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Modeling Legionnaires’ Disease Outbreaks

Estimating the Timing of an Aerosolized Release Using
Symptom-onset Dates

Joseph R. Egan, lan M. Hall, David J. Lemon, and Steve Leach

Background: Over the last 30 years, there have been a number of
reported Legionnaires’ disease outbreaks resulting from the release
of causative organisms from aerosol-producing devices.

Methods: We model a Legionnaires’ disease epidemic curve as the
convolution of an infection-time distribution (representing the aero-
solized release) and an incubation-period distribution. The model is
fitted to symptom-onset data from specific outbreaks to estimate the
start and end dates of the release. We also develop this retrospective
“back-calculation” model into a prospective “real-time” model that
can estimate the final size of an ongoing outbreak, in addition to the
timing of its release.

Results: In the retrospective analysis, the estimated release end
dates were generally earlier than reported end dates. This suggests
that, in many outbreaks, the release might have already ended by the
time the source was reportedly cleaned or closed. Prospective
analysis showed that valid estimates of the release start date could be
achieved early in the outbreak, the total number of cases could be
reasonably determined shortly after the release had ended, and
estimates of the release end date could be satisfactorily achieved in
the latter stages of the outbreak.

Conclusions: This model could be used in the course of a Legion-
naires’ disease outbreak to provide early estimates of the total
number of cases, thus helping to inform public-health planning.
Toward the end of the outbreak, estimates of the release end date
could help corroborate standard epidemiologic, environmental, and
microbiologic investigations that seek to identify the source.
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Legionnaires’ disease is a form of pneumonia caused by the
inhalation of Legionella pneumophila bacteria suspended in
aerosolized water.! Symptoms include fever, nonproductive
cough, muscle aches, and headaches, with suggested treatments
including macrolide and fluoroquinolone antibiotics.'* In recent
outbreaks, approximately 70% of cases required hospitaliza-
tion®> © (with a range of about 40%-90%’ '°), with overall
case-fatality rates of about 5%>>*%1® (with a range of 0%—
10%.*7?) Legionnaires’ disease was first identified in 1976
following a common-source outbreak at an American Legion
meeting in Philadelphia, PA."""'? Since the discovery of Legion-
naires’ disease, there have been many community-acquired
outbreaks linked to environmental sources such as cooling tow-
ers and whirlpool spas.®>'%!3>* Colonization of such aerosol-
producing systems by L. preumophila can result from a lack of
regular or effective disinfection.! A Legionnaires’ disease out-
break is usually halted following closure or thorough cleaning of
the source, commonly identified via epidemiologic, environ-
mental, and microbiologic investigations. However, if the travel
histories of cases during the 2-10 days before symptom onset’
(an approximation for the largest likely incubation period) pro-
vide little evidence for a specific source, then often a “brute-
force” tactic is adopted, with many potential aerosol-producing
systems cleaned or closed. This can take days or even weeks to
complete.®> Samples taken from potential sources before the
implementation of any preventive methods can provide evidence
of L. pneumophila contamination, especially when matched to
clinical isolates.*'* In this study, we model symptom-onset dates of
cases in an attempt to corroborate whether the end of an aerosolized
release coincided with any reported decontamination procedures.
An increase in cases reporting pneumonia-like illness is
likely to be the first sign of an L. preumophila aerosolized
release,” following which epidemiologic, environmental, and
microbiologic evidence is used to define a “community out-
break.”® The date of symptom onset for each case is usually
known, although the date of infection is often much less clear or
unknown. In this study, the “release” is defined to be the period
of time during which the source is releasing contaminating
aerosol; it is assumed to be equal to the period during which
cases are infected. We propose that cases’ incubation periods
and infection dates conform to theoretical probability distribu-
tions that can be convolved to form a probability distribution of
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cases’ symptom-onset dates. We test this model against publicly
available Legionnaires’ disease outbreak data (the authors ex-
tracted the data from published graphs for the majority of
outbreaks), for which there is reasonable evidence of source
identification and its cleaning or closure date. In addition to
retrospectively analyzing outbreaks, the model is developed to
provide real-time estimates of the release timing and outbreak
size. Such early estimates of the total number of cases could
benefit public-health planning (eg, gauging the required number
of hospital beds). Our model is an extension of those developed
for bioterrorist anthrax attacks,”>?® where the release is consid-
ered instantaneous rather than continuous.

METHODS

Retrospective Analysis at the End of an Outbreak

Infection Times

In April 2000, Legionnaires’ disease was confirmed for
125 people who visited or passed within 500 m of the Mel-
bourne Aquarium, Australia.’ The histogram in Figure 1A
shows infection dates for 121 cases, made possible because the
majority of cases were in the vicinity of the aquarium only once
in the weeks before symptom onset (G. Tallis, written commu-
nication, March 2006). Although the majority of infection dates
for the Melbourne outbreak were known, in many Legionnaires’
disease outbreaks the time of infection for each individual
cannot be explicitly identified when there is potential for multi-
ple exposure times. We therefore assume the most parsimonious
process for the time-dependent hazard of infection, in which a
release with explicit start and end times gives equal probability
to an individual becoming infected at any time during the
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release. This is described by a uniform probability density
function, termed “uniform release window,” with parameters x
and y representing the start and end dates, respectively (see the
fit in Fig. 1A for an example).

Incubation Periods

During the Melbourne outbreak, incubation periods were
obtained for 114 cases (Fig. 1B histogram, G. Tallis, written
communication, March 2006). The incubation period was cal-
culated by subtracting the date of visit, or the date when cases
were known to have passed by the aquarium, from the symptom-
onset date. Two-parameter gamma, log-normal, and Weibull
probability density functions were fitted to the Melbourne data-
set, using the “mle” function in the R stats4 package.”’ The
maximized log-likelihood for the gamma, log-normal, and
Weibull probability density functions were —272.66, —272.83,
and —278.27, respectively. Therefore, on the basis of the models
that were analyzed, the best fit to the data was provided by the
gamma probability density function with shape parameter a =
4.96 (95% confidence interval = 3.82—6.32) and scale param-
eter b = 1.27 (95% confidence interval = 0.99-1.68), termed
“gamma incubation period” (Fig. 1B fit). A x* goodness-of-fit
test confirmed the quality of the fit (P = 0.75, 7 degrees of
freedom). Incubation periods were similarly identified for 136
cases during a Legionnaires’ disease outbreak in Bovenkarspel,
Netherlands.” Unfortunately, we were unable to obtain the raw
data from the Bovenkarspel outbreak, which would have al-
lowed a statistical comparison with the Melbourne dataset;
however, the sample medians were close (6 and 7 days for
Melbourne and Bovenkarspel, respectively). In addition, a Le-
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FIGURE 1. Melbourne outbreak histograms (gray) and model fits (black, rounded to the nearest integer). A, Uniform release
window fit. B, Gamma incubation period fit. C, Histogram convolution. D, Uniform release window and gamma incubation period

convolution fit.
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FIGURE 2. Melbourne outbreak epidemic curve g 2
(gray) and back-calculation model fit (black, §
rounded to the nearest integer), assuming a uni- z
form release window. The large squares and circles 0 4

represent the reported and estimated uniform re-
lease window, respectively. The small circles repre-
sent the 95% confidence intervals for both the
estimated release start and end dates. The triangle
represents the date of the cooling tower’s (ie, prob-
able source’s) disinfection.

gionnaires’ disease outbreak in Miyazaki, Japan®® yielded data
on 76 incubation periods; reassuringly, a Kolmogorov-Smirnov
test revealed no evidence against this dataset being drawn from
the gamma incubation period (P = 0.51).

Onset Times

In the situation where individual infection dates and
incubation periods are known, their summation yields indi-
vidual symptom-onset dates. The reported epidemic curve
(histograms in Fig. 1C, D) can be approximated by convolv-
ing the histograms of the infection dates and incubation
periods (Fig. 1C fit). A second approximation, and the basis
of our approach, would be by convolving the distributions
fitted to the data displayed in the histograms, that is, convolv-
ing a uniform release window with the gamma incubation period
(Fig. 1D fit). In the Melbourne example, the number of available
infection dates (121) and incubation periods (114) are a subset of
the number of available symptom-onset dates (124), thus incor-
porating a small error in both approximations. Because symp-
tom-onset dates are usually reported during an outbreak, we
reverse the latter convolution process and back-calculate the
start and end dates of a uniform release window (x and y),
assuming that the gamma incubation period parameters (@ and b)
remain valid across all outbreaks. A mathematical description of
this “back-calculation model” is provided in eAppendix 1
(http://links.Iww.com/EDE/A451). In their statistical analysis of
the HIV/AIDS pandemic, Brookmeyer and Gail*” first proposed
the use of a time-dependent infection rate model, via a convo-
lution with the incubation-period distribution, to estimate char-
acteristics of the infection source.

Prospective Analysis During an Outbreak

The total number of cases becomes known shortly
after the end of a Legionnaires’ disease outbreak. However,
during the course of the outbreak, its size is yet to be established.
Therefore, real-time estimates of the start and end dates of a
release need to be considered in parallel with estimates of the
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final outbreak size. This is a more complex scenario than an
instantaneous release of, say, anthrax, where the 2 key parame-
ters of interest are the time at which the release occurred and the
eventual size of the outbreak. Not only does the continuous-
release scenario require an additional (time) parameter, but early
estimates might be needed before the release has even ended.
Using symptom-onset times of the early cases, the best-fitting set
of release parameters can be calculated. A mathematical descrip-
tion of this “real-time model” is provided in eAppendix 2
(http://links.Iww.com/EDE/A451). It should be noted that the
general real-time model captures the special-case back-calcula-
tion model as the outbreak comes to an end.

RESULTS

Retrospective Analysis at the End of an Outbreak

Reported Outbreak Data

Figure 2 shows the back-calculation model fit to the
Melbourne® epidemic curve and the estimated uniform re-
lease window. A x* goodness-of-fit test revealed no statisti-
cally significant differences between the reported and esti-
mated symptom-onset dates (P = 0.70, 10 degrees of
freedom). The release is estimated to start 3 days before the
first symptom-onset date, and to end 8 days later. The
approximate 95% confidence interval was (—1-1) day for
both the start- and end-date estimates. Although the back-
calculation model captures 88% of the known infection dates,
6 cases were infected in the 2 days preceding the lower
confidence interval of the estimated start date and 9 cases
were exposed in the 2 days after the upper confidence interval
of the estimated end date. Intuitively, to reproduce a close fit
to the epidemic curve, the back-calculation model is forced to
over- and underestimate the start and end dates, respectively
(compare Fig. 2 and Fig. 1D).

The Table provides a summary of estimates for 18 other
Legionnaires’ disease outbreaks.**®71%!1372% Note that epi-
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FIGURE 3. Epidemic curves (gray) and back-calculation model fits (black), assuming a uniform release window for the outbreaks

described in the Table. X-axis represents symptom-onset time (days relative to first onset date) and y-axis represents the number
of cases (rounded to the nearest integer for the fits). Note the differing scales among the various outbreaks.

demic curves C and D relate to the same outbreak (see
below). Nine of the 20 modeled epidemic curves provided
either reasonable (D, L, M, O, and R: 0.05 = P < 0.20°%) or
good (E, F, N, and P: P = 0.20) fits to the data, based on a
X goodness-of-fit test. The other 11 fits were poor (P <
0.05). A visual comparison provided in Figure 3 shows that 8§
of these 11 fits (panels A, B, G, H, I, K, S, and T) consistently
overestimate the early period of the outbreak and underesti-
mate the peak. There are 3 possible explanations for this
behavior—first, that very early cases are sporadic cases
unrelated to the outbreak in question; second, that following
outbreak detection, active case finding increases ascertain-
ment of later cases; or third, that the assumption of a uniform
release window is too simplistic. The third explanation is
perhaps the most likely and is considered further in the next
section. The poor fits in panels J and Q similarly coincided
with the peak being underestimated, although the early stages
of the outbreak are captured well. The final poor fit (panel C)
is a result of day 8 of the outbreak having a particularly high
number of cases when compared with the previous and
subsequent days. An earlier report of the same outbreak
provides an epidemic curve with approximately 30 fewer
cases; the back-calculation model actually provides a better
fit to this truncated dataset (panel D, P = 0.07, 10 degrees of

192 | www.epidem.com

freedom). One speculative (but unconfirmed) explanation for
the discrepancy between the 2 reported epidemic curves is
that the additional 30 cases were those for whom information
was unobtainable and were, therefore, all allocated the same
symptom-onset date.

The estimated end date is earlier than the reported end
date in 6 of the 9 reasonable or good epidemic curve fits, and
later than the reported end date in only 3. This suggests that
in many outbreaks, the release might have already ended by
the time the source had been reportedly cleaned or closed. For
3 of these outbreaks (E, L, and R), the estimated start and end
dates are the same, suggesting an instantaneous release of
organisms. Indeed, particularly short releases that ended before
the reported source cleaning or closure have been hypothesized
for these outbreaks,”'*!> but such a hypothesis has lacked the
supporting statistical evidence provided in this study.

Sensitivity Analysis

To account for the discrepancies between the reported and
modeled epidemic curves, we considered a slightly more com-
plex release of organisms. The 2-parameter uniform release
window was replaced by a 3-parameter “logistic release win-
dow” that allowed more flexibility in the early stages of the
outbreak (eAppendix 1, http://links.Iww.com/EDE/A451, for a

© 2011 Lippincott Williams & Wilkins
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FIGURE 4. Epidemic curves (gray) and back-calculation model fits (black, rounded to the nearest integer) assuming a uniform
release window (A-C) and a logistic release window (D-F). Uniform (dashed) and logistic (un-dashed) release windows (G-I)
corresponding to the back-calculation model fits. Melbourne (A, D, and G), Miyazaki (B, E, and H), and Barrow (C, F, and I)
outbreaks. Note the differing scales among the various outbreaks.

mathematical description). We hypothesized that exponential
growth of L. pneumophila during the early stage of the release
window, followed by a period during which the number of
organisms remained at a stable carrying capacity (ie, the maxi-
mum sustainable population), and ending abruptly by source
cleaning or closure (or some other factor), might provide bio-
logic justification for such a release window.

A logistic release window improves the fits of the 2
smallest outbreaks from poor to reasonable (Table), although
the 3 early cases in these outbreaks (particularly the Hereford
case) could possibly be sporadic. More convincing are the
Miyazaki and Barrow modeled epidemic curves, where a
logistic release window improves the fits from poor to good
(Table). Figure 4 shows that the estimated logistic release
window of the Miyazaki outbreak had reached a stable
carrying capacity before the source was cleaned or closed, but
for Barrow, the estimated logistic release window was still in
the growth phase. This suggests that the outbreak might have
been much larger without public-health intervention.

Of the remaining 7 originally poor fits, only the Staf-
ford outbreak was improved to a reasonable fit by incorpo-
rating a logistic release window. In addition, a comparison of
Akaike’s Information Criterion (AIC) values in the Table

© 2011 Lippincott Williams & Wilkins

shows that none of the 9 originally reasonable or good fits
benefitted sufficiently from a logistic release window to
justify the extra parameter. As an example, Figure 4 shows
that the 2 modeled release windows for Melbourne are very
similar, indicating that a uniform release window is sufficient
to capture the epidemic curve. This analysis suggests that,
although a logistic release window can occasionally provide
a better fit, a uniform release window is more justifiable for
the majority of Legionnaires’ disease outbreaks. Finally, it
should be noted that the estimated end dates were earlier with
a logistic release window for the 5 improved fits, providing
further evidence that the release might have ended before the
reported cleaning or closure of the source.

Prospective Analysis During an Outbreak

Simulation Study

We first simulated an outbreak of 100 cases resulting
from a 10-day release to analyze the performance of the
real-time model before testing it with reported data. Infection
times of the cases were randomly generated from a uniform
release window and then added to deviates from the gamma
incubation period (parameterized in the Methods) to provide
symptom-onset times. Note that in this simulation, the start
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FIGURE 5. One SIMULATION. Real-time model likelihood profiles of the model parameters (A-C) 5 days, (D-F) 10 days, and (G-I)
15 days after symptom onset of the first case (t = 0). Gray lines represent actual (dashed) and maximum likelihood estimate
(un-dashed) values. The simulation generates 100 cases over a 10-day uniform release window.

and end dates were given by (x = —2.2, y = 7.8), corre-
sponding with the first symptom-onset time at # = 0. Figure
5B shows that 5 days after the appearance of the first
symptomatic case (at which point 13 cases had displayed
symptoms), the release start date was overestimated by ap-
proximately 1 day. The release was estimated to end on the
day that the estimates were being made (Fig. 5C), correctly
suggesting that the release was still ongoing. This forced an
underestimate of the final outbreak size (Fig. 5A). After 10
days of case data (when 58 cases had displayed symptoms),
the start date was accurately estimated (Fig. SE). At this
point, the release had ended and the outbreak size estimate
moved very close to the actual value. However, the real-time
model mistakenly suggested that the release was still ongoing
(Fig. 5F). By the 15th day of case data (at which time 91
symptomatic cases had occurred), the real-time model had
received sufficient data to accurately capture the end date
(Fig. 5I). Also note how the likelihood profile of the size
estimate is much narrower around the actual value, highlight-
ing the decreasing uncertainty in this parameter as the end of
the outbreak is approached.

The panels in Figure 5 represent the results from just 1
simulation. To capture the general behavior of the real-time
model, we simulated 500 outbreaks, as above (100 cases over
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a 10-day uniform release window). The outbreak size esti-
mates showed a pattern similar to Figure 5, in that underes-
timates necessarily occurred while the release was ongoing
(Fig. 6A), but quickly focused on the actual size once the
release had ended (Fig. 6D, G). Also following a similar
pattern to Figure 5, the estimated start dates were generally
accurate even after only a few days of data (Fig. 6B, E, H).
However, the estimated end dates were less predictable—
before the release had ended, the real-time model correctly
estimated that the release was ongoing in approximately
two-thirds of simulations, but incorrectly estimated that the
release had ended in the remaining one-third (Fig. 6C).
Shortly after the release had ended, the real-time model
estimated that the release was still ongoing in approximately
two-thirds of simulations and underestimated the end date in
the remaining one-third (Fig. 6D). Only after a few more days
of case data did the real-time model consistently capture the
simulated end date (Fig. 6I).

Reported Outbreak Data

We applied the real-time model to truncated Legion-
naires’ disease outbreak data from Melbourne, where a uni-
form release window was shown earlier to provide a good fit.
As a misspecification, we also tested the real-time model
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days = 67.2 (8.0), and 15 days = 94.5 (2.8).

against the Barrow data, which was shown earlier to provide
a poor fit with a uniform release window (but a good fit with
a logistic release window). The most striking differences
between the inferences of the 2 outbreaks were the confidence
intervals of the size and start date estimates (Fig. 7). For
Melbourne, the final outbreak size confidence intervals were
fairly wide in the middle stages of the outbreak, although this
was not the case for Barrow. In contrast, there was large
uncertainty in the estimated start date for the Barrow out-
break, whereas the start of the release for Melbourne was
captured early with fairly narrow confidence intervals. Both
of these features can be explained by the low numbers of
cases in the early stages of the Barrow outbreak. First, the
real-time model is forced to infer a small outbreak because a
large outbreak would be expected to “take-off”” more quickly.
Second, low case numbers provide only a “weak signal” to
infer the start of the release, resulting in such uncertain
estimates. Strategies to overcome these problems are ad-
dressed in the Discussion section.

DISCUSSION

Retrospective Analysis at the End of an
Outbreak

Our study began with an analysis of the incubation period
of Legionnaires’ disease based on 114 cases from an outbreak in

© 2011 Lippincott Williams & Wilkins

Melbourne. A gamma probability density function provided a
good fit to the data, giving a mean (SD) of 6.3 (2.8) days. The
closely related Francisella tularensis and Coxiella burnetti®'
(the causative agents of Tularaemia and Q fever, respectively)
show evidence of a dose-dependent incubation period.**>*
However, we could find no experimental human data for L.
pneumophila, and the results from guinea pig experiments were
inconclusive with regard to the dose-dependence of the incuba-
tion period.>>>® Therefore, given the closely agreeing median
incubation periods from 2 other Legionnaires’ disease outbreaks,
we believe that our derived gamma incubation period is a
reasonable model for any Legionnaires’ disease outbreak incu-
bation-period distribution.

We modeled the epidemic curve resulting from a con-
tinuous L. pneumophila release by convolving the gamma
incubation period with a uniform release window (represent-
ing the outbreak-dependent infection dates). Symptom-onset
data were used to fit the start and end dates of the release for
a number of outbreaks. We found that the estimated end date
was generally earlier than the reported end date, suggesting
that in many outbreaks, the release might have ended before
the reported cleaning or closure of the source. Perhaps, this
was because media alerts of the outbreak resulted in mainte-
nance alterations of the responsible aerosol-producing device,
or because meteorologic conditions that were favorable to the
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dispersion of L. pneumophila organisms suddenly changed.
Indeed, this latter explanation had been previously suggested
for the outbreak in Sheboygan, which our analysis corrobo-
rated as an approximate instantaneous release. It seems pos-
sible that a “burst” of L. pneumophila organisms might have
coincided with brief but favorable meteorologic conditions in
Sheboygan,'> and also for the 2 other outbreaks whose
releases were estimated to be of a very short duration.”'*
The uniform release window provided reasonable or
good epidemic curve fits in 45% of the outbreaks analyzed,
whereas the logistic release window provided reasonable or
good fits in 60%. However, a more complex logistic release
window proved to be a case of overfitting (ie, unjustifiable
complexity) in the majority of outbreaks. Thirty percent of
the outbreaks were fitted poorly by both uniform and logistic
release windows—Ilikely a reflection of the vast number of
confounding effects (eg, variations in meteorologic condi-
tions, population densities, age- and health-related suscepti-
bilities, etc) that accompany a Legionnaires’ disease out-
break. It is perhaps inevitable that some Legionnaires’
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disease epidemic curves will not conform to simple models.
Still, it is promising that the majority of outbreaks were
captured with such parsimonious models, given all of the
associated variability.

Prospective Analysis During an Outbreak

For our simulation study, we assumed a uniform release
window both for the simulated data and for the estimation of
the release parameters. The real-time model gave accurate
estimates of the start of the release after only a few days of
symptom-onset data. The size of the outbreak was unavoid-
ably underestimated while the release was ongoing, but
accurate estimates followed shortly after the end of the
release and continued to improve with time (and thus with
more data). Both shortly before and shortly after the release
had ended, estimates of the end date tended to suggest that the
release was still ongoing. Such estimates improved only
toward the end of the outbreak, when sufficient data had been
gathered. These conclusions held for varying size outbreaks
and varying release durations (results not shown). During an
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actual outbreak, a simple calculation of n/(y — x), where n
represents the outbreak size estimate, would give an estimate
of the daily number of infections during the release. There-
fore, given an outbreak where the release was estimated to be
ongoing, it would be possible to inform public-health plan-
ners with an estimate of the total number of cases, if the
release was to end in the next 1, 2, 3... days. A forecast of
when such cases would be likely to display symptoms could
also be provided.

We found results similar to the simulation study when
applying the real-time model to symptom-onset data from the
Melbourne outbreak. However, testing the real-time model
with data from the Barrow outbreak (shown to have more
likely resulted from a logistic release window) substantially
underestimated the outbreak size, with misleading confi-
dence. A naive solution to this problem would be to use the
current real-time model and ignore the very early cases once
it was clear that an outbreak was “taking-off.” A more robust
solution might be to replace a uniform release window
(embedded within the real-time model) with a logistic release
window. However, estimating an extra parameter with lim-
ited data might result in greater uncertainty for all parameter
estimates. In addition, incorporating a logistic release win-
dow would require slower numerical integration solutions
rather than the fast analytical solutions outlined in the eAp-
pendix (http://links.lww.com/EDE/A451), although introduc-
ing a Markov Chain Monte Carlo algorithm might help to
counter this effect. Ultimately, given that a uniform release
window is parsimonious and generally applicable, the current
real-time model would be a reasonable first candidate for
future Legionnaires’ disease outbreaks.

CONCLUSIONS

To summarize, by assuming an abrupt end to a release
of L. pneumophila, we have developed a general model that
can characterize a Legionnaires’ disease outbreak. This can
provide useful estimates for public-health planning and can
help corroborate source identification. In reality, it is likely
that reporting delays and recollection bias will occur during
an outbreak, and case data may not appear in the same
chronological order as the actual dates of symptoms onset.
Future work could investigate the application of the real-time
model to case data that appear during the course of an
outbreak. The research outlined in this paper uses only
symptom-onset dates, ie, temporal data. A natural extension
would be to incorporate spatial data, such as cases’ home and
work locations, to estimate the location of the release as well
as its timing. Indeed, we have recently assisted in the devel-
opment of such a tool for the instantaneous release scenario
of an anthrax attack.>® Developing the spatial “instantaneous-
release” model into a more general “continuous-release”
model with techniques outlined in this paper could prove an
interesting area of future research. Any new model would

© 2011 Lippincott Williams & Wilkins

have to be compared with recent aerosol-dispersion investi-
gations that have shown to be effective in identifying the
source location of a Legionnaires’ disease release.'* Finally,
it is important to emphasize that such modeling tools should
always be viewed as an addition to traditional epidemiologic,
environmental, and microbiologic investigative approaches,
which have an established track record in source identifica-
tion during a Legionnaires’ disease outbreak.
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