2000, routine follow-
up of three notifications of Legion-
naires’ disease revealed that all three
patients had visited the recently opened
Melbourne Aquarium in the 10 days
before illness onset. This suggested a
source at the Aquarium; environmental
investigations were begun immediately.
Notifications increased rapidly, becom-
ing Australia’s largest outbreak of
Legionnaires’ disease. We describe the
outbreak characteristics, investigations
into the source of infection, and a case–
control study into factors associated
with infection.

METHODS

As this study was part of an outbreak
investigation by the Victorian Depart-
ment of Human Services (VDHS) it did
not require formal ethics committee
approval. Informed consent was
obtained from all participants.

Outbreak investigations

Environmental investigation
On 27 April 2000, VDHS investigators
inspected all possible sources of
Legionella organisms at the Melbourne
Aquarium. The most likely source was
two new air-conditioning cooling towers
in the third-floor plant room, fitted with
biocide auto-dosing systems and drift
eliminators. Cooling-tower water was
sampled, then disinfected with chlorine.
MJA Vol 180 7 June 2004
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Water was sampled from all aquarium
displays, although none caused signifi-
cant public exposure to aerosols.

Water samples were sent to the Mel-
bourne Microbiological Diagnostic
Unit Public Health Laboratory for iso-
lation of Legionella organisms according
to standard methods (AS/NZS 3896:
1998); the limit of detection was
10 colony-forming units (cfu)/mL. L.
pneumophila serogroup 1 isolates from
the water samples and patients were
subtyped using both pulsed-field gel
electrophoresis (PFGE) and mono-
clonal antibody typing techniques.
Strain relatedness was assessed using
published criteria.9 PFGE was carried
out with the CHEF DRIII system (Bio-
Rad, Richmond, Va, USA) using
restriction endonucleases Xba1 and
Sfi1. Biocide and anti-corrosion chemi-
cal levels in the water were analysed by
the Victorian State Chemistry Labora-
tory. Cooling tower operation was
reviewed for factors possibly contribut-
ing to contamination.

In addition to culture, diagnostic tests
at the Victorian Infectious Diseases Ref-
erence Laboratory (VIDRL) included
urinary antigen tests for L. pneumophila
serogroup 1 (Binax Legionella Urinary
Antigen Enzyme Immunoassay Kit and
Binax Legionella NOW immunochro-

matography, used as per manufacturer-
specified methods [Binax Inc, Portland,
Ore, USA]) and indirect immunofluo-
rescence assay for serum antibody
against L. pneumophila.10

Epidemiological investigation
Active case surveillance was initiated by
VDHS on 27 April 2000. National and
international medical alerts were dis-
seminated because of interstate and
international visitors to the Aquarium,
and a telephone “hotline” was estab-
lished.

A case was defined as any person
developing fever, cough or pneumonia
in the 2 weeks after a visit to the Mel-
bourne Aquarium or its close vicinity,
and confirmed by at least one of the
following laboratory tests: positive uri-
nary antigen test for L. pneumophila
serogroup 1; or a fourfold or greater (to
� 128) rise in antibody titre against L.
pneumophila between paired acute and
convalescent phase sera, or a stable high
(> 512) titre in convalescent serum; or
isolation of Legionella spp. from respira-
tory secretions.11

Case–control studies

Box 1 shows the details of cases and
control participants included in the

investigations. Potential control partici-
pants were excluded from either study if
they reported a clinical diagnosis of
pneumonia or any two of the symptoms
fever, cough or generalised muscle ache
at any time between 11 April and 7
May.

Confirmation of outbreak source
The first case–control study investi-
gated the hypothesis that the Aquarium
site was the outbreak source (Box 1).
Case exposure data were obtained
through routine follow-up, with infor-
mation sought on recent activities,
including visits to the Aquarium and
nearby sites. Control participants were
obtained from a VDHS computer-
assisted telephone interview database
of about 10 000 households, previously
randomly selected and willing to be
surveyed about health issues.12 Control
participants included people with silent
or unlisted phone numbers, and those
interviewed in a language other than
English. Interviews were conducted by
telephone in June 2000. Control par-
ticipants were asked about visiting var-
ious tourist sites between 11 and 27
April and about symptoms of Legion-
naires’ disease in the subsequent 2
weeks.

1: Numbers of cases and controls for outbreak and case–control studies of Legionnaires’ disease (LD)

VDHS = Victorian Department of Human Services
* Case linked to Aquarium outbreak defined as patient visited or passed by Aquarium, 11–27 Apr 2000.
† Frequency matched to cases by sex and 5-year age group.
‡ Frequency matched to cases by sex and 10-year age group.

135 LD cases notified 
in Victoria with 
illness onset 

11 Apr-9 May 2000

13 "passers-by"

100 visitors 
to Aquarium 

(including 1 staff)

Outbreak cases: 
125 confirmed cases 

linked to 
Aquarium outbreak*

2 "passers-by"

10 visitors 
to Aquarium

310 potential controls 
from VDHS database 
(response rate, 80%)†

110 LD cases 
in visitors to Aquarium, 

11-27 Apr 2000

254 potential controls who 
visited Aquarium 11-27 April 
(from "hotline" calls or booked 

groups; response rate of eligible 
people telephoned, 73%)‡

5 excluded 
(due to 

symptoms, 
did not visit 
Aquarium)

305 
controls

129 
cases

6 excluded 
(concurrent 
outbreak in 

distant town)

Case-control study 1 
(outbreak source)

1 excluded 
(staff member 

with many 
exposures)

5 did not 
complete 

questionnaire

104 
cases

201 
controls

53 excluded 
(symptoms,  
46; antibody  
titre � 128, 7)

Case-control study 2 
(risk factors in Aquarium visitors)

12 LD cases notified in other  
Australian States or New Zealand, 

and linked to 
Aquarium outbreak*

Case-control study on source 

Case-control study on risk factors
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Risk factors in visitors
The second case–control study investi-
gated exposure and patient factors
potentially associated with legionellosis
among people who visited the Aquar-
ium between 11 and 27 April 2000 (Box
1). Control participants were recruited
by systematic selection of phone num-
bers from the “hotline” call log (from
about 7000 calls received, every 10th
eligible log entry was chosen after start-
ing at a randomly generated number)
and random selection of participants
from 126 adult group bookings at the
Aquarium during the risk period. A
control to case ratio of two was chosen
as a compromise between the need for
statistical efficiency and what could be
achieved quickly and within budget.

Information was collected from case
and control participants by telephone
interview using a standardised question-
naire. Trained research nurses, blinded
to the study hypothesis that specific
exposures at the Aquarium increased
risk of illness, conducted interviews
between 29 May and 14 August 2000.

Blood and urine samples were tested
at VIDRL to exclude asymptomatic
Legionella infection in control partici-
pants (by a single blood sample showing
antibody titre < 128 and a negative uri-
nary antigen test). All participants gave
informed verbal consent.

The questionnaire asked about pre-
existing illnesses, smoking, and time
spent in various locations in and around
the Aquarium on the day of visit for

both cases and control participants. As
the risk period encompassed school hol-
idays, “unbooked” visitors regularly
waited in long entry queues from the
general “unbooked” entrance, extend-
ing along the riverfront and under the
balcony of the first floor cafe (Box 2).
Standing in this queue or on the bal-
cony was considered a potential expo-
sure risk to contaminated aerosols.
“Pre-booked” visitors used a separate
entrance (Box 2), avoiding the queue
and possibly having different exposure
to aerosols.

Statistical analyses

Data were analysed using Epi Info13 and
Minitab.14 The statistical significance
threshold was 5%. The multivariable
analysis used unconditional logistic
regression, with disease status as the
outcome and the questionnaire infor-
mation as explanatory variables.

RESULTS

Outbreak investigations

Environmental and 
microbiological investigation
Microbiological testing showed that on
27 April 2000 both Aquarium cooling
towers were contaminated with
Legionella organisms (3000–6900 cfu/
mL, L. pneumophila serogroup 1;
12000–15 000 cfu/mL, L. pneumophila
serogroups 3, 5, 6 and 9; and 1500–
10 000 cfu/mL, other Legionella spe-
cies). Follow-up samples indicated that
disinfection on 27 April successfully
eliminated Legionella organisms from

2: Layout of the Melbourne Aquarium, showing public entrances and queues

3: Confirmed cases of Legionnaires’ disease, by date of visit, onset of 
illness, case notification and hospital admission
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the tower water. One Aquarium display
tank contained small numbers (200 cfu/
mL) of Legionella rubrilucens or L.
erythra; nine other tanks tested negative
for Legionella species.

The concentrations of all anti-corro-
sion and biocide chemicals used for
cooling-tower water treatment were
below limits of detection in the 27 April
samples. A service report by the water
treatment company on 15 March 2000
indicated a possible problem with the
biocide-dosing pump; as at 27 April
there had been no April inspection by
water treatment personnel.

Molecular subtyping showed that the
Legionella isolates from both cooling
towers and from the 11 sputum samples
(all L. pneumophila serogroup 1) were
closely related, being designated by the
laboratory as PFGE pattern MDU 1:2
or its subtypes (eg, 1D:2B), and inter-
national typing Mab 2 (or “Pontiac”)
positive.

Epidemiological investigation
Legionnaires’ disease was confirmed in
110 people who visited the Melbourne
Aquarium between 11 and 25 April
2000, including one staff member (Box
3). The daily attack rate varied from
0.36 to 3.0 cases/1000 visitors (4600–
6000 visitors/day); the overall attack
rate was 1.3 cases/1000 visitors.
Another 15 confirmed cases occurred in
people who did not visit the Aquarium
but were in its immediate vicinity
(within 500 metres of the building)
during the risk period. Therefore, 125
confirmed cases of Legionnaires’ dis-
ease were linked to this outbreak.

Cases were in people aged from 23 to
89 years (median, 64 years); 57% were
men. The average incubation period
was 6.3 days (median, 6 days; range, 1–
16 days). Patients who were hospitalised
(76%) were significantly older than
those not hospitalised (64.4 v 55.1
years; P = 0.01). The overall case–fatal-
ity ratio was 3.2% (4 deaths: 2 visitors,
2 passers-by).

The earliest illness onset was on 17
April and the first notification was on 26
April (Box 3). The outbreak was recog-
nised the following day, and control
measures were implemented immedi-
ately, 10 days after the earliest onset. By
27 April, 77% of patients were ill, but

only 28% of those eventually hospital-
ised had been admitted.

Most cases (83%) were diagnosed by
a positive urinary antigen test, including
all 11 culture-positive cases; few sam-
ples were submitted for culture. Sero-
logical testing was the sole basis of
diagnosis for 17% of cases.

Case–control studies

Confirmation of outbreak source
The first case–control study showed
that, of 129 people with Legionnaires’
disease notified in Victoria with onset
between 11 April and 9 May, 100
(78%) had visited the Aquarium, com-
pared with only five of 305 (1.6%)
asymptomatic community control par-
ticipants (Box 1). This confirmed a very
strong association between being noti-
fied to VDHS with Legionnaires’ dis-
ease and visiting the Aquarium between
11 and 27 April (odds ratio [OR], 207;
95% CI, 73–630).

Risk factors in visitors
The second case–control study included
104 case and 201 control participants in
the analysis (Box 1). The 53 control
participants who were excluded did not
differ from the 201 included in age and
sex distribution or total time spent at
the Aquarium. Control participants
were frequency-matched to cases by age
and sex, but, with insufficient older
male control participants, male case
participants were significantly older
than male control participants (61.6 v

54.4 years; P = 0.004). These residual
differences between cases and controls
were accounted for by multivariable
analysis.

No visit exposure characteristics were
significant risk factors on univariate
analysis, although “standing in a queue
or waiting outside” neared significance
(P = 0.09; OR, 1.54; 95% CI, 0.94–
2.50). There was no association
between illness and going onto the bal-
cony (OR, 0.97; 95% CI, 0.56–1.67),
although 33% of hospitalised patients
went onto the balcony compared with
4% of non-hospitalised patients
(P = 0.002). The only personal charac-
teristic significantly associated with dis-
ease on univariate analysis was smoking
(Box 4).

Factors were considered for the mul-
tivariable analysis based on preliminary
univariate analysis and biological and
environmental plausibility. The results
from the best model to explain the study
data (Box 5) were obtained by eliminat-
ing all two-factor interactions and main
effects that were not statistically signifi-
cant at the 5% level. Factors used for
frequency matching were retained.
Smoking was an independent dose-
dependent risk factor. In addition, there
was effect-measure modification
between which entrance a visitor used
and whether or not they queued or
waited before entry (P = 0.02), as well
as between queuing and sex (P = 0.02),
but not entrance and sex (P = 0.4), and
not all three terms together (P > 0.9).
Because of these complex interactions,

4: Univariate analysis of patient risk factors for Legionnaires’ disease in 
visitors to the Aquarium*

Variable
Cases 

(n=104)
Controls 
(n=201) Odds ratio (95% CI) † P†

Seeing a doctor regularly 65 119 1.15 (0.71–1.87) 0.6

Seeing a doctor for a problem of lungs, 
heart or diabetes

38 60 1.35 (0.82–2.23) 0.2

Smoking

Never 34 106 1.00

Quit > 20 years ago 10 28 1.11 (0.49–2.53)

Quit � 20 years ago 26 47 1.72 (0.93–3.19)

Currently smoke � 70 cigarettes/week 12 10 3.74 (1.49–9.42)

Currently smoke > 70 cigarettes/week 22 10 6.86 (2.96–15.9) < 0.001

Drink alcohol 73 160 0.60 (0.35–1.04) 0.07

* Responses > 95% for the above variables were classifiable and are included in the table.
† For categorical variables with more than two categories, odds ratios of categories are reported in relation to 
a baseline category and the P value is for the overall test that all of the true odds ratios are equal to 1.
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odds ratios in relation to these terms are
expressed as the eight combinations of
the three variables.

DISCUSSION

Legionnaires’ disease was confirmed in
125 people who visited or passed within
500 m of the Melbourne Aquarium
between 11 and 27 April 2000. There
was a very strong association between
visiting the Aquarium in the risk period
and contracting Legionnaires’ disease
(OR, 207; 95% CI, 73–630). The out-
break was linked to contaminated air-
conditioning cooling towers at the
Aquarium. The climatic variability in
Melbourne, particularly in autumn,
often results in sporadic functioning of
air-conditioners on autothermostats,
facilitating growth of contaminants in
water-cooled air-conditioning systems
and subsequent dispersion.

Both cooling towers were contami-
nated with Legionella organisms and did

not contain detectable biocide when
sampled on 27 April 2000, indicating
no effective disinfection of the cooling-
tower water. This was found to be most
likely due to a faulty dosing pump and
lack of regular inspection of the system.
Under these circumstances, despite the
presence of modern drift eliminators,
aerosols containing Legionella organisms
were dispersed in the environment.
Contaminated aerosols were inhaled by
people in the vicinity of the Aquarium,
leading to Legionnaires’ disease in those
who were susceptible. This outbreak
occurred before the introduction to Vic-
toria in 2001 of risk-based Legionella
legislation, which requires high-level
maintenance of all water-cooled air-
conditioning systems.

Rapid notification of cases, identifica-
tion of the geographical link, and imple-
mentat ion of  control  measures
prevented further infections occurring
after 27 April (Box 3). Rapid distribu-
tion of health alerts may have prompted
infected people to seek treatment early

in their illness, and doctors to test rap-
idly for Legionella infection in Aquarium
visitors presenting with even mild symp-
toms.8,15,16 This may have contributed
to the relatively low hospitalisation and
mortality rates compared with other
outbreaks with possibly slower recogni-
tion of the outbreak source.5,7,17,18 Aus-
tralian antibiotic guidelines advise
erythromycin for treatment of severe
CAP and legionellosis; empirical use of
erythromycin may also have helped
reduce morbidity.

Isolation of Legionella organisms from
a clinical specimen is the gold standard
diagnostic test, and allows for molecular
subtyping2 and comparison with envi-
ronmental isolates. However, samples
for the urinary antigen test are easier to
obtain and yield results within hours
rather than days.19 Alerts and wide-
spread urinary antigen testing may have
revealed a wider spectrum of disease
than might otherwise have been
detected, altering apparent morbidity
and mortality rates.20 The proportion of
non-hospitalised cases in this outbreak
(24%), similar to a recent Spanish out-
break,21 may indicate there is a propor-
tion of milder disease that is not
diagnosed in non-outbreak settings.
Historically, 94%–98% of notified cases
in Victoria have been hospitalised,19

similar to hospitalisation rates for spo-
radic cases in the 1970s.22

The second case–control study
sought to determine risk factors associ-
ated with Legionnaires’ disease in
Aquarium visitors. The multivariable
model included age, smoking status,
and the combination of sex plus
entrance used plus queuing (Box 5).
Widely reported risk factors for Legion-
naires’ disease include increasing age,
male sex, smoking, heavy alcohol intake
and chronic illness (eg, diabetes melli-
tus, chronic lung disease, renal disease,
malignancy, immunocompromised sta-
tus).1,17,18,23 The risk factors found in
outbreaks and sporadic community-
acquired Legionnaires’ disease may dif-
fer, and, indeed, investigations may
match cases and control participants on
some “known risk factors”.24,25 Our
case–control study could not assess sex
and age as independent risk factors
because of frequency matching. How-
ever, only 57% of cases were men, at

5: Multivariable analysis of risk factors for Legionnaires’ disease in visitors 
to the Aquarium*

Predictor constant 
Cases 

(n=104)
Controls 
(n=201) Odds ratio (95% CI) P‡

Age

< 50 years 17 61 1.00 < 0.001

50–64 years 35 69 3.32 (1.47–7.50)

� 65 years 52 71 6.12 (2.67–14.1)

Smoking

Never smoked 34 106 1.00 < 0.001

Quit > 20 years ago 10 28 0.75 (0.31–1.81)

Quit � 20 years ago 26 47 1.63 (0.83–3.19)

Currently smoke � 70 cigarettes/week 12 10 4.02 (1.47–11.0)

Currently smoke > 70 cigarettes/week 22 10 13.50 (5.01–36.5)

Interacting risk factors

Female, pre-booked,* no queue† 5 27 1.00

Female, unbooked,* no queue† 10 29 2.56 (1.05–6.20)

Male, pre-booked, no queue 8 22 2.78 (1.17–6.61)

Male, unbooked, queue 23 46 3.05 (1.09–8.54)

Female, unbooked, queue 27 42 3.96 (1.49–10.6)

Male, pre-booked, queue 8 12 5.18 (1.65–16.3)

Female, pre-booked, queue 8 7 6.72 (2.10–21.5)

Male, unbooked, no queue 14 15 7.10 (1.93–26.1)

* Pre-booked individuals entered through the entrance for pre-booked groups. Unbooked individuals entered 
via the general entrance.
† Queue = individual queued or waited outside the building before entry. 
‡ P value is for the overall test that all of the odds ratios in a section are equal to 1.
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odds with the striking male preponder-
ance reported previously.21,22,26

Some accepted risk factors, in partic-
ular chronic illness, were not significant
in our case–control study, although the
results  were consistent with an
increased risk (up to twofold) among
patients with chronic illness (eg, “seeing
a doctor regularly for lungs, heart or
diabetes”). A study of a recent outbreak
in Spain also found predisposing fac-
tors, including chronic illness, were not
significant.21 An early case–control
study in the United States found under-
lying illness to be a relatively small and
non-specific predisposing factor for
community-acquired Legionnaires’ dis-
ease.23 The lack of significant associa-
tion in our case–control study between
Legionnaires’ disease and chronic ill-
ness might be due to inaccurate self-
report or detection of milder illness
compared with some previous investiga-
tions. Some factors may be significant
risks for only the more severe end of the
disease spectrum. Separate analysis of
hospitalised and non-hospitalised
patients in this outbreak is problematic,
as early intervention by VDHS may
have influenced outcomes.

A characteristic considered a risk fac-
tor for Legionnaires’ disease, and con-
firmed in our case–control study, was
smoking. Odds of illness among current
smokers increased in a dose-dependent
manner, with those smoking up to 70
cigarettes per week showing a lesser
increase (OR, 4.0) than those smoking
more than 70 per week (OR, 13.5) (Box
5). An increase in CAP risk has been
associated with smoking status, number
of cigarettes smoked per day, and life-
time smoking.27 A previous case–con-
trol study of sporadic community-
acquired Legionnaires’ disease found an
increased risk of illness associated with
an increasing number of cigarettes cur-
rently smoked per day.23 Our case–con-
trol study has shown the dose-
dependent effect of smoking on this
form of CAP in a large outbreak setting
with a wide spectrum of disease severity.

The stat is tical  in teract ion of
“entrance” and “queue” exposures was
not unexpected, as the intention of pre-
booking (thus using the “pre-booked”
entrance) was to minimise queuing
time. However, the interaction of
“queue” with sex was unexpected. The

interactions mean that the three expo-
sures involved (sex plus entrance plus
queuing) must be considered together,
but interpretation is difficult (Box 5).
The differences in odds ratios for the
groups cannot be explained by age or
smoking behaviour, as these factors
were not additional effect modifiers in
the model. Overall, queuing or waiting
outside the building posed a greater risk
than not doing so, with waiting at the
“pre-booked” entrance a greater risk
than queuing at the “unbooked”
entrance. For reasons that are unclear,
the one exception to the increased risk
from queuing was that the greatest risk
of illness (OR, 7.1) was in men who
used the “unbooked” entrance and did
not queue.

A dose–response effect between time
(frequency and duration) spent in close
proximity to a contaminated cooling
tower and the likelihood of having
Legionnaires’ disease has been found
previously.24 In our case–control study
there was no association between dis-
ease and time spent at various locations
inside or outside the Aquarium. The
greater proportion of hospitalised com-
pared with non-hospitalised patients
who went onto the balcony indicates
that, while this was not associated with
contracting disease, it may have influ-
enced illness severity. Infection of peo-
ple walking past the building, together
with the lack of association between
duration and site of exposure, suggests
that transient exposure was sufficient to
cause infection.

A limitation of this study was possible
sampling bias among control partici-
pants; this was unavoidable and
unmeasurable, as limited sources of vis-
itor control participants were available
in the midst of a very sensitive public
investigation.

This outbreak provided a unique
opportunity to investigate risk factors
for a wide spectrum of Legionnaires’
disease using a case–control study. His-
torically reported risks not found to be
significant in this outbreak, such as
chronic illness, may be risk factors for
only the more severe cases of Legion-
naires’ disease that have been detected
in the past. The ability to detect out-
breaks rapidly using the urinary antigen
test may change our understanding of
the epidemiology of Legionnaires’ dis-

ease. This outbreak stimulated new leg-
islation which requires registration of
cooling towers linked to risk manage-
ment plans.
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