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Two epidemic modeling studies of inhalational tularemia were identified in the published literature, both demonstrating

the high number of potential casualties that could result from a deliberate aerosolized release of the causative agent in an

urban setting. However, neither study analyzed the natural history of inhalational tularemia nor modeled the relative

merits of different mitigation strategies. We first analyzed publicly available human/primate experimental data and

reports of naturally acquired inhalational tularemia cases to better understand the epidemiology of the disease. We then

simulated an aerosolized release of the causative agent, using airborne dispersion modeling to demonstrate the potential

number of casualties and the extent of their spatial distribution. Finally, we developed a public health intervention model

that compares 2 mitigation strategies: targeting antibiotics at symptomatic individuals with or without mass distribution

of antibiotics to potentially infected individuals. An antibiotic stockpile that is sufficient to capture all areas where

symptomatic individuals were infected is likely to save more lives than treating symptomatic individuals alone, providing

antibiotics can be distributed rapidly and their uptake is high. However, with smaller stockpiles, a strategy of treating

symptomatic individuals alone is likely to save many more lives than additional mass distribution of antibiotics to

potentially infected individuals. The spatial distribution of symptomatic individuals is unlikely to coincide exactly with

the path of the dispersion cloud if such individuals are infected near their work locations but then seek treatment close to

their homes. The optimal mitigation strategy will depend critically on the size of the release relative to the stockpile level

and the effectiveness of treatment relative to the speed at which antibiotics can be distributed.

Tularemia is a zoonosis caused by Francisella tula-
rensis, a bacterium found naturally in diverse animal

hosts and contaminated environments throughout much of
North America and Eurasia.1 Vectors such as ticks, flies,
and mosquitoes are known to transmit the infection from
animal reservoirs to humans.2 Other common modes of
human infection include handling infectious animal tissues
and inhaling infective aerosols.1 In 1978 a cluster of in-
halational tularemia cases occurred in Martha’s Vineyard,
Massachusetts, after a wet dog was believed to have aero-

solized F. tularensis while shaking itself inside the cottage
where all 7 cases were staying.3,4 Other notable inhalational
tularemia outbreaks include more than 600 cases in Sweden
in 1966,5 where contaminated hay was being farmed, and
again in Martha’s Vineyard in 1990, where 2 adolescent
males accidentally ran over a dead rabbit with a lawn-
mower.6

Aerosolized F. tularensis is also considered to have po-
tential as a biological weapon. It was studied at Japanese
germ warfare research units prior to and during World War
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II and was examined for military purposes by the U.S. and
the Soviet Union during the Cold War.1 A vaccine was
developed that partially protected against respiratory chal-
lenges, but it is currently unlicensed and has not been
recommended in a mass casualty situation.1 Various anti-
biotic regimens are effective as postexposure prophylaxis
and treatment for tularemia and would likely comprise the
first line of public health intervention in response to a de-
liberate release of F. tularensis.1 Although secondary
transmission has been reported,7 human-to-human spread
of tularemia is generally considered extremely rare.

In October 2003, F. tularensis was detected by an envi-
ronmental monitoring system, BioWatch, in Houston, Texas.
Although the alert was caused by naturally occurring back-
ground organism levels, the need for ongoing bioterrorism
consequence management planning was highlighted.8 Im-
portant aspects of public health preparedness include quan-
titative assessments of disease kinetics and the evaluation of
mitigation strategies via mathematical modeling.

Two previous modeling studies of tularemia have esti-
mated that a deliberate release of F. tularensis into unpro-
tected populations of 100,000 and 5 million people would
result in approximately 82,500 and 250,000 symptomatic
individuals, respectively.9,10 However, neither study ana-
lyzed the natural history of inhalational tularemia nor
evaluated the importance of considering how potential
mitigation strategies might affect the public health out-
comes. A spatial back-calculation method that can estimate
the location and spatial extent of a covert pathogen release
using information on early cases and meteorological data
has recently been developed.11,12 However, with limited
data available to validate such a statistical tool, it is an open
challenge to gauge how the methodology would perform in
an actual emergency situation.

Therefore, it is also important to consider alternative
strategies for mitigating a biological release of F. tularensis.
Here, we begin by evaluating key epidemiologic determi-
nants of inhalational tularemia based on known cases and
also human/primate experimental data. We then model a
release of F. tularensis in an urban environment and the
subsequent disease progression in the civilian population.
Finally, we compare the effectiveness of potential public
health responses involving the targeting of antibiotics at
symptomatic individuals with or without the use of mass
antibiotic distribution to potentially infected individuals.

Methods

Parameterization

Infectious Dose
There are 4 subspecies of F. tularensis, which have varying
virulence; subspecies tularensis, also known as type A, causes
the highest case fatality ratio and therefore raises the most

concern as a potential bioweapon.2 Aerosol particle size is
also known to have a significant impact on the infectivity
and lethality for those individuals who have inhaled or-
ganisms.13,14 Here, and in later sections, we therefore focus
on experiments using SCHU-S4 (a highly virulent type A
strain) and evaluate published data that used particle di-
ameters primarily in the 1-5-mm range (ie, the aerosol size
generally considered capable of causing human/primate
infection).

During the 1960s and 1970s, there were a number of
published tularemia experiments performed on human
volunteers.15-19 Jones et al7 recently combined a number of
these data-sets and fitted Weibull and log-normal cumu-
lative distribution functions to model the probability of
infection given dose. These authors also considered the
Saslaw et al16 results alone due to complications arising
from pooling multiple data-sets.20 Here, we similarly re-
strict our analysis to the Saslaw et al results, since this is the
only data-set to include multiple low-dose responses, which
are important for our subsequent hazard assessments. Un-
like Jones et al, we used the 1-parameter exponential model
to fit the data, because it is the simplest relationship that can
be derived from basic biological considerations20 such that:

p(d )¼ 1� exp (� rf d ) Eq: 1

where p is the probability of infection given a dose d and rf

is the probability that a single organism will initiate the
infection. Figure 1A shows the data and exponential fit
(rf = 0.070, p-value = 0.47 representing a good fit to the
data) giving an ID50 (ie, the dose at which there is a 50%
probability of infection) of *10 organisms with approxi-
mately 7% of individuals inhaling 1 organism likely being
infected. The commonly used 2-parameter beta-Poisson
and log-probit models20 did not provide sufficiently better
fits to the data over the exponential model to justify the
extra parameter. Primate data also support this high level of
infectivity at low doses.13,18

Incubation Period
We identified 2 publications regarding vaccine trials in the
literature that contained quantitative data relating to the
human incubation period, each reporting on 16 infected
volunteers.16,18 The earlier of these papers focused on low-
dose experiments with prisoners, which resulted in 5- to 6-
day incubation periods for the majority of nonvaccinated
controls ( · symbols, Figure 2A). The later study exposed
soldiers to 25,000 organisms, which tended to cause
symptoms after only 2 to 3 days ( + symbols, Figure 2A).
Following Wilkening’s approach for estimating the dose-
response to anthrax,21 a log-linear equation was fitted to
these data:

Ei(d )¼ ic log10 (d )þ im Eq: 2
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Figure 2. Incubation Period Figures of Inhalational Tularemia. (A) Solid and dashed lines represent best fit and 95% confidence
bands, respectively, of the log-linear dose-dependent model (ic = - 0.79, im = 6.45) based on human experimental data (crosses).
Dotted lines capture descriptive data not used in the fit due to a lack of information. (B) Dose-independent histogram using 531 cases
experiencing various forms of tularemia.

0.0

0.2

0.4

0.6

0.8

1.0

Inhaled dose (number of organisms)

P
ro

ba
bi

lit
y 

of
 in

fe
ct

io
n

A

1 2 5 10 50 200 1 2 5 10 50 200

0.0

0.2

0.4

0.6

0.8

1.0

Inhaled dose (number of organisms)

P
ro

ba
bi

lit
y 

of
 d

ea
th

 g
iv

en
 in

fe
ct

io
n

B

Figure 1. Dose-Response Figures of Inhalational Tularemia. (A) Solid and dashed lines represent best fit infectious dose-response and
95% confidence intervals, respectively, of the exponential model with parameter rf = 0.070 based on human experimental data
(crosses). (B) Solid and dashed lines represent best fit lethal dose-response and 95% confidence intervals, respectively, of the expo-
nential model with parameter rd = 0.047 based on primate experimental data (crosses).
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where Ei is the incubation period in units of days, ic and im
are the gradient and intercept parameters, respectively, and
d is the inhaled dose. The solid line in Figure 2A shows the
best fit to the data (ic = - 0.79, im = 6.45, R2 = 0.63). The
dotted box in Figure 2A corresponds to the results of
McCrumb, where, among the control subjects, clinically
overt disease appeared within 3 to 5 days following expo-
sure to a challenge varying from 200 to 20,000 organ-
isms.15 In addition, Alluisi et al19 exposed 16 men to an
aerosol containing 20,000 to 30,000 organisms and found
that clinical illness began after incubation periods of 2 to 4
days. Similarly, Hornick and Eigelsbach found a mean
incubation period of 3 days with volunteers exposed to
25,000 organisms.17 Although the latter 3 studies could not
be incorporated explicitly into our analysis (because more
precise individual-level data were not available), they are
consistent with the log-linear fit.

Although vaccine experiments performed on human
volunteers suggest that the incubation period is dose-
dependent, there are also data from naturally acquired cases
that can help to provide an insight into the epidemiology of
tularemia. Figure 2B shows the incubation period of more
than 500 such cases described by Foshay.22 It is important
to note that these data include not only inhalational cases
but also other forms of tularemia, including ulcero-
glandular and oculoglandular, which are likely to have
resulted from infection through the skin and eyes, respec-
tively. In addition, each case will have received a different
dose, which is likely to have affected the incubation period.
Despite these confounding effects, most of the cases have
incubation periods of between 2 and 7 days, in agreement
with the volunteer studies (note that standard probability
distributions, such as log-normal, gamma, and Weibull, did
not fit the data well). Table 1 shows some key measures of
the incubation period, taken from a number of other tu-
laremia studies.22-27 Across all of these studies, the average

time from exposure to symptom onset varied between ap-
proximately 3 and 5 days, and the majority of cases showed
symptoms within 2 weeks, though 3-week incubation pe-
riods were also observed. In addition, 3 further studies28-30

describing only cases of tularemia that experienced pul-
monary involvement (ie, more likely to be inhalational
cases) gave similar means and ranges to those described
above (see Table 1).

Time from Symptom Onset to Death
All of the human volunteer studies involved treatment
following symptom onset; however, a literature search of
primate experiments (see next section) revealed no evidence
of dose-dependence with regard to the time from symptom
onset to death. Therefore, we used data from naturally
acquired cases of tularemia to provide a dose-independent
symptom onset to death distribution. Since the most vir-
ulent type A strain occurs mainly in North America,1,31 the
search for relevant cases was narrowed to literature from the
U.S. Prior to the discovery of antibiotics such as strepto-
mycin and the tetracyclines in the 1940s, it is perhaps
unlikely that any other treatment significantly affected the
symptomatic period, so we also focused on the pre–World
War II era. Finally, the search was limited to those cases
who were known to have died from pneumonia or pul-
monary complications and, in particular, suffered the ty-
phoidal form of tularemia that is likely to have resulted
from inhalation.32-34

A log-normal distribution was fitted to the 19 known cases
that met the above requirements (Figure 3A),22,23,28-30,35,36

giving a mean and standard deviation of 17.6 and 7.9 days,
respectively. We confirmed the goodness of fit by performing
a Cramer-Von-Mises normality test on the log-transformed
data ( p-value = 0.33 representing a good fit to the data). The
typhoidal form of tularemia can result from tick bites37 as
well as infection by the assumed respiratory route. However,
8 of our 19 cases were exposed to rabbits, and the remaining
11 were either of unknown origin or not stated. Disturbing
rabbit carcasses has been epidemiologically linked to inha-
lational tularemia,4,6,38,39 so it is possible that the source of
infection for at least 8 of the cases was an aerosol from
infected rabbit tissues. The average time to death for these
cases was 16 days; thus, even if all the other cases (averaging
18.5 days) were infected via ticks, our best estimate of the
time from symptom onset to death is still likely to remain
approximately 2 weeks in duration for the majority of in-
halational tularemia cases. Note that attempting to param-
eterize the time from symptom onset to recovery could be
biased, since those cases with milder forms of the disease
might be less likely to report to healthcare facilities and be
documented.40

Lethal Dose
Unlike almost all untreated anthrax41 and pneumonic
plague42 cases, untreated tularemia is not consistently fatal.

Table 1. Incubation Period Statistics

Number of cases Mean (days) Range (days) Reference

All forms of tularemia

531 3.3 1-13 22

225 4.6 1-15 27

168 5.2 1-14 25

58 4.5 — 23

30 4.2 1-21 26

— 3.1 — 24

All forms of tularemia with pulmonary involvement

56 4.5 1-16 28,29

12 4.5 1-10 30
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Primate experiments provide the best source of data to
parameterize the probability of death given infection and
dose, since human volunteers were always treated on be-
coming symptomatic. The data in Figure 1B are taken from
Day and Berendt,13 where the survival of infected rhesus
monkeys depended on their inhaled dose. Again, the ex-
ponential model (equation 1) provided a better fit to the
data (rd = 0.047, p-value = 0.74 representing a good fit to
the data) over the beta-Poisson and log-probit models. In
close agreement, earlier experiments in the same laboratory
found that 7 of 9 infected rhesus monkeys died after in-
haling 35 organisms.43 Higher dose experiments consis-
tently found 85% to 100% fatality rates for rhesus
monkeys infected with doses between 170 and 10,000
organisms.43-45 However, pooling such studies did not
improve on our original fit.

In a similar manner to the incubation period, although
primate experiments show that the probability of surviving
tularemia is dose-dependent, naturally acquired cases with
pulmonary involvement can help inform the untreated
human case fatality ratios for inhalational tularemia. Two
such reviews of 26830 and 10024 cases both gave case fatality
ratios of 40%, but 2 further studies of 95 and 51 cases
quoted values of 30% and 80%, respectively.25,29 Smaller
cohorts have similarly given case fatality ratios ranging from
*10% to *60%.23,28,30,35 The fundamental problem with
these estimates is that they likely include other noninhala-
tional forms of tularemia. Interestingly, the studies that

presented the 19 cases used to parameterize the symptom
onset to death distribution also included 48 surviving ty-
phoidal cases (with pulmonary involvement), giving an ap-
proximate 30% case fatality ratio. But as in the previous
section, the case fatality estimates could be biased since those
cases with milder forms of the disease might be less likely to
report to healthcare facilities and be documented.

Treatment Efficacy
In a mass casualty situation, oral administration of doxy-
cycline and ciprofloxacin would be the preferred treat-
ment.1,2,46 Evans et al37 argued that prophylaxis is not
recommended for tularemia because doxycycline is bacte-
riostatic and merely delays, rather than prevents, disease.
However, earlier human volunteer studies have showed that
infection with F. tularensis could be eradicated through
bacteriostatic antibiotic therapy,18 and more recent exper-
iments in mice have highlighted the effectiveness of pro-
phylaxis with doxycycline and ciprofloxacin.47,48

In a review of tularemia therapy, Tarnvik and Chu
concluded that ‘‘the period of treatment with a bacterio-
static agent needs to be long enough to allow development
of a bactericidal host response.’’34(p388) A review of natu-
rally acquired tularemia cases showed a decline in treatment
efficacy following a delay in starting treatment for both
doxycycline and ciprofloxacin.49 Anecdotal evidence from a
tularemia outbreak in Spain also found that delays in the
diagnosis and initiation of therapy likely reduced the
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Figure 3. Symptomatic Period Figures of Inhalational Tularemia. (A) Histogram and log-normal fit of the time from symptom onset
until death for 19 naturally acquired untreated human cases (mean = 17.6 days, s.d. = 7.9 days). (B) Solid, dashed, and dotted lines
represent assumed low (rt = 0.01), medium (rt = 0.1), and high (rt = 1) rates of treatment decline, respectively, of the 1 minus
exponential model.
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observed treatment success rates.50 Additionally, this posi-
tive relationship between treatment delay and failure has
been noted by others,2,34,51 and experiments in mice sim-
ilarly showed that protection decreased with increasing
delays of initiating treatment.47 Interestingly, Sanders and
Hahn found that ‘‘the duration of symptoms was usually
shorter in those patients treated early,’’26(p393) and likewise
it has been suggested that ‘‘the longer the length of illness
before therapy, the more likely that the response to treat-
ment will be prolonged.’’52(p267) Unfortunately, despite a
wealth of qualitative information describing the effect of
treatment on tularemia, there is little quantitative data
available that could be used to suitably parameterize the
impact of treatment in humans.

Modeling
We used atmospheric dispersion modeling to provide
numbers and locations of symptomatic individuals that
might be expected from an aerosolized release of F. tula-
rensis. The U.S. Defense Threat Reduction Agency’s
Hazard Prediction and Assessment Capability (HPAC) uses
SCIPUFF,53 a Lagrangian puff dispersion model. Although
the version of HPAC that we used (4.0) does not include
interference/complexities due to the urban terrain, our in-
tention was to provide some general initial conditions for
the subsequent public health response rather than a highly
accurate picture of individual casualty locations. The
HPAC software is able to calculate the potential dosages
inhaled at predefined spatial coordinates. We assumed,
therefore, that each individual situated in an administrative
Great Britain ward when the dispersion cloud passed
through would receive the same dose as an individual lo-
cated at the ward centroid11 (population data were ex-
tracted from the 2001 Great Britain Census; see Appendix
for further details: www.liebertonline.com/bsp). A fixed
wind speed and direction were assumed for simplicity.
Table 2 shows the parameters chosen to represent a rela-

tively small release from the top of a building in London.
(Given the resulting casualty numbers, the exact size of the
release was deemed to be sensitive information and was
therefore not included in Table 2.)

Although the entire population of each affected ward was
assumed to be exposed to F. tularensis, we also assumed that
many individuals would be inside buildings shortly after the
release and would, therefore, inhale lower doses than ex-
posed individuals outside (see Table 2). The relationship
described in Figure 1A was used to calculate the probability
of infection for each individual exposed to F. tularensis
given his or her inhaled dose. Infected individuals then
passed through a log-normal incubation period with dose-
dependent mean values provided by the log-linear fit in
Figure 2A; we assumed the standard deviation to be fixed
at 1. Each case was then attributed a dose-independent
symptomatic period by sampling from the log-normal
distribution shown in Figure 3A. The case fatality ratio
for untreated symptomatic individuals followed the dose-
response relationship in Figure 1B. Table 3 summarizes all
disease parameters.

Prophylactic treatment with antibiotics was assumed to
be 100% effective in preventing symptom onset when ad-
ministered during the incubation period.1 Given the lack of
suitable quantitative data to model the effect of antibiotics
being taken during the symptomatic period, 3 possible
scenarios were considered that represent treatment efficacies
under ‘‘low,’’ ‘‘medium,’’ and ‘‘high’’ rates of decline with
time from symptom onset (the relationship is 1 minus the
exponential model, or 1 - equation 1; see Figure 3B). We
investigated 2 intervention strategies: treating individuals as
they became symptomatic (individual) and additional mass
antibiotic distribution in wards where early symptomatic
individuals were infected (collective). It was assumed that
the hospital care system would be completely overburdened
due to the large number of individuals seeking treatment,54

and it was therefore not included in our model.
We assumed that the release would occur over a short

time period (of the order of minutes/hours) during the
daytime, and thus individuals would be infected in the
ward where they worked (‘‘work’’ ward). The multivariateTable 2. Release Parameters

Parameter Description Value Reference

— Location A London
ward

11

— Height 100 m 54

— Wind speed 5 m/s 54

bin Proportion
of individuals
inside buildings

0.85 64

bp Building protective
factor

0.9 64

— Breathing rate 0.03 m3/min 54

Table 3. Disease Parameters

Parameter Description Value

rf Infectious dose 0.070

im Incubation period intercept 6.45

ic Incubation period gradient –0.79

Es Symptomatic period mean 17.6 days

SDs Symptomatic period s.d. 7.9 days

rd Lethal dose 0.047

Source for all information in this table is in this article.
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hypergeometric distribution was used to probabilistically
allocate a ‘‘home’’ ward for each individual (commuting
data were extracted from the 2001 Great Britain Census;
see Appendix for further details) in order to show where
symptomatic individuals might seek health care. Note that
those individuals who do not work (or commute to a dif-
ferent ward) were assumed to stay in their home ward
during the day. In the 1979 Sverdlovsk anthrax outbreak,
the residences of many of the victims were scattered
throughout the city, whereas their daytime locations on the
estimated date of the release were mainly focused in a
narrow band in the south of the city, where the dispersion
cloud was projected to have passed through.55 For sim-
plicity we therefore also assumed that public health workers
would deduce a daytime release via early epidemiologic
investigation and would therefore be able to implement the
collective strategy for those working in the same ward as its
initial case(s). We assumed that public health decision
makers would be risk averse and also administer antibiotic
courses to those individuals who lived (but didn’t work) in
wards identified for collective mass antibiotic distribution.

Prior to the implementation of either mitigation strategy
it was assumed that there would be a minimum time delay
of 2.5 or 4 days following the release to allow for outbreak
detection. Under the individual strategy, we assumed that
there would be a self-reporting lag of 1 day before symp-
tomatic individuals received treatment. Additional mass
antibiotic distribution under the collective strategy was as-
sumed to occur over 2 or 6 further days following presen-
tation of the first or tenth symptomatic individual. Based
on the response to the 2001 anthrax attacks in the U.S., we
assumed that 10% of individuals would not comply with
the 14-day antibiotic course recommended for tularemia56

and would consequently follow an untreated disease pro-
gression. We also considered that a further 20% of indi-
viduals who had been potentially infected (and identified

for prophylactic treatment under the collective strategy)
might not comply with the full course of antibiotics com-
pared with those suffering from disease symptoms. In ad-
dition, 1 in 10,000 of those survivors who completed the
antibiotic course were assumed to suffer a serious adverse
reaction to the treatment.57

Table 4 summarizes all (baseline and sensitivity analysis)
intervention parameters. Since it is possible that the num-
ber of antibiotic courses available for responding to a large
tularemia outbreak might be limited, we investigated how
the optimal mitigation strategy was affected by stockpile
levels of between 10,000 and 10 million antibiotic courses.
To this end, we compared the individual and collective
strategies in terms of which approach minimized the total
number of deaths. Formally, the model used an individual-
based stochastic framework with 100 simulations being
performed for each scenario; a mathematical description is
provided in the Appendix.

Results

Figure 4 inset gives an example of the numbers and work
locations of those infected following the release described
above in Methods. Individuals were infected up to 30 miles
downwind of the source. The wards that were closer to the
source, and in the path of the dispersion cloud, tended to
have larger numbers of infected individuals since they
generally received larger doses. The main map in Figure 4
indicates where these individuals were likely to live and
therefore possibly report to local healthcare facilities. Al-
though the wards enclosing the largest number of infected
individuals had been directly affected by the dispersion
cloud, infected individuals were likely to live throughout
southeast England and were even scattered across the whole
of Great Britain. In terms of the logistics of antibiotic

Table 4. Intervention Parameters1

Parameter Description Value Reference

tg Minimum time for outbreak detection 2.5 (4) days 54

ts Self-reporting delay following symptom onset 1 day This article

nt Trigger number of symptomatic individuals in
a ward for mass antibiotic distribution

1 (10) This article

td Time to distribute antibiotics to an entire ward 2 (6) days 54

c Antibiotic compliance for symptomatic individuals 0.9 54

c Antibiotic compliance for potentially infected individuals 0.9 (0.7) 64

a Antibiotic adverse event rate 10 - 4 65

rt Treatment efficacy (1 minus exponential model) 0.01 (0.1,0.001) This article

aValues in parentheses were used for sensitivity analysis.
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distribution, it is worth briefly noting that approximately
70% and 30% of infected individuals lived further than
10 km and 20 km from work, respectively.

Averaging over all simulations, the total number of infected
individuals was approximately 130,000 across 150 wards.
Approximately 2.4 million individuals work (or live, for the
nonworking population) in these wards, and thus at least this
number of individuals were assumed to have been exposed to
the agent. In the absence of treatment, the mean number of
deaths was approximately 24,000, giving an overall case fa-
tality ratio of about 18%. This value is within the limits of
what might be expected given previously quoted case fatality
ratios in the literature (see Methods) but is predicated on a
relationship based on primate data (Figure 1B).

Figure 5A shows that, with the availability of a large
antibiotic stockpile, more than 2.5 million more antibiotic
courses were administered to those potentially infected with
F. tularensis under the collective strategy compared to the
individual strategy of treating only symptomatic individu-
als. With such a large stockpile, all infected individuals were

captured by the collective strategy (see Figure 5B) but at the
cost of approximately 250 severe antibiotic adverse events
(see how Figure 5C essentially scales with Figure 5A).
However, this number is relatively small compared with the
*1,500 lives saved by providing early prophylactic treat-
ment to asymptomatic individuals via the collective strategy
(see Figure 5D).

With lower stockpile levels, Figure 5A shows how the large
number of antibiotic courses administered under the collec-
tive strategy is necessarily reduced with a subsequent reduc-
tion in the number of severe antibiotic adverse events (Figure
5C). There comes a point in Figure 5D where the individual
strategy surpasses the collective strategy (in terms of fewer
deaths) as the initial number of antibiotic courses available is
lowered. Early mass antibiotic distribution is no longer
beneficial, and those antibiotics that are ‘‘needlessly’’ used on
uninfected individuals are much better spent on treating
symptomatic individuals (contrast Figures 5A and 5B).

For the scenario described in the Methods, a collective
strategy with a stockpile of approximately 1 million

Figure 4. Work (inset map) and Home (main map) Locations of Symptomatic Individuals. Modeled daytime aerosolized release of F.
tularensis in central London (inset map). Multivariate hypergeometric redistribution of cases from work to home (main map). Ward
boundaries source: 2001 Census, Output Area Boundaries. Crown copyright 2003. Crown copyright material is reproduced with the
permission of the Controller of HMSO.
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Figure 5. Baseline Results. Solid and dashed lines represent individual and collective strategies, respectively.
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antibiotic courses is optimal in minimizing deaths, but a
stockpile of 100,000 substantially favors the individual
approach (Figure 5D). However, it is important to em-
phasize that such thresholds are not universal and will shift
to lower and higher stockpiles with smaller and larger
outbreaks, respectively (results not shown). Variability
across simulations was only noteworthy for the number of
deaths under the collective strategy with smaller stockpile
levels (Figure 6), but this had little impact on the strategy
threshold. Given that the size of the outbreak is perhaps the
largest unknown, the remaining analysis focuses around
sensitivity to intervention parameters over which public
health authorities have some control.

Figure 7A shows that if treatment is effective only in the
very early stages following symptom onset and mass anti-
biotic distribution is rapid (2 days to complete), then the
collective strategy might save more lives regardless of
stockpile level. Alternatively, if treatment is still efficacious
when begun well into the symptomatic period, then the
individual strategy might be optimal for any given stock-
pile, even if mass antibiotic distribution is rapid (see Figure
7C). Indeed, the total deaths are far more sensitive to mass
antibiotic distribution time (2 days vs. 6 days) when the

treatment efficacy decline is assumed to be high rather than
low (compare the difference between collective strategies in
both Figure 7A and Figure 7C). Similar trends were found
when, instead of increasing the time required for mass
antibiotic distribution, outbreak detection time was in-
creased from 2.5 days to 4 days (results not shown).

Figures 7D and 7E show that if compliance with taking
antibiotics in the collective strategy is 20% lower than in the
individual strategy, then the benefit of mass antibiotic
distribution at higher stockpile levels only remains so with a
high rate of treatment efficacy decline. Unlike the time to
initiate and complete mass antibiotic distribution, the effect
of decreasing compliance with taking antibiotics was sim-
ilar regardless of the treatment efficacy decline (compare the
similarities of Figures 7A and 7D with the differences be-
tween 7C and 7F). Finally, we also found that increasing
the number of symptomatic individuals in a ward from 1 to
10 before implementing mass antibiotic distribution in that
ward made little difference to Figure 7 (results not shown).
Since the adverse event rate was already set at a very con-
servative estimate and had already been shown to be an
order of magnitude less than the total deaths (see Figure 5),
this parameter was not varied in our sensitivity analysis.
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Figure 7. Sensitivity Analysis of Total Deaths when Varying the Speed of, and Compliance with, Mass Antibiotic Distribution. Solid
and dashed lines show the average number of deaths for the individual and collective strategies, respectively, where treatment efficacies
have high (A, D), medium (B, E), or low (C, F) rates of exponential decline. Dotted lines showing the average number of deaths for the
collective strategy when antibiotic distribution takes 6 (instead of 2) days (A-C) and compliance with taking antibiotics is 70% (instead
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Discussion

Our work began with a renewed review of the literature re-
garding key epidemiologic parameters, since the natural
history of inhalational tularemia is relatively unknown, with
earlier modeling studies reliant upon a number of assump-
tions.9,10 The infectious and lethal dose-response relation-
ships, as well as the incubation period, were found to be dose-
dependent based on analysis of human and primate experi-
ments. The symptomatic period was based on the time from
symptom onset until death for 19 naturally acquired cases of
tularemia, suggesting an average 2-week window in which
symptomatic individuals could potentially be recognized and
treated, although the efficacy of treatment during this phase
was difficult to quantify due to a lack of available data.

The second aspect of our study used atmospheric disper-
sion modeling software (HPAC) to assess the potential im-
pact of a deliberate release of F. tularensis into a high-density
civilian population. We showed that regular population
movements in and around a Great Britain conurbation are
likely to result in a wide spatial spread of infected individuals
from the release when those infected at work return home.
Many of these individuals would then be considerably out-
side of the original path of the dispersion cloud.

Finally, we considered 2 public health intervention strat-
egies: treating only symptomatic individuals (individual) and
the possible addition of mass antibiotic distribution to those
who are potentially infected (collective). The individual
strategy would be extremely dangerous for an outbreak
of anthrax or pneumonic plague, because the similarly
recommended prophylactic treatments of ciprofloxacin or
doxycycline41,58 would likely prove ineffective beyond the
first few days of symptoms. Indeed, our results have shown
that a high rate of treatment efficacy decline for tularemia
might favor the collective strategy regardless of stockpile level,
especially if interventions are initiated and completed rapidly
and compliance with taking antibiotics is high. However,
evidence suggests that tularemia is more susceptible to de-
layed treatment than anthrax or pneumonic plague, giving
weight to the individual strategy, especially for limited
stockpiles or lower levels of compliance with taking antibi-
otics following a mass antibiotic distribution campaign.

A statistical method that estimates the location and geo-
graphic extent of a covert release of anthrax based on early
case data (time of symptom onset and home/work locations)
was recently published.11 Our parameterization of the in-
cubation period and attack rate (infectious dose) of tularemia
potentially also allow the application of this method fol-
lowing a release of F. tularensis. But if the fidelity of the
spatial back-calculation model11 was deemed insufficient,
then simply setting a non-zero number of symptomatic in-
dividuals in a specified area as the trigger to target that area,
as described here, might be a sensible way to implement an
alternative mass antibiotic distribution campaign. On the
other hand, such an approach might be seen as a best-case

alternative strategy, because only areas experiencing symp-
tomatic individuals would receive antibiotics; if epidemio-
logic investigations proved particularly difficult, then it is
possible that a wider area might have to be considered for
mass antibiotic distribution due to a lack of detailed infor-
mation of early symptomatic individuals’ home or work
locations. This would obviously require a larger antibiotic
stockpile that would likely take additional time to distribute;
in such circumstances, targeting individuals with symptoms
of tularemia might be a better use of resources.

In the parameterization section of this study, we focused
on the human (and primate) disease effects and accepted
the default dispersion modeling parameters provided in the
HPAC database, including the organism decay rate.
However, future work could seek to review this parameter,
analogous to recent anthrax-related research,59 especially
given the number of publicly available documents relevant
to the viability of F. tularensis in the atmosphere.60-63

Further, although solar radiation and other environmental
factors would likely deactivate aerosolized organisms quite
quickly (and secondary dispersal following an initial release
is unlikely),1 wild and domestic animals could potentially
be infected, leading to subsequent enzootic reservoirs of
disease that could result in further human outbreaks.2 In-
fected animals might also act as sentinels following a de-
liberate pathogen release and offer an alternative method of
estimating the exposed areas. Further research investigating
such strategies might benefit from quantitative risk assess-
ment and mathematical modeling.

It has previously been recommended that following a
covert deliberate release of F. tularensis, those who are ex-
posed should begin a ‘‘fever watch’’ and start treatment only
after becoming symptomatic.1 Postexposure prophylaxis
was recommended only in the event of an overt release
where exposed individuals could be correctly identified.
Here we have assessed these recommendations via a quan-
titative modeling study and have also addressed the ques-
tion, ‘‘If antibiotics were in limited quantity, who would be
the first to receive them?’’10 We have found that with a
sufficient stockpile of antibiotics that is dispensed rapidly
following early outbreak detection, a targeted mass antibi-
otic distribution campaign with high levels of antibiotic
compliance can prevent more deaths than treating symp-
tomatic individuals alone. However, the longer treatment
remains effective when started later into the symptomatic
period and the longer it takes to initiate and complete mass
antibiotic distribution, the more marginal the benefits of
mass antibiotic distribution become. Targeting symptom-
atic individuals alone may even save more lives with limited
antibiotic stockpile levels or with low levels of compliance
following a mass antibiotic distribution campaign.

It is clear that the optimal strategy effectively depends
on 2 competing timelines: on the one hand, the dose-
dependent incubation period and the time-dependent
efficacy of treatment and, on the other hand, the speed of
detection of the outbreak, the speed of the distribution of
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countermeasures, and the degree of compliance by the public.
Since these variables are based on limited data, and accurately
estimating them is critical to realistic model output, it would
seem that more research is called for. In particular, the du-
ration of, and the treatment effectiveness within, the symp-
tomatic period of tularemia is subject to significant
uncertainty and would likely benefit from a similar detailed
epidemiologic study to that performed for anthrax.41
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